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To study human development and disease, and develop therapies for regenerative
medicine, the ability to create scalable, physiologically relevant human tissues is critical. In this
regard, engineering cells and tissues from pluripotent stem cells has led to significant advances
in our understanding of human-specific biology and holds promise for therapies. However, several

challenges remain, including the ability to differentiate diverse lineages and drive disease states,
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vascularization to build tissues at scale, and monitoring capabilities to assess function. In this
dissertation, | present a multi-faceted approach to address these limitations in creating and
assaying complex tissue. To rapidly discover methods to differentiate pluripotent stem cells, |
developed a screening method leveraging single cell RNA-sequencing to study the effects of gene
overexpression. Using this approach, | assayed both fitness and transcriptomic responses of
transcription factors, mutant gene libraries and whole gene families on pluripotent stem cells in
multiple culture conditions. From these responses | built gene regulatory networks and found
ETV2 as a reprogramming factor toward endothelial cells. | further engineered the system in
combination with teratoma formation to develop a multiplexed system to assay the potential of
genes and variants to drive oncogenic transformation in a tissue-specific manner. | found that c-
MYC alone or together with myristoylated AKT1 drives transformation of neural progenitor
lineages, while MEK1S218/5222D drives proliferative advantage in mesenchymal lineages like
fibroblasts. | then harnessed these reprogramming approaches to engineer densely vascularized
human tissue. | combined reprogramming and chemically directed differentiation by
overexpressing lineage-specifying transcription factors in differentiating vascular organoids to
introduce neurons and skeletal muscle into the organoids, demonstrating maintenance of
molecular and functional characteristics of the parenchymal and vascular lineages. Finally, |
developed flexible, printed electrodes to enable the monitoring of electrophysiological signals and
electrical perturbation of tissues. | enabled low noise, high spatial resolution measurement of
clinically relevant signals using screen-printed, stretchable concentric ring electrodes. | then
applied these screen-printed electrodes to study the effects of electrical stimulation on the wound
healing response in vivo. Lastly, | demonstrated preliminary data on a novel fabrication method

to print microelectrodes to map cellular electrical activity.
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Chapter 1: Engineering complex human tissue

1.1 Introduction

The recapitulation of complex human tissue is an important and long-standing goal in
bioengineering, both to study human development and disease, as well as to create therapies for
regenerative medicine.

While animal models'™ have been invaluable in the modeling and understanding of
development and disease, offering the ability to engineer, perturb and modulate specific cells and
tissues in their native settings, these models do not completely elucidate human-specific
biology®®. On the other hand, two-dimensional cell culture of immortalized cell lines and primary
cells has proven invaluable in studying human biology but here, cells lack the physiological
context of the cellular niche’®. Recently, the advent of multi-modal profiling of tissue samples from
healthy, post-mortem and patient volunteers is proving to be a key tool in mapping and
characterizing human organs in healthy and diseased states®6. But unlike animal models, they
do not provide a platform for experimental perturbation and controlled spatiotemporal profiling.
Thus, faithful mimics of human organ systems paired with technologies which enable
spatiotemporally resolved monitoring and assaying, are critical to gain a deeper understanding of
human biology in health, development and disease.

Furthermore, there is an acute clinical need for transplantable organ-specific human cells
and tissue!’~?°, Diverse clinical conditions require the transplantation or engraftment of autologous
or donor cells and organs. Prominently, treatment for tissue and organ failure, is transplantation
of donor cells or organs. However, several constraints limit the number of patients who can
receive transplants namely a shortage of donors, limited ability to sustain donor organs ex vivo,
and difficulty in matching donor and patients. In addition, cell engraftment or organ transplantation
are promising therapies for a variety of clinical presentations, such as severe injury with volumetric

muscle loss?!, degenerative conditions like Parkinson’s disease?24, burns?!, ocular conditions



like age related macular degeneration?>%, or chronic conditions like diabetes?’. Engineered cell
therapies have also gained traction as immunotherapeutics for several diseases including
cancer?®, autoimmune conditions?® and infections®. All of these therapies require the extraction,
isolation or manufacturing of an array cells and tissues, and developing technologies to address
this need as well as technologies for monitoring function and integrity is a major challenge.

In this dissertation | developed a series of technologies to enable the engineering of cells,
disease states and vascularized tissue. In tandem | developed printed flexible electrodes at
multiple scales to enable the monitoring of electrophysiological signals and electrical stimulation

of tissue.

1.2 Pluripotent stem cells

Pluripotent stem cells (PSCs) have an unlimited capacity for proliferation in vitro and are
capable of differentiating into all cell types in the body, offering an attractive route to providing

cells for research and therapeutics.

Human PSCs were first isolated from the inner cell mass of the blastocyst of human
embryos3!, and demonstrated the ability to differentiate into cells from all three germ layers via
teratoma formation after injection into immunodeficient mice. While technically promising, these
embryonic stem cells have had ethical concerns around their use, since deriving them requires
the destruction of early-stage human embryos. However, the discovery and rapid adoption of
induced pluripotent stem cells (iPSCs)®*33, where adult somatic cells are converted to a
pluripotent stem cell fate via the expression of defined genetic factors, has transformed the use

of stem cells in all facets of research and for clinical translation3*.

The advent of iPSCs has opened the possibility of using an autologous cell source for
therapy or creating large cell banking facilities®* which can ease the matching of donor cells to

patients. Current cell therapies and organ transplants are typically done with either autologous



cells isolated from the patient, or using matched donor cells or organs. The isolation and
engineering of specific autologous cells is time-consuming, expensive and not always feasible,
and it is difficult to find matching donors and maintain the viability of excised cells and organs.

Thus, there is a pressing need to develop “off-the-shelf” engineered cell and tissue therapies.

In tandem, the development of efficient and versatile genome engineering technologies®®
has also allowed iPSCs to be used effectively for disease modeling, especially the study of
variants by generating paired isogenic cell lines, which controls for the variability of differentiation
between iPSC lines and controls for the genetic background besides the variant under study. This
has led to advances in the study of monogenic diseases and is being applied in large scale
screening studies on lineages differentiated from iPSCs®?7, or to study factors affecting

pluripotency and differentiation itself®e,

1.3 Differentiation of pluripotent stem cells

While there has been significant progress towards the development of several cell
therapies, there is still a need for methods and technologies to obtain cells across the diversity of
lineages present in the human body. Currently, there are three broad, common approaches to
differentiate stem cells (Figure 1.1). Chemically directed differentiation3® exposes PSCs to soluble
chemical cues informed by knowledge of development, to drive differentiation to desired lineages.
While powerful and commonly used, these methods are often lengthy, complex and often result
in heterogenous populations with low yields of the desired phenotype. Engineering of the micro-
environment is also used for PSC differentiation, where mechanical or chemical properties of the
niche are designed to differentiate PSCs to specific lineages, again inspired by knowledge of the
in vivo niche or developmental dynamics of the extra-cellular environment*. A third, and

promising strategy, is reprogramming via expression of transcription factors (TFs).



The overexpression of TFs has long been known to drive cell fate conversion whether it
is direct conversion between somatic cell lineages*#?, the induction of pluripotent states from
somatic cells®223, or for the differentiation of PSCs**-*". These methods are efficient, rapid and
relatively facile compared to directed differentiation and micro-environment manipulation. The
choice of TF to drive these conversions has been made using knowledge of their role in
development in combination with systematic trial and error of a set of candidate TFs. This process
can be laborious and does not translate easily to scalably testing combinations of TFs, since the
search space becomes too large for arrayed approaches. A scalable screening approach would

be beneficial to discover new reprogramming recipes.
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Figure 1.1: Schematic of common methods for pluripotent stem cell differentiation

1.4 Engineering tissue in vitro

To fully understand the intricacies of human biology and to eventually obtain organotypic
tissue for clinical translation, the ability to engineer complex human tissue is crucial. Three-
dimensional tissue in physiological faithful architectures can capture the various cell intrinsic and
extrinsic interactions present in vivo, can model the development of organs, and functional ex vivo

tissue may eventually be scaled for translation.



Tissue engineering combines the engineering of cells, material properties of the scaffold
matrix, chemical or physiological cues and three-dimensional culture systems to fabricate
complex multi-lineage tissues*. One promising approach, stem cell-derived organotypic
ensembles of cells, termed organoids*®“°, has significantly advanced our ability to model and
study the biology of a range of organs including the intestine®, brain®* and kidney®2. These
organoids arise by the self-assembly of stem cells which are then guided through the
developmental process by temporally appropriate exposure to growth factors, small molecules
and morphogens. Remarkably, they recapitulate the complex geometries of cellular organization,
they can also recapitulate developmental trajectories and function, and are composed of a
panoply of cell types present in the organ of interest, providing powerful platforms for the study of
development and the onset of disease*®53°°, However, since organoids are formed by guiding
the cells through a specific developmental process, they do not contain the entire range of cells
which compose an organ since they do not form cross-germ layer cell types and critically many
organoid models lack vasculature. Vascularization of organoids is important for two reasons —
one, vascular cells play a central role in development and disease®%!, and secondly scaling

engineered tissue without necrosis requires dense vascularization®3,

Current methods of vascularizing engineered tissue rely on the angiogenic capacity of
primary cells (Figure 1.2.a), biofabrication of vasculature, e.g. by bioprinting®4%® (Figure 1.2.b),
in vivo implantation®®%° (Figure 1.2.c), and recently overexpression of vascular cell-inducing
TFs™ (Figure 1.2.d). While all of these are promising techniques, certain limitations must be
overcome: Primary cells are a limited cell source which cannot be infinitely renewed;
biofabrication methods have so far been unable to generate dense geometries like capillary
networks; in vivo implantation methods generate chimeric tissue which cannot be used for
translation or human-specific biology; and TF overexpression has so far been unable to generate

the full set of vascular lineage cells. This paucity of methods for dense vascularization and the



generation of all vascular lineages is a critical bottleneck to advancing organoid and tissue

engineered models.
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Figure 1.2: Overview of common methods for vascularization

(a) Angiogenic sprouting induced in vessels formed from primary cells. (b) Biofabrication with sacrificial
materials to generate perfusable channels. (c) In vivo implantation for vascularization by host vasculature.
(d) Overexpression driven differentiation of vascular cells in engineered tissue and organoids.

1.5 Engineering tissue in vivo

Organoid models have transformed our ability to model human-specific biology,
development and disease but they still face certain challenges. Organoids produce typically
immature phenotypes, are not vascularized and typically only contain a subset of lineages present
in developing as well as mature organs. To overcome these issues and access difficult to
differentiate cell types, one promising strategy is the development of tissues in vivo in a xenograft

or chimeric format.

Two methods are broadly used for such in vivo tissue engineering. In the first, cells or
tissues are implanted in an immunodeficient animal model, often in a suitable niche setting, to
drive differentiation, maturation and vascularization®®, In the second, animal models are
engineered such that they lack the ability to form specific organs. PSCs are then introduced into
the developing embryos of these models via blastocyst complementation, such that foreign cells
will compensate and form the organ which the engineered cells are incapable of forming”-"3.

Such complementation strategies can be undertaken using PSCs from the same species or from



a different species, to generate inter-species chimeric organs, and have led to the formation of

complex organs like the pancreas and kidney.

A third method that we’ and others™ have implemented takes advantage of the
spontaneous differentiation of human PSCs into teratomas’® when implanted in immunodeficient
animal models. These are typically benign tumors that contain a variety of lineages derived from
all three germ layers. This strategy has led to the derivation of difficult to differentiate cell types,
like skeletal muscle stem cells’ and hematopoietic stem cells’® from teratomas. The PSCs which
are implanted can be engineered for differentiation or enrichment of specific lineages, as well as
to study development and disease. PSCs undergo a mimic of natural development while forming
the teratoma, thus providing a promising platform for the systematic longitudinal study of human

biology in health and disease, and the engineering of complex tissue.

1.6 Flexible electronics for functional monitoring and stimulation

While great strides have been made in engineering human tissue, functional monitoring
and controlled perturbation of tissues is a significant challenge both in vivo and ex vivo. Devices
and methods to functionally monitor as well as programmably perturb tissues in a spatiotemporally

controlled manner are needed’”-"8.

The measurement of electrophysiological signals is required at multiple biological scales.
Organ-scale signals such as those from the cerebral cortex, heart and skeletal muscle are now
commonly deployed in clinical practice. Cellular scale measurements’® both in vivo and in vitro
are used to study the function and connectivity of electrically active cells and tissue, and for
therapy. Additionally, the advent and prevalence of wearable electronic devices®’®! to assess
bodily signals in health and disease has only increased the need for bioelectronic measurement
devices. To monitor bioelectronic signals from three-dimensional, soft, deformable and non-

uniformly shaped biologically relevant surfaces, flexible and printed electronics are increasingly



being developed®-2°. Further, electrical stimulation is advancing as a therapy for several
conditions, including injury rehabilitation®, neurological conditions like epilepsy and Parkinson’s
disease®”88 and wound healing®®, besides its application in controlling and stimulating prostheses
and muscle. Thus electrode devices not only need to be developed for their performance in

detection, but for stimulation capabilities as well.

Traditional rigid electrodes for electrophysiology employ a conductive gel to serve as an
interface between the electrode and skin. These gel electrodes are liable to motion artifacts and
reduced performance over time as the gel dries. On the other hand, flexible electronics can
provide superior performance. Conformal electronic devices reduce noise by more intimate
contact and lower contact impedance, and enable long-term, continuous recordings with higher
spatial resolution by reducing rigid elements and eliminating the need for gels. Flexible electrodes
can also be placed at higher density by elimination of the need for gel usage and by

accommodation into uneven geometries, thus leading to recordings with higher spatial resolution.

Flexible electronic devices can also address a key remaining challenge in tissue
engineering and organoids — that of monitoring and perturbing these engineered tissues in a
spatiotemporally controlled manner, as well as potentially after transplantation. Recent
demonstrations have shown the implementation of such devices, including porous mesh metal
electrode arrays®, intrinsically stretchable conductive polymers arrays®?, and nanowire-based
field effect transistor arrays®. It has also been shown that devices can be designed to electrically
stimulate the tissue, as well as perform controlled chemical release, both of which could be useful

for tissue maturation, as has been shown to be the case for cardiac tissue®*.
1.7 Printed electronics

While standard microfabrication methods can be used to produce these devices, printed

electronics®®* offers further flexibility by providing the ability to rapidly reconfigure geometries,



dimensions and substrates to account for different tissues, locations and individuals. Furthermore,
printing techniques have been developed to be compatible with a range of flexible substrates and
elastomers, as well as with a range of inorganic and organic materials. There are wide array of
methods used in printing functional electronic devices, in this dissertation, | primarily focus on

screen printing, inkjet printing and electrohydrodynamic printing.

Screen printing (Figure 1.3.a) is a popular, well-established and mature technique with
ease of use, adaptability to manufacturing and low cost. In this method, a stencil with the desired
pattern cut out is placed on the substrate, and the ink is then pushed through the stencil and
deposited on the substrate. Sintering is then required to obtain conductive patterns. This method
is suitable for patterns with larger critical dimensions and large scale manufacturing. While
reconfigurable, changes in design cannot be immediately implemented, but must first be

translated into a stencil.

To fabricate patterns with smaller critical dimensions down to 20-30 um, and for rapid
prototyping and reconfigurability, inkjet printing (Figure 1.3.b) is a common method. Here,
patterns are fabricated via the deposition of ink through a micron-scale nozzle, with droplet
expulsion controlled by a piezoelectric actuator. The printhead motion is programmatically

controlled to directly define printed geometries.

Lastly, to print even smaller geometries than those obtainable with inkjet printing,
electrohydrodynamic printing (Figure 1.3.c) is a promising technique. Here, ink is filled under
pressure into a tip with an inner diameter of <10 ym, and an electric field pulse applied between

the tip and a conducting substrate to jet droplets of the ink.
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Figure 1.3: Schematic of printing methods

(a) Schematic of screen printing. (b) Schematic of inkjet printing. (¢) Schematic of electrohydrodynamic
printing.

1.8 Conducting polymers

The discovery of conducting polymers® has introduced a versatile toolbox for organic
electronics and recently, the use of conducting polymers has become widespread in devices
measuring and stimulating biological samples®. Conducting polymers contain sp? hybridized
carbons in their backbone, which leaves a valence electron in an unhybridized p-orbital. These p-
orbitals combine to form a delocalized 1 bond across the length of the polymer backbone,
enabling electronic conduction across the polymer molecule (Figure 1.4.a)°". To modulate the
conductivity of the polymer, it can also be doped in a redox manner by adding dopant molecules

to add or remove electrons from the delocalized 1 bond.

Conducting polymers are attractive materials for biological applications since they have a
stiffness comparable to the contacted tissue and importantly, conducting polymers are mixed
ionic-electronic conductors which reduces the skin-electrode interface impedance. Additionally,
conducting polymers have a high ionic charge injection capacity, which also makes them suitable
materials for electrical stimulation. Furthermore, these polymers can also be dispersed and
solution processed in a facile manner as compared to fabrication techniques for inorganic

materials.
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Poly(3,4-ethylenedioxythiophene) (PEDOT)% is a conducting polymer with one of the
highest known conductivities and is now widely used in organic electronics. In the presence of
polystyrene sulfonate (PSS), PEDOT:PSS (Figure 1.4.b)% can be dispersed in agueous solution
for facile processing, and then cross-linked after deposition to be stable in aqueous environments.
In addition, the conductivity of PEDOT:PSS can be further increased by the addition of organic
solvents and ionic liquids. Organic solvents like ethylene glycol can both, dope PEDOT as well
as change its structural properties to increase conductivity. lonic liquids on the other hand can
screen the interaction between PEDOT and the PSS side chain, allowing PEDOT to form
crystalline domains, as well as make the resulting polymer intrinsically stretchable. Finally,
PEDOT conductivity can be significantly increased by treatment with sulfuric acid, which removes

the insulating PSS side chains and allows PEDOT to form crystalline domains.

SOzH SOzH SOy SOzH

PEDOT

n

Figure 1.4: Structure of conducting polymers

(a) Example structure of a conductive polymer, polyacetylene (left), with schematic indicating unhybridized
p-orbitals along the backbone (right). (b) Structure of PEDOT:PSS.
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Chapter 2: Development of a single cell RNA-sequencing based pooled
overexpression screening method to study reprogramming

2.1 Abstract

Understanding the complex effects of genetic perturbations on cellular state and fitness in
has been challenging using traditional pooled screening techniques, which typically rely on the
delivery of a single perturbation per cell and unidimensional phenotypic readouts. Here, we use
barcoded open reading frame (ORF) overexpression libraries coupled with single-cell RNA
sequencing (scRNA-seq) to assay cell state and fithess, a technique we call SEUSS (ScalablE
fUnctional Screening by Sequencing) (Figure 2.1). Using this system, we perturbed hPSCs with
a library of developmentally critical transcription factors (TFs) and assayed the impact of TF
overexpression on fithess and transcriptomic states across multiple conditions. We further
leveraged the versatility of the ORF library approach to systematically assay mutant gene libraries
and whole gene families. From the transcriptomic responses, we built genetic co-regulatory
networks to identify key altered gene modules and we found that KLF4 and SNAI2 drive opposing
effects along the epithelial-mesenchymal transition axis. From the fitness response, we identified
ETV2 as a driver of reprogramming towards an endothelial-like state, highlighting the power of

our method to characterize the effects of genetic perturbations.
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Figure 2.1: Schematic of SEUSS workflow

Experimental and analytical framewaork for evaluation of effects of transcription factor (TF) overexpression
in hPSCs: Individual TFs are cloned into the barcoded ORF overexpression vector, pooled and packaged
into lentiviral libraries for transduction of hPSCs. Transduced cells are harvested at a fixed time point to be
assayed as single cells using droplet based scRNA-seq to evaluate transcriptomic changes. Cells are
genotyped by amplifying the overexpression transcript from scRNA-seq cDNA prior to fragmentation and
library construction and identifying the overexpressed TF barcode for each cell. The cell count for each
genotype is used to estimate fithess. Gene expression matrices from scRNA-seq are used to obtain
differential gene expression and clustering signatures, which in turn are used for evaluation of cell state
reprogramming and gene regulatory network analysis.

2.2 Introduction

Cellular reprogramming via the overexpression of transcription factors (TF), has widely
impacted biological research, from the direct conversion of adult somatic cells**? and the
induction of pluripotent stem cells323399-102 g the differentiation of hPSCs*3-47:193, The discovery
of TFs that drive reprogramming has previously involved both prior knowledge of their role in
development and cellular transformation, and systematic trial-and-error. A scalable screening
method to assess the effects of TF overexpression would advance fundamental understanding of

reprogramming and enable the rapid discovery of novel reprogramming factors.

Recently, screens combining genetic perturbations with scRNA-seq® readouts have
emerged as promising alternatives to traditional screens!®1%, enabling high-throughput, high-
content screening by simultaneously profiling the transcriptomic response of tens of thousands of

individual cells to genetic perturbations. These scRNA-seq screens are scalable and enable direct
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readout of transcriptomic changes, providing a powerful tool in unraveling transcriptional networks
and cascades. While other groups have demonstrated CRISPR-Cas9 based knock-out and
knock-down scRNA-seq screens!® 1l to our knowledge, scRNA-seq based gene

overexpression screens have yet to be demonstrated.

Here, we use barcoded open-reading frame (ORF) overexpression libraries with a coupled
scRNA-seq and fithess screen, a technique we call SEUSS, to systematically overexpress a
pooled library of TFs and assay both the transcriptomic and fitness effects on hPSCs. While
CRISPRa offers some advantages, including easier scale-up, and the ability to mimic endogenous
activation'213 we chose ORF constructs for several reasons. ORF overexpression yields strong,
stable expression of the gene of interest, and enables the expression of specific isoforms as well

as engineered or mutant forms of genes, aspects not accessible through endogenous activation.

We harnessed the SEUSS approach to assay the effects of TF overexpression on the

pluripotent cell state and to find reprogramming factors.
2.3 Materials and methods

2.3.1 Cell Culture

H1 male hESC cell line was maintained under feeder-free conditions in mTeSR1 medium
(Stem Cell Technologies). Prior to passaging, tissue-culture plates were coated with growth
factor-reduced Matrigel (Corning) diluted in DMEM/F-12 medium (Thermo Fisher Scientific) and
incubated for 30 minutes at 37 °C, 5% CO,. Cells were dissociated and passaged using the

dissociation reagent Versene (Thermo Fisher Scientific).

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal

bovine serum (FBS).
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HUVECs were maintained in endothelial growth medium (EGM-2, Lonza) and were not
used beyond passage 10.

2.3.2 Library Preparation

The lentiviral backbone plasmid for the TF-Hygro vector format was constructed
containing the EF1a promoter, mCherry transgene flanked by BamHI restriction sites, followed by
a P2A peptide and hygromycin resistance enzyme gene immediately downstream. Each
transcription factor in the library was individually inserted in place of the mCherry transgene. Since
the ectopically expressed transcription factor would lack a poly-adenylation tail due to the
presence of the 2A peptide immediately downstream of it, the transcript will not be captured during
single-cell transcriptome sequencing which relies on binding the poly-adenylation tail of mRNA.
Thus, a barcode sequence was introduced to allow for identification of the ectopically expressed
transcription factor. The backbone was digested with Hpal, and a pool of 20 bp long barcodes
with flanking sequences compatible with the Hpal site, was inserted immediately downstream of
the hygromycin resistance gene by Gibson assembly. The vector was constructed such that the
barcodes were located only 200 bp upstream of the 3’-LTR region. This design enabled the
barcodes to be transcribed near the poly-adenylation tail of the transcripts and a high fraction of

barcodes to be captured during sample processing for sScRNA-seq.

To create the transcription factor library, individual transcription factors were PCR
amplified out of a human cDNA pool (Promega Corporation) or obtained as synthesized double-
stranded DNA fragments (gBlocks, IDT Inc) with flanking sequences compatible with the BamHlI
restriction sites. MYC mutants were obtained as gBlocks with a 6-amino acid GSGSGS linker
substituted in place of deleted domains (Table S1). The lentiviral backbone was digested with
BamHI HF (New England Biolabs) at 37 °C for 3 hours in a reaction consisting of: lentiviral

backbone, 4 ug, CutSmart buffer, 5 pl, BamHI, 0.625 pul, H20 up to 50 ul. After digestion, the vector
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was purified using a QIAquick PCR Purification Kit (Qiagen). Each transcription factor vector was
then individually assembled via Gibson assembly. The Gibson assembly reactions were set up
as follows: 100 ng digested lentiviral backbone, 3:10 molar ratio of transcription factor insert, 2X
Gibson assembly master mix (New England Biolabs), H20 up to 20 ul. After incubation at 50 °C
for 1 h, the product was transformed into One Shot Stbl3 chemically competent Escherichia coli
(Invitrogen). A fraction (150 pL) of cultures was spread on carbenicillin (50 pg/ml) LB plates and
incubated overnight at 37 °C. Individual colonies were picked, introduced into 5 ml of carbenicillin
(50 pg/ml) LB medium and incubated overnight in a shaker at 37 °C. The plasmid DNA was then
extracted with a QlAprep Spin Miniprep Kit (Qiagen), and Sanger sequenced to verify correct
assembly of the vector and to extract barcode sequences. One overexpression vector was

created for each TF, thus a single unique barcode was associated with each TF.

To assemble the library, individual transcription factor vectors were pooled together in an
equal mass ratio along with a control vector containing the mCherry transgene which constituted

10% of the final pool.

To create the neural transcription factor library without a hygromycin resistance transgene,
in the TF-NoHygro format, individual transcription factor coding sequences were PCR amplified
from plasmids containing them, with flanking sequences compatible with the upstream BamHI
restriction site and downstream Hpal restriction site. 20 bp barcode sequences were added after
the transcription factor stop codon via the primers compatible with the Hpal restriction site.
Swapping the locations of the ORF and selection marker was avoided so that residues from 2A
peptide cleavage were not added to the N-terminal of the overexpressed TF. The lentiviral
backbone was digested with BamHI HF and Hpal (New England Biolabs) at 37 °C for 3 hours in
a reaction consisting of: lentiviral backbone, 3 pg, CutSmart buffer, 5 uyl, BamHI, 0.625 pl, Hpal,
2 ul, H20 up to 50 pl. After digestion, the vector was purified using a QlAquick PCR Purification

Kit (Qiagen). Each transcription factor vector was then individually assembled via Gibson

16



assembly. The Gibson assembly reactions were set up as follows: 100 ng digested lentiviral
backbone, 3:10 molar ratio of transcription factor insert, 2X Gibson assembly master mix (New
England Biolabs), H20 up to 20 pl. After incubation at 50 °C for 1 h, the product was transformed
into One Shot Stbl3 chemically competent Escherichia coli (Invitrogen). A fraction (150 uL) of
cultures was spread on carbenicillin (50 ug/ml) LB plates and incubated overnight at 37 °C.
Individual colonies were picked, introduced into 5 ml of carbenicillin (50 pg/ml) LB medium and
incubated overnight in a shaker at 37 °C. The plasmid DNA was then extracted with a QlAprep
Spin Miniprep Kit (Qiagen), and Sanger sequenced to verify correct assembly of the vector and
to extract barcode sequences. One overexpression vector was created for each TF, thus a single

unique barcode was associated with each TF.

To assemble the library, individual transcription factor vectors were pooled together in an
equal mass ratio along with a control vector containing the mCherry transgene which constituted

10% of the final pool.

2.3.3 Viral Production

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal
bovine serum (FBS). In order to produce lentivirus particles, cells were seeded in a 15 cm dish 1
day prior to transfection, such that they were 60-70% confluent at the time of transfection. For
each 15 cm dish 36 pl of Lipofectamine 2000 (Life Technologies) was added to 1.5 ml of Opti-
MEM (Life Technologies). Separately 3 ug of pMD2.G (Addgene #12259), 12 ug of pCMV delta
R8.2 (Addgene #12263) and 9 ug of an individual vector or pooled vector library was added to
1.5 ml of Opti-MEM. After 5 minutes of incubation at room temperature, the Lipofectamine 2000
and DNA solutions were mixed and incubated at room temperature for 30 minutes. During the
incubation period, medium in each 15 cm dish was replaced with 25 ml of fresh, pre-warmed

medium. After the incubation period, the mixture was added dropwise to each dish of HEK 293T
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cells. Supernatant containing the viral particles was harvested after 48 and 72 hours, filtered with
0.45 um filters (Steriflip, Millipore), and further concentrated using Amicon Ultra-15 centrifugal
ultrafilters with a 100,000 NMWL cutoff (Millipore) to a final volume of 600-800 pl, divided into

aliquots and frozen at -80 °C.

For high MOI transduction of the neural transcription factor library, the lentivirus was
further concentrated using Amicon Ultra-0.5 centrifugal ultrafilters with a 100,000 NMWL cutoff
(Millipore) such that the final volume used for transduction was less than 20% of the total volume

per well of a 6 well plate.

For analysis of barcode shuffling, lentivirus particles were produced by seeding HEK 293T
cells in 6-well plates such that they were 60-70% confluent at the time of transfection. For each
well, 7.5 pl of Lipofectamine 2000 was added to 125 ul of Opti-MEM. Separately, 625 ng of
pMD2.G, 2.5 ug of pCMV delta R8.2 and 1.875 ug of an individual or pooled neural transcription
factor library was added to 125 pul of Opti-MEM. After 5 minutes of incubation at room temperature,
the Lipofectamine 2000 and DNA solutions were mixed and incubated at room temperature for
30 minutes. During the incubation period, medium in each well was replaced with 2 ml of fresh,
pre-warmed medium. After the incubation period, the mixture was added dropwise to each well
of HEK 293T cells. For the Arrayed Neural TF library, viral particles of each individual transcription
factor were produced in separate wells of 6-well plates. For the Pooled Neural TF library, the
plasmids were pooled along with a mCherry vector constituting 10% of the final pool and lentiviral
particles produced in an equal number of wells as the Unpooled production. Supernatant
containing the viral particles was harvested after 48 and 72 hours, pooled and filtered with 0.45
pm filters (Steriflip, Millipore), and further concentrated using Amicon Ultra-15 centrifugal
ultrafilters with a 100,000 NMWL cutoff (Millipore) to a final volume of 600-800 pl, divided into

aliquots and frozen at -80 °C. The lentivirus was further concentrated using Amicon Ultra-0.5
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centrifugal ultrafilters with a 100,000 NMWL cutoff (Millipore) such that the final volume used for

transduction was less than 20% of the total volume per well of a 6 well plate.

2.3.4 Viral Transduction

For viral transduction, on day -1, H1 cells were dissociated to a single cell suspension
using Accutase (Innovative Cell Technologies) and seeded into Matrigel-coated plates in mTeSR
containing ROCK inhibitor, Y-27632 (10 uM, Sigma-Aldrich). For transduction with the TF library,
cells were seeded into 10 cm dishes at a density of 6x10° cells for screens conducted in mTeSR
or 4.5x10° cells for screens conducted in endothelial growth medium (EGM) or multilineage (ML)
medium (DMEM + 20% FBS.) For transduction with the neural TF library, KLF gene family library
and c-MYC mutants library, cells were seeded at a density of 1x10° cells per well of a 6-well plate.
For transduction with the neural TF library not containing a hygromycin resistance transgene,
cells were seeded at a density of 0.5x10° cells per well of a 6-well plate. For transduction with the
neural TF library, with or without the hygromycin resistance transgene, multiple wells were
transduced at varying titers, along with companion wells transduced with equal titer of control
mCherry virus only, to control for effects of viral toxicity and high serum content. The highest
transduction titer for which no toxicity or differentiation was seen in the control wells was used for
scRNA-seq experiments. For transduction with individual transcription factors cells were seeded
at a density of 4x10° cells per well of a 12 well plate or 2x10° cells per well of a 24 well plate for
experiments conducted in mTeSR, while for experiments conducted in the alternate media cells
were seeded at a density of 3x10° cells per well of a 12 well plate or 1.5x10° cells per well of a 24

well plate.

On day 0, medium was replaced with fresh mTeSR to allow cells to recover for 6-8 hours.
Recovered cells were then transduced with lentivirus added to fresh mTeSR containing polybrene

(5 ug/ml, Millipore). On day 1, medium was replaced with the appropriate fresh medium: mTeSR,
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endothelial growth medium (EGM-2, Lonza) or high glucose DMEM + 20% FBS. For all vectors
and libraries containing a hygromycin resistance transgene, hygromycin (Thermo Fisher
Scientific) selection was started from day 2 onward at a selection dose of 50 pg/ml, medium

containing hygromycin was replaced daily.

2.3.5 Single Cell Library Preparation

For screens conducted in mTeSR cells were harvested 5 days after transduction while for
alternate media, EGM or ML, cells were harvested 6 days after transduction with the TF library.
Cells were dissociated to single cell suspensions using Accutase (Innovative Cell Technologies).
For samples sorted with magnetically assisted cell sorting (MACS), cells were labelled with anti-
TRA-1-60 antibodies or with dead cell removal microbeads and sorted as per manufacturer’s
instructions (Miltenyi Biotec). Samples were then resuspended in 1XPBS with 0.04% BSA at a
concentration between 600-2000 per pl. Samples were loaded on the 10X Chromium system and
processed as per manufacturer’s instructions (10X Genomics). Unused cells were centrifuged at

300 rcf for 5 minutes and stored as pellets at -80 °C until extraction of genomic DNA.

Single cell libraries were prepared as per the manufacturer’s instructions using the Single
Cell 3’ Reagent Kit v2 (10X Genomics). Prior to fragmentation, a fraction of the sample post-cDNA
amplification was used to amplify the transcripts containing both the TF barcode and cell barcode.
Single cell RNA-seq libraries and barcode amplicons were sequenced on an Illumina HiSeq

platform.

2.3.6 Quantification of Barcode Shuffling

To quantify the extent of barcode shuffling, lentivirus particles of the Neural TF library were
produced in an arrayed or pooled manner in 6-well plates as described previously. Multiple wells
were transduced at varying titers, the highest transduction titer for which no toxicity or

differentiation was seen in the control wells was used for downstream processing. Hygromycin
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(Thermo Fisher Scientific) selection was started from day 2 onward at a selection dose of 50
pg/ml, medium containing hygromycin was replaced daily. Cells were harvested 5 days after

transduction, spun at 300 rcf for 5 min to obtain cell pellets and genomic DNA extracted.

2.3.7 Barcode Amplification

Barcodes were amplified from cDNA generated by the single cell system as well as from
genomic DNA from cells not used for single cell sequencing. Barcodes were amplified from both

types of samples and prepared for deep sequencing through a two-step PCR process.

For amplification of barcodes from cDNA, the first step was performed as three separate
50 pl reactions for each sample. 2 pl of the cDNA was input per reaction with Kapa Hifi Hotstart
ReadyMix (Kapa Biosystems). The PCR primers used were, Nexterai7_ TF_Barcode F:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGAACTATTTCCTGGCTGTTACGCG
and NEBNext Universal PCR Primer for lllumina (New England Biolabs). The thermocycling
parameters were 95 °C for 3 min; 24-26 cycles of (98 °C for 20 s; 65 °C for 15 s; and 72 °C for 30
s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested to ensure that they
fell within the linear phase of amplification. Amplicons (~500 bp) of 3 reactions for each sample
were pooled, size-selected and purified with Agencourt AMPure XP beads at a 0.8 ratio. The
second step of PCR was performed with two separate 50 ul reactions with 50 ng of first step
purified PCR product per reaction. Nextera XT Index primers were used to attach lllumina
adapters and indices to the samples. The thermocycling parameters were: 95 °C for 3 min; 6-8
cycles of (98 °C for 20 s; 65 °C for 15 s; 72 °C for 30 s); and 72 °C for 5 min. The amplicons from
these two reactions for each sample were pooled, size-selected and purified with Agencourt
AMPure XP beads at an 0.8 ratio. The purified second-step PCR library was quantified by Qubit
dsDNA HS assay (Thermo Fisher Scientific) and used for downstream sequencing on an Illlumina

HiSeq platform.
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For amplification of barcodes from genomic DNA, genomic DNA was extracted from stored
cell pellets with a DNeasy Blood and Tissue Kit (Qiagen). The first step PCR was performed as
three separate 50 pul reactions for each sample. 2 ug of genomic DNA was input per reaction with
Kapa Hifi Hotstart ReadyMix. The PCR primers used were, NGS_TF-Barcode F:
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGAACTATTTCCTGGCTGTTACGCG and
NGS_TF-Barcode R:
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTCTTCGTTGGGAGTGAATTAGC. The
thermocycling parameters were: 95 °C for 3 min; 26-28 cycles of (98 °C for 20 s; 55 °C for 15 s;
and 72 °C for 30 s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested
to ensure that they fell within the linear phase of amplification. Amplicons (200 bp) of 3 reactions
for each sample were pooled, size-selected with Agencourt AMPure XP beads (Beckman Coulter,
Inc.) at a ratio of 0.8, and the supernatant from this was further size-selected and purified at a
ratio of 1.6. The second step of PCR was performed as two separate 50 pl reactions with 50 ng
of first step purified PCR product per reaction. Next Multiplex Oligos for lllumina (New England
Biolabs) Index primers were used to attach Illumina adapters and indices to the samples. The
thermocycling parameters were: 95 °C for 3 min; 6 cycles of (98 °C for 20 s; 65 °C for 20 s; 72 °C
for 30 s); and 72 °C for 2 min. The amplicons from these two reactions for each sample were
pooled, size-selected with Agencourt AMPure XP beads at a ratio of 0.8, and the supernatant
from this was further size-selected and purified at a ratio of 1.6. The purified second-step PCR
library was quantified by Qubit dsDNA HS assay (Thermo Fisher Scientific) and used for

downstream sequencing on an lllumina MiSeq platform.

For amplification of barcodes from genomic DNA for barcode shuffling analysis, genomic
DNA was extracted from stored cell pellets with a DNeasy Blood and Tissue Kit (Qiagen). The
barcode for the mCherry control only was amplified for next generation sequencing in three steps.

The first step PCR was performed as three separate 50 pl reactions for each sample. 2 pg of
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genomic DNA was input per reaction with Kapa Hifi Hotstart ReadyMix. The PCR primers used
were, mCh_BC_Shuffling_F: CACCATCGTGGAACAGTACGAAC and TF_BC_Shuffling_R:
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTTTAACAAGCCCGTCAGTAG. The
thermocycling parameters were: 95 °C for 3 min; 24-26 cycles of (98 °C for 20 s; 65 °C for 15 s;
and 72 °C for 90 s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested
to ensure that they fell within the linear phase of amplification. Amplicons of 3 reactions for each
sample were pooled, and dimers removed by size-selecting with Agencourt AMPure XP beads
(Beckman Coulter, Inc.) at a ratio of 1.6. The second step of PCR was performed as two separate
50 pl reactions with 50 ng of first step purified PCR product per reaction with Kapa Hifi Hotstart
ReadyMix. The PCR primers used were, TF_BC_Shuffling_Step2_F:
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGTTGACGGCAATTTCGATG and
TF_BC_Shuffling_R:

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTTTAACAAGCCCGTCAGTAG. The
thermocycling parameters were: 95 °C for 3 min; 6-8 cycles of (98 °C for 20 s; 65 °C for 15 s; and
72 °C for 30 s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested to
ensure that they fell within the linear phase of amplification. The amplicons from these two
reactions for each sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio
of 0.8, and the supernatant from this was further size-selected and purified at a ratio of 1.6. The
third step of PCR was performed as two separate 50 ul reactions with 50 ng of second step
purified PCR product per reaction with Kapa Hifi Hotstart ReadyMix. Next Multiplex Oligos for
lllumina (New England Biolabs) Index primers were used to attach lllumina adapters and indices
to the samples. The thermocycling parameters were: 95 °C for 3 min; 6-8 cycles of (98 °C for 20
S; 65 °C for 20 s; 72 °C for 30 s); and 72 °C for 2 min. The amplicons from these two reactions
for each sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio of 0.8,

and the supernatant from this was further size-selected and purified at a ratio of 1.6. The purified
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second-step PCR library was quantified by Qubit dsDNA HS assay (Thermo Fisher Scientific) and

used for downstream sequencing on an Illlumina HiSeq platform.

For amplification of barcodes from genomic DNA from cells transduced with the neural
TF library in the TF-NoHygro format, genomic DNA was extracted from stored cell pellets with a
DNeasy Blood and Tissue Kit (Qiagen). The barcode for the mCherry control only was amplified
for next generation sequencing in two steps. The first step PCR was performed as three separate
50 ul reactions for each sample. 2 ug of genomic DNA was input per reaction with Kapa Hifi
Hotstart ReadyMix. The PCR primers used were, No-Hygro gDNA mCh_Barcode F:
ACACTCTTTCCCTACACGACGCTCTTCCGATCCACCATCGTGGAACAGTACGAAC and No-
Hygro_gDNA_Barcode_R:
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTCGATGCATGGGGTCGTGC. The
thermocycling parameters were: 95 °C for 3 min; 28-30 cycles of (98 °C for 20 s; 65 °C for 15 s;
and 72 °C for 30 s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested
to ensure that they fell within the linear phase of amplification. Amplicons of 3 reactions for each
sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio of 0.8, and the
supernatant from this was further size-selected and purified at a ratio of 1.6. The second step of
PCR was performed as two separate 50 ul reactions with 50 ng of first step purified PCR product
per reaction. Next Multiplex Oligos for lllumina (New England Biolabs) Index primers were used
to attach lllumina adapters and indices to the samples. The thermocycling parameters were: 95
°C for 3 min; 6-8 cycles of (98 °C for 20 s; 65 °C for 20 s; 72 °C for 30 s); and 72 °C for 2 min.
The amplicons from these two reactions for each sample were pooled, size-selected with
Agencourt AMPure XP beads at a ratio of 0.8, and the supernatant from this was further size-
selected and purified at a ratio of 1.6. The purified second-step PCR library was quantified by
Qubit dsDNA HS assay (Thermo Fisher Scientific) and used for downstream sequencing on an

lllumina MiSeq platform.
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2.3.8 Single cell RNA-seq Processing and Genotype Deconvolution

Using the 10X genomics CellRanger pipeline, we aligned Fastq files to hg38, counted
UMIs to generate counts matrices, and aggregated samples across 10X runs with cellranger aggr.

All cellranger commands were run using default settings.

To assign one or more transcription factor genotypes to each cell, we aligned the plasmid
barcode reads to hg38 using BWA, and then labeled each read with its corresponding cell and
UMI tags. To remove potential chimeric reads, we used a two-step filtering process. First, we only
kept UMIs that made up at least 0.5% of the total amount of reads for each cell. We then counted
the number of UMIs and reads for each plasmid barcode within each cell, and only assigned that
cell any barcode that contained at least 10% of the cell’'s read and UMI counts. Barcodes were

mapped to transcription factors within one edit distance of the expected barcode.

To quantify barcode shuffling, we simply extracted the plasmid barcode from each read

and counted the number of reads corresponding to each genotype.

2.3.9 Clustering and Cluster Enrichment

Clustering was performed on the aggregated counts matrices using the Seurat pipeline!!4,
We first filtered the counts matrix for genes that are expressed in at least 1% of cells, and cells
that express at least 200 genes. We then normalized the counts matrix, found overdispersed
genes, and used a negative binomial linear model to regress away library depth, batch effects,
and mitochondrial gene fraction. We performed PCA on the overdispersed genes, keeping the
first 20 principal components. We then used the PCs to generate a K Nearest Neighbors graph,
with K = 30, used the KNN graph to calculate a shared nearest neighbors graph, and used a
modularity optimization algorithm on the SNN graph to find clusters. Clusters were recursively

merged until all clusters could be distinguished from every other cluster with an out of the box

25



error (oobe) of less than 5% using a random forest classifier trained on the top 15 genes by

loading magnitude for the first 20 PCs. We used tSNE on the first 30 PCs to visualize the results.

Cluster enrichment was performed using Fisher’'s exact test, testing each genotype for

both over-enrichment and under-enrichment in each cluster.

2.3.10 Differential Expression and Identification of Significant Genotypes

We used a modified version of the MIMOSCA linear model*® to analyze the differentially
expressed genes for each genotype. In our model, we used the R glmnet package with the
multigaussian family, with alpha (the lasso vs ridge parameter) set to 0.5. Lambda (the coefficient
magnitude regularization parameter) was set using 5-fold cross validation. We also used mCherry
as a control genotype, computing gene expression changes for each genotype against the
mCherry control. Our method outputs a genes by genotypes matrix of regression coefficients,
where each coefficient corresponds to the effect of each genotype on each gene relative to the
mCherry control. P-values were calculated empirically by randomly permuting the genotype
assignments, and then false discovery rates were calculated using the Benjamani-Hochberg

procedure.

TFs were chosen as significant for downstream analysis if they were enriched for at least
one cluster with a p-value of less than 102, or if the TF drove statistically significant differential
expression of greater than 50 genes. Our threshold for calling a differentially expressed gene is
that the false discovery rate was less than 0.05, and the absolute coefficient magnitude was
greater than 0.025.

2.3.11 Gene Co-perturbation Network and Module Detection

We took the genes by genotypes coefficients matrix from the regression analysis with

trimmed genotypes and used it to calculate the Euclidean distance between genes, using the

significant genotypes as features. We then built a k-nearest neighbors graph from the Euclidean

26



distances between genes, with k = 30. From this KNN graph, we calculated the fraction of shared
nearest neighbors (SNN) for each pair of genes to build and SNN graph. For example, if two
genes share 23/30 neighbors, we create an edge between them in the SNN graph with a weight

of 23/30 = 0.767.

To identify gene modules, we used the Louvain modularity optimization algorithm**>. For
each gene module, we identified enriched Gene Ontology terms using Fisher’'s exact test (Table
S4). We also ranked genes in each gene module by the number of enriched Gene Ontology terms
the gene is part of, to identify the most biologically significant genes in each module (Table S4).
Gene module identities were assigned based on manual inspection of enriched GO terms and
the genes within each module. The effect of each genotype on a gene module was calculated by
taking the average of the regression coefficients for the genotype and the genes within the
module. Gene modules where no genotype had an average absolute coefficient of at least 0.05
were dropped from further analysis in order to exclude gene modules that did not show variation
across our dataset.

2.3.12 Replicate Correlation

For each of the medium conditions, we had two replicate screens. To establish the
reproducibility of our screens, we correlated the regression coefficients of the replicates, where
each coefficient represents the effect of a single TF on a single gene using a Pearson correlation.
Because the vast majority of coefficients were either zero or very close to zero, we only correlated
coefficients that were nonzero with an false discovery rate of less than 0.5 in at least one replicate
(not both). This essentially filters out the coefficients that are zero or close to zero in both

replicates.

To compare the results of our screen vs the bulk microarray overexpression screen, we

used GSEA to assess the enrichment in the TF-gene effects (in the form of regression

27



coefficients) with the downstream targets for that same TF as determined by the bulk microarray
screen.
2.3.13 Fitness Effect Analysis

To calculate fitness effects from genomic DNA reads, we first used MagECK!® to align
reads to genotype barcodes and count the number of reads for each genotype in each sample,
resulting in a genotypes by samples read counts matrix. We normalized the read counts matrix
by dividing each column by the sum of that column, and then calculated log fold-change by
dividing each sample by the normalized plasmid library counts, and then taking a log2 transform.

For the stem cell media, we averaged the log fold change across the non MACS sorted samples.

To calculate fitness effects from genotype counts identified from single cell RNA-seq, we
used a cell counts matrix instead of a read counts matrix, and repeated the above protocol. To
correlate the fitness replicates, used a Pearson correlation of the log fold-changes.

2.3.14 Epithelial mesenchymal transition analysis

We took genes from the Hallmark Epithelial Mesenchymal Transition geneset from
MSigDB” and ran PCA on those genes with the stem cell medium dataset, visualizing the first
two principal components. The two principal components resulted in an EMT-like signature, and
we used the gene loadings from those principal components, along with literature research to
identify a relevant panel of EMT related genes to display.

2.3.15 RNA Extraction, gRT-PCR and bulk RNA-seq library preparation

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) as per the
manufacturer’s instructions. The quality and concentration of the RNA samples was measured
using a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). cDNA was prepared using
the Protoscript Il First Strand cDNA synthesis kit (New England Biolabs) in a 20 pl reaction and

diluted up to 1:5 with nuclease-free water.
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gRT-PCR reactions were setup as: 2 ul cDNA, 400 nM of each primer, 2X Kapa SYBR
Fast Master Mix (Kapa Biosystems), H,O up to 20 pl. qRT-PCR was performed using a CFX
Connect Real Time PCR Detection System (Bio-Rad) with the thermocycling parameters: 95 °C
for 3 min; 95 °C for 3 s; 60 °C for 20 s, for 40 cycles. All experiments were performed in triplicate
and results were normalized against a housekeeping gene, GAPDH. Relative mRNA expression
levels, compared with GAPDH, were determined by the comparative cycle threshold (AACy)
method. Primers used for gRT-PCR are listed in Table S5. For confirmation of overexpression by
gRT-PCR, primers were chosen such that they amplified a portion of the transcript in the
hygromycin resistance region. This was done to avoid amplification of any endogenous
transcripts, and since the overexpression is driven by a single promoter the TF, P2A peptide and

the hygromycin resistance are on a single transcript.

Bulk RNA-seq libraries were prepared from 150 ng of RNA using the NEBNext Ultra RNA
Library Prep kit for lllumina (New England Bioloabs) as per the manufacturer’s instructions.
Libraries were sequenced on an lllumina HiSeq platform.

2.3.16 Bulk RNA-Seq Analysis and Correlation

We mapped the bulk RNA-Seq fastq files to GRCh38 and quantified read counts mapping
to each gene’s exon using Gencode v28 and STAR aligner!!8, We used total counts normalization
to adjust for library size effects, and then took a log-transform to adjust for heteroscedasticity. To
quantify the effect of each TF versus mCherry, we took the log fold-change (logFC) of each TF’s
normalized expression versus the mCherry normalized expression. We compared this bulk logFC
to the single cell RNA-seq regression coefficients using Pearson correlation.

2.3.17 Immunofluorescence

Cells were fixed with 4% (wt/vol) paraformaldehyde in PBS at room temperature for 30

minutes. Cells were then incubated with a blocking buffer: 5% donkey serum, 0.2% Triton X-100

in PBS for 1 hour at room temperature followed by incubation with primary antibodies diluted in
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the blocking buffer at 4 °C overnight. Primary antibodies used were: VE-Cadherin (D87F2, RRID:
AB_2077969, Cell Signaling Technology; 1:400), EPCAM (VU1D9, RRID: AB_558797, Thermo
Fisher, 1:200), Vimentin (AF2105, RRID: AB_355153, R&D Systms, 1:50). Secondary antibodies
used were: DyLight 488 labelled donkey anti-rabbit IgG (ab96891, Abcam; 1:250), DyLight 488
labelled donkey anti-goat IgG (ab96931, Abcam, 1:250), AlexaFluor 488 labelled goat anti-mouse

IgG (A-11001, Thermo Fisher, 1:500).

After overnight incubation with primary antibodies, cells were labelled with secondary
antibodies diluted in 1% BSA in PBS for 1 hour at 37 °C. Nuclear staining was done by incubating
cells with DAPI for 5 minutes at room temperature. All imaging was conducted on a Leica DMi8
inverted microscope equipped with an Andor Zyla sCMOS camera and a Lumencor Spectra X
multi-wavelength fluorescence light source.

2.3.18 Endothelial Tube Formation Assay

A mCherry expressing H1 cell line was created by transducing H1 cells with a lentivirus
containing the EF1a promoter driving expression of the mCherry transgene, internal ribosome
entry site (IRES) and a puromycin resistance gene. Cells were then maintained under constant
puromycin selection at a dose of 0.75 ug/ml. mCherry labelled H1 cells were transduced with
either ETV2 lentivirus or control mCherry lentivirus, hygromycin selection was started on day 2

and cells were used for tube formation assay on day 6.

Growth-factor reduced Matrigel (Corning) was thawed on ice and 250 ul was deposited
cold per well of a 24-well plate. The deposited Matrigel was incubated for 60 minutes at 37 °C,
5% CO,, to allow for complete gelation and the ETV2-transduced or control cells were then
seeded on it at a density of 3.2x10° cells per well in a volume of 500 yl EGM. Imaging was

conducted 24 hours after deposition of the cells.
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2.4 Results

2.4.1 Engineering a single cell RNA-seq based overexpression screening system

We designed an ORF overexpression vector (TF-Hygro, Figure 2.2.a) such that each TF
was paired with a unique 20 bp barcode sequence located 200 bp upstream of the lentiviral 3'-
long terminal repeat (LTR) region. This yields a polyadenylated transcript bearing the barcode
proximal to the 3’ end, facilitating efficient capture and detection in scRNA-seq (Figure 2.1). To
construct the ORF library, transcription factors were amplified out of a multi-tissue human cDNA
pool or directly synthesized as double-stranded DNA fragments, and individually cloned into a
backbone vector (Figure 2.2.b). The final library consisted of 61 developmentally critical or
pioneer TFs (Figure 2.2.c), and overexpression was confirmed for select TFs by gRT-PCR

(Figure 2.2.d).
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Figure 2.2: Overexpression vector design and expression validation

(a) Schematic of lentiviral overexpression vector and capture of overexpression transcript during sSCRNA-
seq. While the vector used in the screens contained a hygromycin resistance selection marker, it may also
be designed without a selection marker. (b) The construction of TF-Hygro involved two steps: (i) insertion
of a pool of barcodes into the backbone after digestion with Hpal, (ii) individually substituting mCherry with
TFs after digestion with BamHI. (c) Confirmation of exogenous expression of select overexpressed TFs by
gRT-PCR analysis. Data for all assays were normalized to GAPDH and expressed relative to control
mCherry-transduced cells. Untransduced H1 hESCs and HUVECs were used as negative controls. Primers
were chosen such that they amplified a portion of the transcript in the hygromycin resistance region. This
was done to avoid amplification of any endogenous transcripts, and since the overexpression is driven by
a single promoter the TF, P2A peptide and the hygromycin resistance are on a single transcript. (d)

Composition of TF library.
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We conducted the overexpression screens by transducing lentiviral ORF libraries into
human embryonic stem cells (hESCs), maintaining them under antibiotic selection after
transduction for 5 days for screens in hPSC medium, and 6 days for screens in unilineage and
multilineage medium. We then performed scRNA-seq on the transduced and selected cells. TF
barcodes were recovered and associated with scRNA-seq cell barcodes by targeted PCR
amplification from the unfragmented cDNA, allowing genotyping of each cell for downstream
analysis (Figure 2.1). Genotyped cell counts, while limited in sample size, also allowed us to

estimate fitness (Figure 2.3.a).

We then used the Seurat computational pipeline to cluster cells based on their gene
expression profiles, and identified over-enrichment of TFs in specific clusters using Fisher’s exact
test (Figure 2.3.b)!4. We used a linear model to identify genes whose expression levels are
appreciably changed by the perturbation!®®, For downstream analysis, we focused on TFs that
were either significantly enriched for at least one cluster (p-value < 107'?) or had at least 50

significant differentially expressed genes (Figure 2.3.b).
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Figure 2.3: Fitness and transcriptomic effects of TF overexpression

(a) Fitness effect of TFs: log fold change of individual TFs, calculated as cell counts normalized against
plasmid library read counts. (b) t-SNE projection (left panels), and differential gene expression and cluster
enrichment of significant TFs (right panels) from screens in different growth medium conditions: pluripotent
stem cell medium, unilineage medium and multilineage medium. The TFs were chosen as significant with
the following criteria: cluster enrichment with a p-value of less than 102, or if the TF drove differential
expression of more than 50 genes.

2.4.2 Studying growth condition-specific effects of TF overexpression

We used the SEUSS framework to assess the pluripotent cell state response to TF
overexpression, and to study the interplay of TF overexpression and growth conditions. We
conducted two replicate screens with the 61 element TF-Hygro library in each of three different
medium conditions: hPSC medium, a unilineage medium, specifically endothelial growth medium
(EGM), and a multilineage (ML) differentiation medium, specifically a high serum growth medium.
We aggregated 7,728 cells across the hPSC medium screens, 10,137 cells across the unilineage
medium screens, and 6,807 cells across the ML medium screens. The experimental replicates

for each medium condition were well correlated (Figure 2.4.a-c), implying overall reproducibility.

We found that transcriptomic changes do not necessarily correlate with changes in fithess

(Figure 2.4.d-f), demonstrating that profiling both fithess and the transcriptome is necessary for
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understanding cell state changes. We also found that fitness estimates from cell counts were well
correlated between replicates (Figure 2.4.g-i) and correlated with bulk fitness from genomic DNA
despite the limited sampling of cell counts via scRNA-seq (Figure 2.4.j-I). Among the most
significantly depleted TFs across medium conditions, was the haemato-endothelial master

regulator ETV2, (Figure 2.3.a).
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Figure 2.4: Correlation between replicates, between fithess and transcriptomic effects, and between
bulk and scRNA-seq derived fitness

(a) Correlation between coefficients in the pluripotent medium screens. (b) Correlation between coefficients
in the unilineage medium screens. (¢) Correlation between coefficients in the multilineage medium screens.
For (a)-(c), correlation was between regression coefficients, with each coefficient representing the effect of
a TF on an individual gene. We subset to coefficients that are nonzero with an adjusted p-value (FDR) of
less than 0.5 in either replicate to filter out coefficients that are zero in both replicates. (d)-(f) Correlation of
the number of differentially expressed genes for each TF vs the fitness effect (log-FC) for: (d) Pluripotent
medium. (e) Unilineage medium (EGM). (f) Multilineage medium. (g)-(i) Correlation between replicates of
fitness estimates from scRNA-seq genotyped cell counts for: (g) Pluripotent medium. (h) Unilineage
medium (EGM). (i) Multilineage medium. (j)-(I) Correlation between log fold change of TF counts vs plasmid
library control for genomic DNA reads vs cell counts fithess for: (j) Pluripotent medium (k) Unilineage
medium (EGM) (1) Multilineage medium
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To interpret the effects of significant TFs, we used the regression coefficients of the linear
model to build a weighted gene-to-gene co-regulatory network, where genes with a highly
weighted edge between them respond to TF overexpression in a similar manner (Figure 2.5.a).
Applying this approach to the screens, we identified 9 altered gene modules via a graph clustering
algorithm?®, Many of these gene modules showed a strong enrichment for Gene Ontology (GO)
terms, and gene module identity was assigned using GO enrichment paired with manual

inspection of genes in each module (Figure 2.5.b).
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Figure 2.5: Gene co-perturbation network and gene module effects of TF overexpression
(a) A SNN network is built from the linear model coefficients and the network is then segmented into gene
modules. Genes have a highly weighted edge between them if they respond similarly to TF overexpression.
(b) Gene module network: Node size indicates the number of genes in the module; Edge size indicates
distance between modules. (c) Effect of TF overexpression on gene modules in different medium
conditions, effect size was calculated as the average of the linear model coefficients for a given TF
perturbation across all genes within a module.

We next calculated the effect of each significant TF on the gene modules (Figure 2.5.c).
While certain TFs (CDX2, KLF4) show strong cluster enrichment (Figure 2.3.b, 2.6.a-c) and

consistent gene module effects across media conditions, some TFs have growth medium-specific
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effects. For instance, some HNF1A effects were specific to hPSC medium and some GATA4
effects were specific to EGM (Figure 2.5.c). We found that the annotated neural specifier
NEUROD1'%122 shows strong effects on the neuron differentiation module and upregulates
genes known to play a role in neuronal development (Figure 2.6.d-e). In the pluripotent medium
condition, we also find that HNF1A and ONECUT1, strongly upregulate the endoderm
development module, reflecting their known roles in endoderm development!?*-13 (Figure 2.5.c).
Across medium conditions, CDX2 upregulates the embryonic morphogenesis module and genes
known to play a role in extra-embryonic patterning (Figure 2.6.d-f), potentially reflecting its role
in trophectoderm development®*1132 To benchmark our results, we compared the effects for
significant TFs in hPSC medium with a previously reported bulk microarray screen of TF
overexpression in MESCs!*3, We used GSEA to assess the overlap between the overexpression
effects in our screens and the annotated TF targets in the bulk microarray screen. We found

significant enrichment between the TFs present in both screens (Figure 2.6.9).
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Figure 2.6: Analysis and validation of significant TFs

(a) tSNE plot of screens in pluripotent medium, color coded by select TFs (KLF4, CDX2) (b) tSNE plot of
screens in unilineage medium, color coded by select TFs (KLF4, CDX2) (c) tSNE plot of screens in
multilineage medium, color coded by select TFs (KLF4, CDX2) (d) Expression level of DRAXIN and PTCH1
in screens in pluripotent medium with the TFs expected to upregulate expression of each highlighted in red
(e) Expression level of DRAXIN and PTCH1 in screens in unilineage medium with the TFs expected to
upregulate expression of each highlighted in red (f) Expression level of FHL2 and KRT8 in screens in
unilineage medium with the TFs expected to upregulate expression of each highlighted in red. (g) Geneset
enrichment analysis for homologous genes in mMESCs upon overexpression of TFs'33. TFs present in both
datasets — ASCL1, CDX2, MYC, KLF4 and MYOD1 - display a highly significant degree of overlap in their
effects.
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2.4.3 Biological Effects of Significant TFs

We then sought to investigate the effects of two TFs, SNAI2 and KLF4, which significantly
perturb the hPSC transcriptome (Figure 2.3.b, Figure 2.5.c). Since KLF4 and SNAI2 are known
to play critical and opposing roles in EMT**13 we assessed whether they cause changes along
an EMT-like axis in hPSCs as well. A PCA analysis using 200 genes from a consensus EMT
geneset from MSigDB!!’ demonstrated a stratification of KLF4-transduced cells towards an
epithelial-like state and SNAI2-transduced cells towards a mesenchymal-like state (Figure 2.7.a).
The scRNA-seq data also demonstrated expression level changes in signature genes consistent
with EMT (Figure 2.7.b), which we confirmed with gRT-PCR (Figure 2.7.c-e). We also confirmed

protein expression changes with immunofluorescence staining of EPCAM and VIM (Figure 2.7.f).
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Figure 2.7: Biological effects of TF overexpression: KLF4 and SNAI2 as opposing drivers in EMT
(a) PC plot of performing PCA on 200 genes from the Hallmark Epithelial Mesenchymal Transition geneset
from MSigDB*’. (b) Effect of KLF4 and SNAI2 on selected epithelial and mesenchymal markers. (c) gRT-
PCR analysis of signature cadherin during EMT: CDH1 at day 5 post-transduction in pluripotent stem cell
medium. (d) gRT-PCR analysis of signature epithelial marker genes during EMT: EPCAM, LAMC1 and
SPP1 at day 5 post-transduction in pluripotent stem cell medium. (e) gRT-PCR analysis of signature
mesenchymal marker genes during EMT: TPM2, THY1 and VIM at day 5 post-transduction in pluripotent
stem cell medium. Data for all assays were normalized to GAPDH and expressed relative to control cells.
(f) Transmission and immunofluorescence micrographs of EPCAM- and VIM-labelled day 5 KLF4-, SNAI2-
or mCherry-transduced cells.

To demonstrate the power of fithess effects in discovering TFs with significant impact on
reprogramming, we focused on ETV2, which has the greatest average fithess loss across medium
conditions (Figure 2.3.a). Since ETV2 is known to drive reprogramming from fibroblasts!*” and
promote differentiation of endothelial cells from hPSCs!81% we hypothesized that the reduced
fitness could be due to a proliferation disadvantage if ETV2-transduced cells are undergoing
reprogramming without division. Focused experiments revealed that while ETV2-transduced cells

undergo extensive cell death in pluripotent medium, there is a morphology change indicative of
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an endothelial phenotype in EGM (Figure 2.8.a). Immunofluorescence revealed a distinct
distribution of CDH5, with localization at cell-cell junctions similar to human umbilical vein
endothelial cells (HUVECS) (Figure 2.8.b). Functional testing confirmed tube formation (Figure
2.8.¢), while gRT-PCR assays demonstrated strong upregulation of the key endothelial markers
CDH5, PECAM1 and VWF (Figure 2.8.d), thus suggesting that a single TF, ETV2, may be able

to drive differentiation from a pluripotent to an endothelial-like state.
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Figure 2.8: Biological effects of TF overexpression: ETV2 as a driver of reprogramming to an
endothelial-like state

(a) Morphology change for cells transduced with either ETV2 or mCherry in EGM. (b) Immunofluorescence
micrograph of CDH5 labelled day 6 ETV2- or mCherry-transduced cells and HUVECSs. (c) Tube formation
assay for day 6 ETV2- or mCherry-transduced cells. (d) gRT-PCR analysis of signature endothelial genes
CDH5, PECAM1, VWF and KDR, at day 6 post-transduction. Data were normalized to GAPDH and
expressed relative to control cells in pluripotent stem cell medium.

2.4.4 Screening Mutant Gene Libraries and Gene Families

Since MYC was found to drive significant transcriptomic changes in hPSC medium
(Figure 2.3.b), we chose to assay MYC mutants to demonstrate the ability of SEUSS to
systematically screen mutant forms of proteins. We constructed a library of mutant MYC proteins,

with both functional domain deletions and (Figure 2.9.a), and hotspot mutations!°. Screening
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this Myc-Hygro library in hPSC medium, we found that hotspot mutations, and deletion of the
nuclear localization signal (NLS) sequence maintain an effect similar to the wild type MYC,
suggesting that these mutations have minimal effect. A majority of the domain deletions show a
marked reduction in both the number of differentially expressed genes, and the activation of MYC
target module genes, suggesting that deleting entire functional domains is deleterious for function

of MYC in hPSCs, as one might expect (Figure 2.9.b).

a b =8 300 Wild Type Gene
- v TE 3 & c-MYC F\ﬂ\ssc:‘sc P\-‘Wul_atmm
20 scRNA-Seq, genotyping T S. E% 200 ¢c-MYC Domain Deletion
and gene module 2 o | 28
MYEQ:I::?HG enrichment analysis 2 y—; ! og 100 III
k-1
o II.I..D:..:.
Avg Coef
NTD c-MYC CTD MYC targets )
DNA replication/accessibility 0.02
I |:| I ‘ Cell proliferation 0.00
Cell morphogenesis ~0.02
MBI mb Cell Cycle Regulation
mMBIl  HLH §§2§§§Eg§;3355
NLS Lz ;,‘3%%%/3350{_3;);%
» Missense Mutation £ 58> S E S = ?
oo 0E=ETLE=Fo
£z $RIOTY
bbb

Figure 2.9: Screening mutant genes

(a) Schematic of workflow for c-MYC mutant library screen and schematic of functional domains of c-MYC:
MYC Box | (MBI) and MYC Box Il (II) which are essential for transactivation of target genes are housed in
the amino-terminal domain (NTD); the basic (b) helix-loop-helix (HLH) leucine zipper (LZ) motif, which is
required for heterodimerization with the MAX protein is housed in the carboxy-terminal domain (CTD); the
nuclear localization signal domain (NLS) is located in the central region of the protein. (b) Effect of MYC
mutant overexpression on humber of differentially expressed genes and on gene modules. For heatmap,
effect size was calculated as the average of the linear model coefficients for a given TF perturbation across
all genes within a module.

The consistent and strong effects of KLF4 overexpression motivated the investigation of
the KLF zinc finger transcription factor family'#! (Figure 2.10.a) as a demonstration of SEUSS’
utility in studying perturbation patterns across gene families. A KLF-Hygro screen including all 17
members of this protein family was conducted in hPSC medium. Gene module analysis showed
that Group | KLF family members, including KLF4 and KLF5, have similar effects, as does KLF17
(Figure 2.10.b), which may reflect their similar role in promoting epithelial cell states#?144, We

benchmarked the results obtained in the KLF gene family screen via SEUSS, against bulk RNA-
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seq for KLF4, KLF5 and KLF17, the 3 KLF family members with the highest number of

differentially expressed genes and found the results to be correlated (Figure 2.10.c).
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Figure 2.10: Screening gene families

(a) Schematic of workflow for KLF gene family screen and schematic of KLF gene family protein structure
grouped by common structural and functional features (b) Effect of KLF family overexpression on number
of differentially expressed genes and on gene modules. For heatmap, effect size was calculated as the
average of the linear model coefficients for a given TF perturbation across all genes within a module. (c)
Correlation of scRNA-seq regression coefficients versus log fold change in bulk RNA-seq for KLF4, KLF5

and KLF17. Log fold change was calculated from bulk RNA-seq data for cells transduced with a TF versus
cells transduced with control mCherry virus.

2.4.5 Drawbacks — Barcode Shuffling

Since barcode shuffling has been identified as a key factor limiting the power and
sensitivity of single-cell based screening!?”145148 we also explored an alternate version of the

overexpression vector (TF-NoHygro, Figure 2.11.a) to minimize template-switching events during
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lentiviral packaging. The rate at which the association between the ORF and barcode is lost due
to template-switching is proportional to the length of the constant region between the ORF and
barcode, which in this case is the selection marker. In the TF-NoHygro vector, the selection
marker was excised and the ORF was placed immediately adjacent to the barcode sequence,
with only a 25 bp priming sequence between them (Figure 2.11.a). The absence of a selection
marker does not impact analysis of results from the screens since we could exactly determine

which perturbation was delivered to each cell.

We then assessed barcode shuffling rates for pooled virus production for the TF-Hygro
and TF-NoHygro designs, compared to a control where each library element in the TF-Hygro
format was packaged individually and then pooled (Figure 2.11.a). We used a 14-element subset
of the full library (Figure 2.11.b) to quantify these shuffling rates. While the TF-Hygro design
yielded a ~36% barcode shuffling rate, the TF-NoHygro design had a negligible shuffling rate

(Figure 2.11.c¢).

Given the degree of barcode shuffling in the TF-Hygro format, we also assessed the
reproducibility of the assay results obtained using the TF-Hygro format versus the TF-NoHygro
format for the 14 TF sub-library (Figure 2.11.a). Virus for both vector formats was produced in a
pooled manner, so that the TF-Hygro format would suffer from barcode shuffling, while the TF-
NoHygro format would not. We conducted scRNA-seq screens in both vector formats and found
that regression coefficients for cells overexpressing a single TF were well correlated between the
vector formats (Figure 2.11.d). Hence, results obtained from pooled screens with TF-Hygro are

still valid, albeit with a reduction in power.
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Figure 2.11: Barcode shuffling

(a) Schematic of different lentiviral ORF overexpression vector designs and pooled vs arrayed packaging
methods. (b) 14-element Neural TF sub-library. (c) Quantification of shuffling rates for individually packaged
virus using the TF-Hygro design, pooled virus packaging using the TF-Hygro design, and pooled virus
packaging using the TF-NoHygro design. (d) Correlation between single TF regression coefficients for
scRNA-seq screens on the Neural TF library using the original and updated vectors.

2.5 Discussion

To our knowledge, this is the first demonstration of a high-throughput gene over-
expression screening approach that simultaneously assays both fithess and transcriptomic

effects. Our use of ORF overexpression drove strong phenotypic effects, allowing us to capture
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subtle transcriptomic signals with fewer cells per perturbation than some of the CRISPR-based
screens, while the versatility of SEUSS was demonstrated by mapping context dependent effects

of TFs, assaying mutant forms of a TF, as well as all of the the TFs in a gene family.

Our studies also revealed important considerations in the execution and interpretation of
such screens. Consistent with recent studies'*>'%¢, we observed shuffling of distally located
barcodes due to recombination during pooled lentiviral packaging. While viral particles may be
produced without risk of recombination by individually packaging each vector, this hinders screen
scalability. We also noted that there are limitations on the maximum infectivity for stem cells with
lentiviral vectors#®159, reducing the probability of observing combinatorial overexpression effects.
Further engineering of the overexpression vector is necessary to enable large-scale and
combinatorial overexpression screens. We also observed that overexpression levels will vary with
the gene being expressed, which could affect screens sensitive to such variations. Further, in our
assays, since hPSCs were transduced with pooled libraries, transcriptomic changes driven by
cell-cell interactions could increase variability. We also aggregated replicates to increase our
power after demonstrating that the replicate experiments showed similar effects. This may not
always be possible, as screens in specific cell types or culture conditions may result in more
variability amongst replicates. Furthermore, in these experiments, we chose a compact library
size to ensure that within a single scRNA-seq run of up to 10,000 cells, each perturbation was
represented by a statistically significant number of cells. However, given the development of
combinatorial indexing methods®®*%2 that can profile hundreds of thousands of cells

simultaneously, we anticipate SEUSS to be scalable to all known TFs.

Taken together, SEUSS has broad applicability to study the effects of overexpression in
diverse cell types and contexts; it may be extended to novel applications such as screening of

protein mutagenesis or screening the effects of synthetic proteins. In combination with other
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methods of genetic and epigenetic perturbation it may allow us to generate a comprehensive

understanding of the pluripotent and differentiation landscape.
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Chapter 3: Development of a multiplexed screening method to study
oncogenicity of genes and variants across lineages

3.1 Abstract

Deconstructing tissue-specific effects of genes and variants on proliferative advantage is
critical to understanding cellular transformation and to systematic selection of cancer
therapeutics. Dissecting these specificities at scale requires integrated methods for multiplexed
genetic screens tracking fitness across time, across human cell types, and in a suitable cellular
niche since functional differences also depend on physiological cues. Towards this, we present a
novel approach, harnessing single-cell cancer driver screens in teratomas coupled with hit
enrichment by serial teratoma reinjection, to simultaneously screen drivers across multiple
lineages in vivo. Using this system, we analyzed population shifts and lineage-specific enrichment
for 51 cancer associated genes and gene variants, profiling over 100,000 cells spanning over 20
lineages, across two rounds of serially injected teratomas. We confirmed that c-MYC alone or
combined with myristoylated AKT1 potently drives proliferation in progenitor neural lineages,
demonstrating signatures of malignancy. These drivers directed teratoma development to
lineages representative of pediatric tumors such as medulloblastoma and rhabdomyosarcoma.
Additionally, mutant MEK152180/52220 nrovides a proliferative advantage in mesenchymal lineages
like fibroblasts. Our method provides a powerful new platform for multi-lineage longitudinal study

of oncogenesis.
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3.2 Introduction

The onset of cancer is often posited to be an evolutionary process enabled by the
acquisition of somatic mutations and genetic lesions over time®314, Yet, these mutations lead to
survival advantages and cancer only if accumulated in the relevant types of cells at the
appropriate stage of differentiation, at the appropriate time and in the appropriate cell state311551%6,
Understanding this process of tumorigenesis and dissecting the tissue-specific molecular
mechanisms which govern neoplastic transformation is a longstanding goal in cancer biology. In
particular, with the explosion in cancer genome sequencing data®®’-1%2, understanding the tissue-
specific oncogenicity of the growing list of genetic variants of unknown significance may lead to
significant advances in building early detection systems, which would improve patient

outcomes'®, as well as inform the development and application of therapeutic strategies®*.

In this regard, xenograft and genetically engineered animal models’?1% have been
especially useful to recapitulate the process by which healthy cells undergo transformation, but
such models often do not completely capture human biology, transformation or
tumorigenesis>>¢165 On the other hand, immortalized cell lines and primary cells have been
important workhorses of cancer research’®, aiding in mechanistic studies, the uncovering of
therapeutic vulnerabilities and understanding resistance mechanisms?®, Yet, elucidating the wide
spectrum of tissue-specific programs governing transformation!¢’-*"4 remains a challenge'’®,
especially as access to and culture of diverse types of primary cells is challenging. Such in vitro
systems also exclude the environmental and physiological context which are key modulators of
driver-specificity, and often lack the ability to perturb cells along their differentiation trajectories or

in distinct states, an important factor in driver-specific transformatione.

Systems which allow us to ethically gain access to developing human tissue models,

recapitulating the architecture and signaling programs of native tissue, in a suitable physiological
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niche could be an invaluable tool to deconstruct tissue-specific drivers of neoplastic
transformation. In this regard, there has been significant work toward the use of directed
differentiation of stem cells®® in 2-dimensional monolayer culture as well as into
organoids®*>>59177-181 19 model cancer. These models capture various cell states along the
developmental trajectory, while organoids also capture the diversity of cells present in specific
tissue, organized in native-like architecture. However, these systems are cultured in specialized
conditions, which may not represent in vivo settings, and lack vasculature which is a central
characteristic of cancers!®2, In vivo engraftment of suitably differentiated human stem cells
provides an avenue to study the human-specific dynamics of oncogenesis and cancer evolution
in an appropriate milieu'®-18, But, each of these systems provides access to a single or a few
lineages at a time, thus, to test drivers in a panoply of lineages to assess their oncogenic potential

in each is a laborious and slow process.

Recently, our group demonstrated that human pluripotent stem cell (hPSC) derived
teratomas, which are typically benign tumors with differentiated cells from all three germ layers
and regions of organized tissue-like architecture®’, can enable high throughput genetic screens
simultaneously across cell types of all germ layers’. Leveraging this, we propose here a method
that uses the teratoma model, in combination with single cell RNA-sequencing (scRNA-seq)
based open reading frame (ORF) overexpression screens!®® and serial tumor propagation, to
massively parallely assess the tissue-specific oncogenicity of genes and gene variants across a

diverse set of lineages.
3.3 Materials and methods

3.3.1 Cell Culture

H1 male hESC cell line was maintained under feeder-free conditions in mTeSR1 medium

(Stem Cell Technologies) supplemented with 1% antibiotic-antimycotic (Thermo Fisher Scientific).
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Prior to passaging, tissue-culture plates were coated with growth factor-reduced Matrigel
(Corning) diluted in DMEM/F-12 medium (Thermo Fisher Scientific) and incubated for 30 minutes
at 37 °C, 5% CO.. Cells were dissociated and passaged using the dissociation reagent Versene
(Thermo Fisher Scientific). Prior to lentiviral transduction, hESCs were passaged using Accutase
(Innovative Cell Technologies) and plated as dissociated cells to achieve higher transduction
efficiency. When passaged with Accutase, cells were plated in mTeSR1 containing Y27632 (10
MM, Tocris). H1 hESCs used started at P30 and were passaged a maximum of 4 passages before

injection.

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal
bovine serum (FBS) and 1 % antibiotic-antimycotic. HEK 293T cells were passaged using 0.05%

Trypsin (Thermo Fisher Scientific).

3.3.2 Library Preparation

The lentiviral backbone plasmid, compatible with detection in scRNA-seq was constructed
as previously described! containing the EF1a promoter, mCherry transgene flanked by BamHI
restriction sites, followed by a P2A peptide and hygromycin resistance enzyme gene immediately
downstream. Each driver ORF in the library was individually inserted in place of the mCherry
transgene. A barcode sequence was introduced to allow for identification of the ectopically
expressed transcription factor. The backbone plasmid was digested with Hpal, and a pool of 20
bp long barcodes with flanking sequences compatible with the Hpal site, was inserted immediately
downstream of the hygromycin resistance gene by Gibson assembly. The vector was constructed
such that the barcodes were located only 200 bp upstream of the 3’-LTR region. This design
enabled the barcodes to be transcribed near the poly-adenylation tail of the transcripts and a high

fraction of barcodes to be captured during sample processing for scRNA-seq.
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To create the driver ORF library, individual drivers were PCR amplified out of the Cancer
Pathways kit (Addgene #1000000072)*¢, individual plasmids (Addgene #9053, #85140, #82262,
#82297, #82175, #61852, #39872, #23776, #23688, #10745, #23231)'8-1% a human cDNA pool
(Promega Corporation), or obtained as synthesized double-stranded DNA fragments (gBlocks,
IDT Inc) with flanking sequences compatible with the BamHI restriction sites. The barcoded
lentiviral backbone was digested with BamH| HF (New England Biolabs) at 37 °C for 3 hours in a
reaction consisting of: lentiviral backbone, 4 ug, CutSmart buffer, 5 ul, BamHI, 0.625 pl, H20 up
to 50 ul. After digestion, the vector was purified using a QIAquick PCR Purification Kit (Qiagen).
Each transcription factor vector was then individually assembled via Gibson assembly. The
Gibson assembly reactions were set up as follows: 100 ng digested lentiviral backbone, 3:10
molar ratio of transcription factor insert, 2X Gibson assembly master mix (New England Biolabs),
H20 up to 20 pl. After incubation at 50 °C for 1 h, the product was transformed into One Shot StbI3
chemically competent Escherichia coli (Invitrogen). A fraction (150 pL) of cultures was spread on
carbenicillin (50 pg/ml) LB plates and incubated overnight at 37 °C. Individual colonies were
picked, introduced into 5 ml of carbenicillin (50 pg/ml) LB medium and incubated overnight in a
shaker at 37 °C. The plasmid DNA was then extracted with a QlAprep Spin Miniprep Kit (Qiagen),
and Sanger sequenced to verify correct assembly of the vector and to extract barcode sequences.
One overexpression vector was created for each ORF, thus a single unique barcode was

associated with each ORF.

3.3.3 Viral Production

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal

bovine serum (FBS).

To prepare lentivirus for the full library, to avoid barcode shuffling4>-147:188 |entivirus for

each ORF was packaged independently. Cells were seeded in a 6-well plate 1 day prior to
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transfection, such that they were 60-70% confluent at the time of transfection. For each well of a
6-well plate, 2.25 pul of Lipofectamine 2000 (Life Technologies) was added to 125 pl of Opti-MEM
(Life Technologies). Separately 187.5 ng of pMD2.G (Addgene #12259), 750 ng of pCMV delta
R8.2 (Addgene #12263) and 562.5 ng of an individual vector was added to 125 pl of Opti-MEM.
After 5 minutes of incubation at room temperature, the Lipofectamine 2000 and DNA solutions
were mixed and incubated at room temperature for 30 minutes. During the incubation period,
medium in each plate was replaced with 2 ml of fresh, pre-warmed medium per well. After the
incubation period, the mixture was added dropwise to each well of HEK 293T cells. Supernatant
containing the viral particles was harvested after 48 and 72 hours, filtered with 0.45 um filters
(Steriflip, Millipore), and further concentrated using Amicon Ultra-15 centrifugal ultrafilters with a
100,000 NMW.L cutoff (Millipore). For library lentiviral production, supernatant of all ORF wells
was mixed together and concentrated to a final volume of 600-800 pl, divided into aliquots and
frozen at -80 °C. To prepare lentivirus for individual vectors, the production protocol as described

above was scaled up to a 15 cm dish.

3.3.4 Viral Transduction

For viral transduction, on day -1, H1 cells were dissociated to a single cell suspension
using Accutase and seeded into Matrigel-coated 6-well plates at a density of 3x10° cells per well
in mTeSR containing ROCK inhibitor, Y27632 (10 pM, Tocris). The next day, day 0, cells were
approximately 20% confluent. Medium containing Y27632 was replaced with mTeSR1 within 16

hours after plating and cells were allowed to recover for at least 8 hours prior to addition of virus.

Recovered cells were then transduced with lentivirus added to fresh mTeSR containing
polybrene (5 pg/ml, Millipore). On day 1, medium was replaced with fresh mTeSR1. Hygromycin
(Thermo Fisher Scientific) selection was started from day 2 onward at a selection dose of 50

Mg/ml, medium containing hygromycin was replaced daily.
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3.3.5 Animals

Housing, husbandry and all procedures involving animals used in this study were
performed in compliance with protocols approved by the University of California San Diego
Institutional Animal Care and Use Committee (UCSD IACUC). Mice were group housed (up to 4
animals per cage) on a 12:12 hr light-dark cycle, with free access to food and water in individually
ventilated specific pathogen free (SPF) cages. All mice used were healthy and were not involved
in any previous procedures nor drug treatment unless indicated otherwise. All studies performed

in NOD.Cg-Prkdcscid l12rgtm1Wijl/SzJ (NSG) mice and maintained in autoclaved cages.

3.3.6 Teratoma Formation

A subcutaneous injection of 6-8 million PSCs in a slurry of growth factor reduced Matrigel
(Corning) and mTeSR medium (1:1) was made in the right flank of anesthetized Rag2™’;yc”
immunodeficient mice. Weekly monitoring of teratoma growth was made by quantifying

approximate elliptical area (mm?) with the use of calipers measuring outward width and height.

3.3.7 Teratoma Processing

Mice were euthanized by slow release of CO, followed by secondary means via cervical
dislocation. Tumor area was shaved, sprayed with 70% ethanol, and then extracted via surgical
excision using scissors and forceps. Tumor was rinsed with PBS, weighed, and photographed.
Tumor was then cut into small pieces in a semi-random fashion and frozen in OCT for sectioning
and H&E staining courtesy of the Moore’s Cancer Center Histology Core. Remaining tumor was
cut into small pieces 1-2mm in diameter and subjected to standard GentleMACS (Miltenyi)
protocols: Human Tumor Dissociation Kit (medium tumor settings) and Red Blood Cell Lysis Kit.
From round 1 teratomas, 6-8 million dissociated live cells were resuspended in growth factor
reduced Matrigel (Corning) and subcutaneously injected in the right flank of anesthetized Rag2™"

;yc-immunodeficient mice to form round 2 tumors. For single cell RNA-seq, samples were also
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processed with Dead Cell Removal Kit (Miltenyi). Single cells were then resuspended in PBS +
0.04% BSA for processing on the 10X Genomics Chromium!® platform and downstream
sequencing on an lllumina NovaSeq platform. For bulk processing, after red blood cell removal,
cells were divided into multiple tubes and pelleted for 5 minutes at 300g. Supernatant was then
removed and cells were either directly frozen at -80 °C or resuspended in RNALater (Thermo

Fisher Scientific), incubated overnight at 4 °C, RNALater removed and then frozen at -80 °C.

3.3.8 Barcode Amplification

Barcodes were amplified from cDNA generated by the single cell system, and gDNA from

validation tumors and prepared for deep sequencing through a two-step PCR process.

For amplification of barcodes from cDNA, the first step was performed as four separate
50 ul reactions for each sample. 2.5 ul of the cDNA was input per reaction with Kapa Hifi Hotstart
ReadyMix (Kapa Biosystems). The PCR primers used were, NEB_EC2H_Barcode_ F:
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGAACTATTTCCTGGCTGTTACGCG and
NEBNext Universal PCR Primer for Illumina (New England Biolabs). The thermocycling
parameters were 95 °C for 3 min; 20-26 cycles of (98 °C for 20 s; 65 °C for 15 s; and 72 °C for 30
s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested to ensure that they
fell within the linear phase of amplification. Amplicons (~500 bp) of 4 reactions for each sample
were pooled, size-selected and purified with Agencourt AMPure XP beads at a 0.8 ratio. The
second step of PCR was performed with two separate 50 ul reactions with 50 ng of first step
purified PCR product per reaction. NEBNext Multiplex Oligos for Illumina (Dual Index Primers)
were used to attach Illumina adapters and indices to the samples. The thermocycling parameters
were: 95 °C for 3 min; 6 cycles of (98 °C for 20 s; 65 °C for 15 s; 72 °C for 30 s); and 72 °C for 5
min. The amplicons from these two reactions for each sample were pooled, size-selected and

purified with Agencourt AMPure XP beads at an 0.8 ratio. The purified second-step PCR library
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was quantified by Qubit dsDNA HS assay (Thermo Fisher Scientific) and used for downstream

sequencing on an lllumina HiSeq platform.

For amplification of barcodes from genomic DNA, genomic DNA was extracted from stored
cell pellets with a DNeasy Blood and Tissue Kit (Qiagen). The first step PCR was performed as
two separate 50 pl reactions for each sample. 2 pg of genomic DNA was input per reaction with
Kapa Hifi Hotstart ReadyMix. The PCR primers used were, EC2H gDNA Barcode F:
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGTCGGGCGTACACAAATC and
EC2H_gDNA Barcode R:
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTTTAACAAGCCCGTCAGTAG. The
thermocycling parameters were: 95 °C for 3 min; 24-32 cycles of (98 °C for 20 s; 60 °C for 15 s;
and 72 °C for 30 s); and a final extension of 72 °C for 5 min. The numbers of cycles were tested
to ensure that they fell within the linear phase of amplification. Amplicons (200 bp) of the two
reactions for each sample were pooled, size-selected with Agencourt AMPure XP beads
(Beckman Coulter, Inc.) at a ratio of 1.6. The second step of PCR was performed as two separate
50 ul reactions with 25 ng of first step purified PCR product per reaction. NEBNext Multiplex
Oligos for lllumina (Dual Index Primers) were used to attach lllumina adapters and indices to the
samples. The thermocycling parameters were: 95 °C for 3 min; 6-8 cycles of (98 °C for 20 s; 65
°C for 20 s; 72 °C for 30 s); and 72 °C for 2 min. The amplicons from these two reactions for each
sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio of 1.6. The purified
second-step PCR library was quantified by Qubit dsDNA HS assay (Thermo Fisher Scientific) and

used for downstream sequencing on an lllumina NovaSeq platform.
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3.3.9 Single cell RNA-seq Processing

Fastq files were aligned to a combined hgl9 and mm10 reference and expression
matrices generated using the count command in cellranger v3.0.1 (10X Genomics). cellranger

commands were run using default settings.

3.3.10 Data Integration and Clustering

Data integration was performed on counts matrices from the following samples: 4 Round
1 teratomas perturbed with the full library, 2 Round 2 teratomas perturbed with the full library, 3
Round 1 teratomas perturbed with a library without c-MYC or myr-AKT1, and 2 Round 2 teratomas
perturbed with a library without c-MYC or myr-AKT1. Integration was done using the Seurat v3
pipeline®®, Expression matrices were filtered to remove any cells expressing less than 200 genes
or expressing greater than 20% mitochondrial genes, as well as to remove any genes that are
expressed in less than 0.1% of cells. DoubletFinder'®” was used to detect predicted doublets, and
these were removed for downstream analysis. The expression matrix was then normalized for
total counts, log transformed and scaled by a factor of 10,000 for each sample, and the top 4000
most variable genes were identified. We then used Seurat to find anchor cells and integrated all
data sets, obtaining a batch-corrected expression matrix for subsequent processing. This
expression matrix was then scaled, and nUMI as well as mitochondrial gene fraction was
regressed out. Principal component analysis (PCA) was performed on this matrix and 22-30 PCs
were identified as significant using an elbow plot. The significant PCs were then used to generate
a k Nearest Neighbors (KNN) graph with k=10. The kNN graph was then used to generate a
shared Nearest Neighbors (sNN) graph followed by modularity optimization to find clusters with a

resolution parameter of 0.8.

60



To calculate change in the cell type abundance, the number of cells of each type was
summarized for each wild type and each driver library sample. This table was input to edgeR%81%,
which was then used to determine log. fold change, p-value and false discovery rate (FDR).
3.3.11 Barcode Assignment

To assign one or more barcodes to each cell, we used a previously described method*e8,
Briefly, we extracted each barcode by identifying its flanking sequences, resulting in reads that
contain cell, UMI, and barcode tags. To remove potential chimeric reads, we used a two-step
filtering process. First, we only kept barcodes that made up at least 0.5% of the total amount of
reads for each cell. We then counted the number of UMIs and reads for each plasmid barcode
within each cell, and only assigned that cell any barcode that contained at least 10% of the cell’'s
read and UMI counts.

3.3.12 Bulk RNA Extraction and RNA-seq library preparation

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) as per the

manufacturer’s instructions. The quality and concentration of the RNA samples was measured

using a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific).

Bulk RNA-seq libraries were prepared from 1000 ng of RNA using the NEBNext Ultra RNA
Library Prep kit for lllumina or the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina
(New England Biolabs) as per the manufacturer’s instructions. Libraries were sequenced on an
lllumina NovaSeq platform.
3.3.13 Bulk RNA-Seq Analysis

We mapped the bulk RNA-Seq fastq files to GRCh38 and quantified read counts mapping
to each gene’s exon using Ensembl v99 and STAR aligner!!8, The genes by counts matrix was
then processed via DESeq22% to normalize counts and estimate differential expression. Log fold
change in gene expression of c-MYC and c-MYC + myr-AKT1 driven tumors compared to wild

type teratomas was used as input for geneset enrichment analysis.
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Data from the TARGET initiative was obtained from the UCSC Xena browser. TARGET
data as well as experimental tumor samples were processed using edgeR* and limma?® to filter
and normalize the data and to remove heteroscedascity. The 2000 most highly variable genes

across the TARGET tumors were then selected for performing principal component analysis.

3.3.14 Barcode Counting
Barcodes amplified and sequenced from genomic DNA were aligned using Bowtie2202:203,
and then counted using MAGeCK??®,
3.3.15 Gas chromatograph-Mass spectrometry (GC-MS) sample preparation and analysis
Metabolites were extracted, analyzed, and quantified, as previously described in detail®..
Frozen tissue was pulverized using a cellcrusher and ten to fifteen mg of frozen tissue were then
homogenized with a ball mill (Retsch Mixer Mill MM 400) at 30 Hz for 5 minutes in 500 pL -20°C
methanol and 200 pL of ice-cold MiliQ water. The mixture was then transferred into a 2 mL
Eppendorf tube containing in 500 pL of chloroform, vortexed for 5 min followed by centrifugation
with 16 000 x g for 5 min at 4 °C. To determine the abundances of nucleobases the interface was
centrifuged with 1 mL —20 °C methanol at 16,000%g for 5 min at 4 °C, the pellet was hydrolyzed
with 1 mL 6N HCL for 2h at 80°C, centrifuged at 16,000xg for 5 min and the supernatant was

dried at 60 °C under airflow.

Metabolite derivatization was performed using a Gerstel MPS. Dried metabolites were
dissolved in 15 pl of 2% (w/v) methoxyamine hydrochloride (Thermo Scientific) in pyridine and
incubated for 60 min at 45°C. An equal volume of 2,2 2-trifluoro-N-methyl-N-trimethylsilyl-
acetamide (MSTFA) (nucleobases) was added and incubated further for 30 min at 45 °C.
Derivatized samples were analyzed by GC-MS using a DB-35MS column (30 m x 0.25 mm i.d. X

0.25 pm, Agilent J&W Scientific) installed in an Agilent 7890A gas chromatograph (GC) interfaced
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with an Agilent 5975C mass spectrometer (MS) operating under electron impact ionization at 70
eV. The MS source was held at 230 °C and the quadrupole at 150 °C and helium was used as a
carrier gas at a flow rate of 1 mL/min. The GC oven temperature was held at 80 °C for 6 min,
increased to 300 °C at 6 °C/min and after 10 min increased to 325 °C at 10 °C/min for 4 min.
3.3.16 Immunofluorescence

Sections were fixed with 4% (wt/vol) paraformaldehyde in PBS at room temperature for
10 minutes. Sections were then incubated with a blocking buffer: 5% donkey serum, 0.2% Triton
X-100 in PBS for 1 hour at room temperature followed by incubation with primary antibodies
diluted in the blocking buffer at 4 °C overnight. Primary antibodies used were: Ki-67 (D3B5, Cell

Signaling Technology; 1:100).

After overnight incubation with primary antibodies, cells were labelled with secondary
antibodies diluted in 5% donkey serum in PBS for 1 hour at 37 °C. Nuclear staining was done by
incubating cells with DAPI for 5 minutes at room temperature. All imaging was conducted on a
Leica DMi8 inverted microscope equipped with an Andor Zyla sCMOS camera and a Lumencor

Spectra X multi-wavelength fluorescence light source.
3.4 Results

3.4.1 Design of a multiplex in vivo screening platform

To enable a screening platform which would simultaneously allow the determination of
lineages along with detection of perturbations, we implemented pooled overexpression screens
in teratomas with scCRNA-seq readout, using a lentiviral overexpression vector we previously
developed for compatibility with scRNA-seq based pooled genetic screens'® (Figure 3.1.a). The
vector contains a unique 20 bp barcode for each library element, located 200 bp upstream of the
lentiviral 3’ long terminal repeat (LTR). This yields a polyadenylated transcript with the barcode

proximal to the 3’ end, thus allowing detection in droplet based scRNA-seq systems which rely on

63



poly-A capture. Each cancer driver was cloned into the lentiviral backbone vector, packaged
individually into lentivirus particles and this individually packaged lentivirus then combined, to
avoid barcode shuffling due to the recombination driven template switching inherent in pooled
lentiviral packaging#-147188 To allow for combinatorial driver transduction, these driver libraries
were then transduced into H1 human embryonic stem cells (hESCs), which we had previously
characterized to be of normal karyotype’. The hESCs were transduced at the highest titer where
we did not see visible morphological changes, and maintained under antibiotic selection for 4
days after transduction (Figure 3.1.b). In addition, for cells profiled prior to injection by scRNA-
seq, for the majority of drivers we observed no significant changes per cluster in the proportion of
cells expressing drivers as compared to those expressing the internal negative control (Figure
3.2.a-c), confirming that the driver library was not significantly perturbing the hESCs from their
basal state. We also confirmed that all library elements were detected in the transduced cells prior

to injection (Figure 3.2.d).

To form teratomas with these library-transduced hESCs, we subcutaneously injected 6-8
million of these cells suspended in a 1:1 mixture of Matrigel and the pluripotent stem cell medium
mTeSRL1 in the right flank of anesthetized Rag2”;yc” immunodeficient mice (Figure 3.1.b). As
growth controls, wild type, unmaodified H1 hESCs were similarly injected in a separate group of
Rag2’;yc’ immunodeficient mice. The growth of all teratomas was monitored via weekly caliper-
based measurements of elliptical area (Figure 3.1.b). Once the teratomas reached a threshold
size for excision, they were extracted for downstream processing. After extraction, tumors were
weighed and measured, and representative pieces were frozen for cryosectioning and histological
analysis. The remaining pieces were dissociated into single cell suspensions. A part of this
suspension was processed for single cell RNA-sequencing (sScRNA-seq) using the droplet based
10X Genomics Chromium system, while a second part consisting of 6-8 million cells was

reinjected into Rag2’;yc” immunodeficient mice for serial proliferation to further enrich
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transformed lineages and drivers of proliferative advantage. These reinjected round 2 tumors
were monitored and processed similarly to the initially formed round 1 teratomas (Figure 3.1.b),

to obtain histology information as well as transcriptomic profiles via sScCRNA-seq.
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Figure 3.1: Overview of experimental design and library construction

(a) Schematic of lentiviral overexpression vector. (b) Schematic of experimental framework for evaluation
of effects of cancer driver overexpression in developing teratomas and reinjected tumors: Individual cancer
driver ORFs are cloned into the barcoded ORF overexpression vector, packaged into lentivirus then pooled
for transduction of hESCs. Transduced cells are then injected subcutaneously into Rag2”;yc’
immunodeficient mice to form the round 1 teratomas. Teratoma growth is assayed by caliper-based
measurement of approximate elliptical area of the tumor. Once the teratoma size reaches a threshold value,
teratomas are excised and assayed by single-cell RNA-seq and histology, and a fraction of cells are
reinjected in Rag2;yc’ immunodeficient mice to form round 2 tumors for further enrichment of drivers.
Round 2 tumor growth is also monitored via caliper-based measurements and at the end point tumors are
assayed via sScCRNA-seq and histology.

65



Figure 3.2: Characterization of driver library transduced cells prior to injection

(a) UMAP visualization of cells labelled by cluster identity. (b) Fraction of cells for each number of drivers
detected in scRNA-seq for driver library transduced H1 hESCs. (c) Log2 fold change and significance of
proportion of cells in a cluster expressing a driver versus proportion expressing the internal control
(mCherry), calculated by permutation testing. Only drivers expressed in 20 or more cells are included. (d)
Percentage of reads detecting each library element for barcodes amplified from genomic DNA extracted
from driver-library transduced H1 hESCs prior to injection.
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3.4.2 Deconstructing fitness effects across lineages

Using this method, we screened 51 genes and gene variants representing major signaling
pathways and oncogenes!®® involved in oncogenesis, tumor proliferation, survival, cell cycle

regulation and stemness regulation (Figure 3.3).
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Figure 3.3: Library composition

Composition of the cancer driver ORF library, encompassing major signaling pathways, oncogenes and
stemness regulators involved in oncogenesis and cancer progression.

To screen these drivers, we generated four teratomas from the perturbed hPSCs. In these
first-round driver library teratomas, we observed palpable and measurable tumors between 20-
27 days after injection, which grew to a size sufficient for extraction between 41-60 days after
injection. In comparison, out of eight teratomas formed from unperturbed wild type cells, one did

not form a tumor in 90 days of monitoring, while the seven remaining teratomas were palpable
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and measurable between 27-39 days after injection and six of them grew to a size sufficient for

extraction between 55-78 days after injection (Figure 3.4.a).

Once these round 1 driver library teratomas were excised and processed via SCRNA-seq,
gene expression matrices were generated from the resultant data using 10X Genomics cellranger.
We then used these expression matrices with the Seurat pipeline® to integrate data from all four
driver library teratomas and compensate for batch effects. Using this integrated data matrix, cells
were then clustered using a shared nearest neighbor algorithm. Cell types were classified by the
Seurat label transfer process using a previously classified set of teratomas generated from wild
type H1 hESCs’™ as a reference. Clusters were projected as a uniform manifold approximation
and projection (UMAP) scatterplot (Figure 3.4.b), with cell types well distributed across all the
teratomas (Figure 3.4.c). 17 out of 23 cell types detected in wild type teratomas were detected in

the driver library teratomas.

Drivers were assigned to individual cells by amplifying paired scRNA-seq cell barcodes
and library barcodes from the unfragmented scRNA-seq cDNA, enabling genotyping of each cell.
Barcodes were detectably expressed in nearly 45% of cells in this round, and we hypothesize that
stochastic silencing of the lentiviral cassette and potentially sparse capture during scRNA-seq
may be leading to barcode association for a fraction of the captured cells. 54% of these
genotyped cells expressed a single detectable barcode while the remaining genotyped cells

expressed two or more barcodes (Figure 3.4.d-f).
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Figure 3.4: Characterization of round 1 teratomas

(a) Growth kinetics of round 1 teratoma formation for injections with driver library transduced hESCs vs
control WT hESCs (b) UMAP visualization of cell types from round 1 teratomas formed by driver library
transduced hESCs. (c) UMAP visualization of cells by sample from round 1 teratomas formed by driver
library transduced hESCs. (d) Fraction of cells for each number of drivers detected in driver library round 1
teratomas. (e) Scatterplot of log fold change of drivers in round 1 teratomas over pre-injection cells, versus
fraction of cells in round 1 teratomas for each driver. Only those drivers detected in at least 25 cells across
all 4 round 1 teratomas are plotted. Those drivers detected in at least 1% of round 1 teratoma cells are
annotated. (f) Heatmap of fraction of cells of each type detected for top detected drivers in round 1
teratomas.

A subset of the dissociated cells from each of the round 1 teratomas were reinjected to
grow round 2 tumors, to further enrich dominant drivers and lineages. From these four reinjected

tumors, two tumors were processed via SCRNAseq and histology. Three of the fastest growing
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wild type teratomas were also dissociated into single cell suspensions and reinjected to form

round 2 control tumors.

For the two driver library tumors which were processed, tumors were palpable and
measurable by 21 days after injection and reached the size threshold for excision by 35-39 days
after injection. This was a markedly faster growth rate than the control round 2 tumors, which in
contrast reached a detectable and measurable size at least 42 days after injection and did not
reach the size threshold for excision in up to 120 days of monitoring (Figure 3.5.a). Due to the
hardness and density of the tissue, none of the control round 2 tumors could be dissociated into

single cell suspensions using the standard dissociation protocols.

Post-excision, the round 2 driver library tumors were processed in a manner similar to the
round 1 teratomas. Mapping clusters to cell types in wild type teratomas revealed only 7 out of
the 23 cell types detected in the wild type teratomas, a sign of potential fithess advantage in these
lineages leading to them dominating the tumor composition (Figure 3.5.b). A significant difference
was observed between the two tumor samples even after integrating the data with batch
correction via the Seurat integration pipeline (Figure 3.5.c). This challenge in integrating SCRNA-
seq datasets is also observed in clinical tumor samples, which display patient- or tumor-specific
batch effects?®42% due to inter- and intra-tumor heterogeneity. Barcodes were detectably
expressed in 95% of cells in this round (Figure 3.5.d), suggesting that cells with a survival and
proliferation advantage were those where the lentiviral cassette was not silenced and was robustly

expressed.
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Figure 3.5: Characterization of round 2 teratomas

(a) Growth kinetics of round 2 tumors formed from re-injected cells from round 1 teratomas formed by driver
library transduced hESCs vs WT hESCs. Control measurements are from a common set of tumors grown
from the parent WT hESC line, which were used as growth controls for all experiments in this study. (b)
UMAP visualization of cell types from round 2 tumors formed by re-injected cells from round 1 teratomas of
driver library transduced hESCs. (c) UMAP visualization of cells by sample from round 2 tumors formed by
driver library transduced hESCs. (d) Fraction of cells for each number of drivers detected in driver library
round 2 tumors. (e) Scatterplot of log fold change of drivers in round 2 tumors over round 1 teratomas,
versus fraction of cells in round 2 tumors for each driver. Only those drivers detected in at least 25 cells
across both round 2 tumors are plotted. Those drivers detected in at least 1% of round 2 tumor cells are
annotated.

We then examined the cell type populations which were present in these driver library
tumors, compared to teratomas derived from wild type hESCs. In the round 1 teratomas, immature
neural lineages and neural progenitors dominated the composition of the tumor with early
neurons, radial glia and intermediate neural progenitors (INPs) making up 60% of the teratoma,

and primordial germ-like cells another 10% (Figure 3.6.a). Compared to the control teratomas
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this represented a 4-6 fold increase in proportion of the neural cell types, and a nearly 100 fold
increase in proportion of the primordial germ-like cells. In contrast, the mesenchymal lineages
were significantly reduced as a proportion of cells in the tumors (Figure 3.6.a). In the round 2
tumors, cell type populations were further shifted. The majority of these round 2 tumors consisted
of neural progenitor-like cells, primarily radial glia and INPs, which made up 45% of these tumors,
and muscle progenitor-like cells, which made up 25% of the tumors (Figure 3.6.b). Here we
observed significant sample-specific effects with tumor 1 composed of a majority of neural-like
cells, while tumor 2 was composed primarily of muscle, muscle progenitor-like and gut-like

lineages (Figure 3.5.c).
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Figure 3.6: Cell type composition of driver library tumors

(a) Relative fraction of each cell type in round 1 teratomas formed from library transduced hESCs and WT
hESCs, and log fold change of each cell type for driver library teratomas vs WT teratomas. (b) Relative
fraction of each cell type in round 2 tumors formed from library transduced hESCs and WT hESCs, and log
fold change of each cell type for driver library tumors vs WT tumors.

There was a dramatic redistribution of driver populations detected over the course of these
serial injections. Prior to injection, c-MYC and myristoylated AKT1 (myr-AKT1) constituted 1.3%
and 2.4% respectively of total cells while a combinatorial transduction of the two, c-MYC + myr-
AKT1, was undetectable in 5949 genotyped cells. In the first round of teratomas c-MYC, myr-
AKT1 and c-MYC + myr-AKT1 constituted 16.7%, 11.6% and 6.9% of cells respectively, while

strikingly in the second round of tumors c-MYC + myr-AKT1 and c-MYC made up 56% and 40%
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of cells respectively (Figure 3.7.a). These observations are consistent with the observation of
elevated expression or amplification of c-MYC, or c-MYC dependent survival and proliferation, in
subsets of embryonal tumors such as medulloblastoma?'®-186:207.208 gnd atypical rhabdoid/teratoid
tumors?®21%  and pediatric soft tissue tumors like rhabdomyosarcoma?'-?13, The observed
enhanced combinatorial effect of the drivers is also in line with the cooperative action of c-MYC
and AKT1, where the action of c-MYC is negatively regulated by the FOXO group of transcription
factors, which in turn are regulated by the PISK/AKT pathway?!4. A constitutively active form of
AKT1, such as myr-AKT1, phosphorylates FOXO transcription factors and abrogates their
function, thus allowing for uninhibited c-MYC activity®-214 In our observations with the teratoma
based system, c-MYC seemed to also drive a muscle-like phenotype which was reduced as a
fraction of the population when myr-AKT1 was expressed in combination. This may also explain
the sample-specific clustering observed between the two tumors which had different drivers as

the top enriched hits leading to fithess advantages (Figure 3.7.b-c).
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Figure 3.7: Driver enrichment in driver library tumors

(a) Relative fraction of top enriched drivers prior to injection and in each round of tumor formation. (b) Top
enriched hits for each round 2 tumor sample. (c) Heatmap of fraction of cells of each type detected for top
detected drivers in round 2 tumors.

Histology displayed clear differences between the control and driver library tumors. While
control tumors had a diversity of cell types from all three germ layers in well-organized
architectures (Figure 3.8), the driver library tumors had far more homogenous composition and
displayed distinct signs of malignancy such as nuclear pleiomorphism, areas of high mitotic rate

and areas of necrosis (Figure 3.8), suggesting the de novo creation of a transformed phenotype
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driven by c-MYC overexpression with or without the accompanying dysregulation of AKT1

signaling.

Wild Type Driver Library
Round 2 Round 2

Figure 3.8: Histology of driver library tumors

H&E stained sections of round 2 tumors formed from WT and driver library transduced hESCs. WT tumors
display mature cell types from all three germ layers, such as cartilage (top right), muscle (bottom right) and
dermis-like epithelium (bottom left). Driver library tumors display disorganized and more homogenous
composition along with markers of transformation such as nuclear pleiomorphism (top right), areas of high
mitotic rates (bottom right) and areas of necrosis (bottom left). Scale bars for full section are 5 mm, scale
bars for magnified images are 50 um.

3.4.3 Screening less-dominant drivers by removing dominant hits

In the previously described screens, the proliferative advantage conferred by the top hits
caused cells expressing those drivers to overwhelm all other cells, such that other drivers were
not significantly detected in the second round of tumors formed by serial reinjection. To assay the
fitness effects of other drivers, we hypothesized that removing the top hits from the library would

allow the detection of enrichment of other drivers.

Towards this we repackaged a lentiviral driver sub-library, removing c-MYC and myr-AKT1
from the pool. Using this sub-library we conducted the screening process similarly to that for the
full driver library. We injected and monitored six round 1 teratomas, out of which we characterized

the three fastest growing ones via scRNA-seq. Similar to before, round 1 teratomas were
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reinjected for driver enrichment, and tumors were monitored for 75 days, with the two fastest

growing tumors assayed via SCRNA-seq.

The round 1 driver sub-library teratomas were measurable between 18-25 days after
injection and reached a size sufficient for extraction between 40-60 days after injection (Figure
3.9.a). We again assessed the cell type populations in these sub-library screens by mapping the
cells to the wild type teratomas as a reference. Using this, we determined that the round 1
teratomas contained 13 major cell types, a majority of which were neural cell types, in particular
early neurons, radial glia and INPs, distributed across all three samples (Figure 3.9.b-c). In these

samples, barcodes were detectable in 27% of cells (Figure 3.9.d).
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Figure 3.9: Characterization of driver sub-library round 1 teratomas

(a) Growth kinetics of round 1 teratoma formation for injections with driver sub-library transduced hESCs
vs WT hESCs (b) UMAP visualization of cell types from round 1 teratomas formed by driver sub-library
transduced hESCs. (c) UMAP visualization of cells by sample from round 1 teratomas formed by driver
sub-library transduced hESCs. (d) Fraction of cells for each number of drivers detected in driver sub-library
round 1 teratomas. (e) Scatterplot of log fold change of drivers in round 1 sub-library teratomas over pre-
injection cells, versus fraction of cells in round 1 teratomas for each driver. Only those drivers detected in
at least 25 cells across all 3 round 1 sub-library teratomas are plotted. Those drivers detected in at least
1% of round 1 teratoma cells are annotated. (f) Heatmap of fraction of cells of each type detected for top
detected drivers in round 1 teratomas.

In contrast to the full driver library, the round 2 driver sub-library teratomas showed a
slower growth rate, reaching a measurable size between 27-38 days after injection. While one of

the round 2 tumors reached a sufficient size for extraction at 75 days after injection (Figure
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3.10.a), with the fastest growing tumors extracted and assayed via SCRNA-seq. In these round 2
sub-library tumors, we again detected 13 major cell types, but as opposed to neural or muscle
progenitor lineages, the majority were mesenchymal cell types with adipogenic mesenchymal
stromal cells (MSCs), MSCffibroblasts and chondrogenic MSCs (Figure 3.10.b-c). Barcodes
were detectable in 46% of cells in this round of tumors (Figure 3.10.d), with the increase in the
fraction of genotyped cells suggesting that surviving cells which express barcodes may have a
fitness or survival advantage conferred by the expressed driver. We again subsetted the drivers
to visualize only those detected in 25 cells or more (Figure 3.10.e-f), the majority of which were
driven wholly or in part by MEK152182/5222D " \yhijle the remaining were driven by RHOJ, a small
GTP-binding protein known to play a role in cell migration, which has recently been found to confer

proliferative advantage in multiple lineages*’.
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Figure 3.10: Growth kinetics of round 2 sub-library tumors

(a) Growth kinetics of round 2 tumors formed from re-injected cells from round 1 teratomas formed by driver
library transduced hESCs vs WT hESCs. Control measurements are from the common set of tumors grown
from the parent WT hESC line, which were used as growth controls for all experiments in this study. (b)
UMAP visualization of cell types from round 2 tumors formed by re-injected cells from round 1 teratomas of
driver library transduced hESCs. (c) UMAP visualization of cells by sample from round 2 teratomas formed
by driver sub-library transduced hESCs. (d) Fraction of cells for each number of drivers detected in driver
sub-library round 2 tumors. (e) Scatterplot of log fold change of drivers in round 2 tumors over round 1
teratomas, versus fraction of cells in round 2 tumors for each driver. Only those drivers detected in at least
25 cells across both round 2 tumors are plotted. Those drivers detected in at least 1% of round 2 tumor
cells are annotated. (f) Heatmap of fraction of cells of each type detected for top detected drivers in round
2 tumors.

We then evaluated the cell type populations in comparison to teratomas formed from wild

type H1 hESCs. In the round 1 sub-library teratomas, immature and progenitor neural cell types
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constituted 70% of the total population of the teratoma, and fibroblast-like mesenchymal lineages
making up a further 20% of the teratoma (Figure 3.11.a). However, in the round 2 tumors, in a
striking difference compared to the full library screens, the tumors were composed primarily of
fibroblast and MSC phenotypes, which constituted 65% of the tumors (Figure 3.11.b). Along with
the fibroblast lineages which constituted a majority of these tumors, a small neural component
persisted via an expansion in Schwann cells and melanoblasts, which may be derived from
Schwann cell precursors?®. The neural progenitor-like lineages present in the c-MYC and myr-
AKT1 driven tumors were not present in these tumors. This change in composition of the tumors
was accompanied by an enrichment of the constitutively active mutant MEK152182/5222D \which was
present in 3.3% of cells prior to injection but constituted 20% of all cells in the round 2 tumors. In
comparison, the fraction of cells expressing the internal negative control, mCherry, fell from 16%
of cells prior to injection to 2% of cells in the round 2 tumors (Figure 3.11.c). This role of
MEK15218P/5222D iy sypporting proliferation and survival of fibroblasts is consistent with previously
reported results in literature where expression of constitutively active versions of MEK1 were

sufficient to trigger proliferative states and even transformation in fibroblasts in vitro?6-218,

Histology images from the two rounds of tumors further confirmed the cellular composition.
In round 1 teratomas we observed a majority of neuroectoderm-like cell types, while in round 2
tumors the majority of cells were mesenchymal in nature (Figure 3.11.d). In these sub-library
screens, we did not observe clear indications of malignancy as we observed in the c-MYC and
myr-AKT1 driven full library screens, suggesting that while MEK15218%/S222P may drive proliferative

advantage, it was a less potent driver of cellular transformation on its own.
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Figure 3.11: Cell type composition and driver enrichment in sub-library screen tumors

(a) Relative fraction of each cell type in round 1 teratomas formed from library transduced hESCs and WT
hESCs, and log fold change of each cell type for driver library teratomas vs WT teratomas. (b) Relative
fraction of each cell type in round 2 tumors formed from library transduced hESCs and WT hESCs, and log
fold change of each cell type for driver library tumors vs WT tumors. (c) Relative fraction of top enriched
drivers prior to injection and in each round of tumor formation. (d) H&E stained sections of round 1 and
round 2 tumors formed from hESCs transduced with driver libraries without c-MYC or myr-AKT1. Round 1
tumors contain neuroectodermal and epithelial cell types as the majority of cells, while round 2 tumors

contain mesenchymal cell types as the majority of cells. Scale bars for full section are 5 mm, scale bars for
magnified images are 100 pm.

3.4.4 Validating enriched driver hits

To validate the hits obtained from the two sets of screens we individually tested the effects
of c-MYC, myr-AKT1, c-MYC + myr-AKT1 and MEK152187/5222D hpSCs were transduced with
either one of these driver vectors or a negative control vector expressing mCherry. Prior to
injection the driver and control transduced cells were mixed in a 1:1 ratio, with a portion of these
mixed cells pelleted and genomic DNA extracted to assess barcode distribution, and the
remaining cells injected for teratoma formation in three Rag2”;yc’- immunodeficient mice for each

driver to be validated. Teratomas were formed from these injected cells, excised when they
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reached sufficient size, representative pieces of the excised tumors were immediately flash frozen
in liquid nitrogen and some representative pieces preserved for cryosectioning, while the
remaining tissue was dissociated. Dissociated cells were divided to be stored for genomic DNA
extraction, RNA extraction and for serial reinjection to form round 2 tumors. Round 2 tumors were
also then allowed to grow to a size sufficient for extraction and then excised and dissociated as

for round 1. Dissociated cells were stored for genomic DNA extraction and RNA extraction.

Consistent with the observations during the screens, teratomas formed by hESCs
transduced with c-MYC and c-MYC + myr-AKT1 grew at the highest rate compared to all other
tumors. In the round 1 tumors, the c-MYC, myr-AKT1 and c-MYC + myr-AKT1 were measurable
between 27-32 days after injection and were at an extractable size between 42-48 days after
injection. While for MEK152185/5222D yqund 1 teratomas, tumors were measurable 33-40 days after
injection and at an extractable size 59-78 days after injection (Figure 3.12.a). In the round 2
tumors, those driven by c-MYC + myr-AKT1 grew at the fastest rate, followed by c-MYC, both of
which showed a significantly enhanced growth rate compared to the control round 2 tumors.
Round 2 tumors driven by myr-AKT1 alone or those driven by MEK152!8P/5222D did not show a
significantly enhanced growth rate compared to the control tumors (Figure 3.12.a), although

tumors driven by MEK15218P/5222D ¢ystered toward the higher end of the control tumor growth rate.

To assess the barcode distribution from cells prior to injection through both rounds of
tumor formation, we PCR amplified barcodes from genomic DNA isolated from stored cell pellets
and quantified them via deep sequencing. We find that negative control barcodes decrease from
21-35% of total mapped reads prior to injection, to less than 2% of reads for MEK 15218052220 gnd

less than 0.1% of reads for all other drivers by the second round of tumors (Figure 3.12.b).

We then performed bulk RNA-sequencing on these validation tumors to assess their

composition. In agreement with the results of the screens, we found that the c-MYC driven tumors
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were composed of a mix of neural and muscle lineages displaying elevated expression of neural-
related genes TUBB3, NEUROD1, SYP, CAMKV and NEFH (Figure 3.12.c). In comparison,
tumors driven by a combination of c-MYC and myr-AKT1 were primarily composed of a neural
progenitor like phenotype, expressing NEFH and CAMKYV and elevated levels of DANCR, a non-
coding RNA which acts to suppress differentiation and is present in many cancers?'°%2° (Figure
3.12.c). On the other hand, tumors driven by MEK152180/5222D displayed elevated expression of
mesenchymal markers VIM, ITM2A and CD44 (Figure 3.12.c), which is again consistent with the

results from the sub-library screens.
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Figure 3.12: Characterization of validation tumors
(a) Growth kinetics of round 1 and round 2 tumors formed from a mixture of hESCs transduced with driver
hits (c-MYC, myr-AKT1, c-MYC + myr-AKT1 or MEK1 (S218D, S222D) and hESCs transduced with a
negative control (mCherry). Control measurements are from the common set of tumors grown from the
parent WT hESC line, which were used as growth controls for all experiments in this study. (b) Fraction of
reads detecting either the driver or negative control barcodes at each stage: pre-injection, round 1 tumor
formation and round 2 tumor formation. Barcodes were amplified from genomic DNA. (c) Gene expression

of lineage-specific markers for round 2 tumors driven by individual hits. Expression values are normalized
and log transformed.

We also compared the c-MYC and MEK152!82/5222D griven tumors to pediatric cancers from
the TARGET initiative. Using the 2000 most variable genes across the TARGET tumors we
performed a principal component analysis (PCA) , (Figure 3.13.a). Plotting the two PCs capturing

the majority of variation, we observed that c-MYC driven tumors clustered toward the TARGET
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neuroblastoma tumors, while those driven by MEK152185/5222D ¢|ystered toward the kidney tumors

(Wilm’s tumor and clear cell sarcoma of the kidney) and osteosarcoma.

c-MYC and myr-AKT1 also contribute to metabolic reprogramming in tumors by promoting
nucleotide biosynthesis??'?22, To further characterize ¢c-MYC and c-MYC + myr-AKT1 driven
tumors, we quantified nucleobase levels via mass spectrometry. Compared to WT teratomas, c-
MYC and c-MYC + myr-AKT1 driven tumors increased the abundance of purine nucleobases,
especially guanine (Figure 3.13.b-c). Further, this was supported by broad enrichment of
nucleobase synthesis terms, and particularly purine synthesis related Gene Ontology terms in
genes which were upregulated compared to WT teratomas (Figure 3.13.d-e). This is consistent
with previous studies which have demonstrated the regulation of nucleotide metabolism by c-
MYC223224 with de novo purine synthesis especially implicated in tumor maintenance?®® and

response to therapy??6.
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Figure 3.13: Correlation to clinical tumors and metabolic effects of c-MYC and c-MYC + myr-AKT1

(a) PC1 vs PC2 plot of c-MYC and MEK15218/5222D driven tumors with pediatric tumors from the TARGET
initiative. (b) Nucleobase abundance in Control (Wild Type) teratomas, c-MYC driven Round 1 tumors and
c-MYC driven Round 2 tumors. (¢) Heatmap of enrichment scores for Gene Ontology genesets related to
purine and pyrimidine nucleotide metabolism and synthesis for c-MYC driven Round 1 and Round 2 tumors
compared to wild type teratomas. (d) Nucleobase abundance in Control (Wild Type) teratomas, c-MYC +
myr-AKT1 driven Round 1 tumors and c-MYC + myr-AKT1 driven Round 2 tumors. (e) Heatmap of
enrichment scores for Gene Ontology genesets related to purine and pyrimidine nucleotide metabolism and
synthesis for c-MYC + myr-AKT1 driven Round 1 and Round 2 tumors compared to wild type teratomas.
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Histology showed that round 2 tumors driven by myr-AKT1 alone showed poorly
differentiated neural lineage cells interspersed with mesenchyme (Figure 3.14.a). Round 2
tumors driven by c-MYC (Figure 3.14.b) and those driven by c-MYC + myr-AKT1 (Figure 3.14.c)
were composed of poorly differentiated cells with signs of malignancy, including necrosis. Finally,
as observed in screen results, round 2 tumors driven by MEK15218P/5222D \were composed primarily
of mesenchymal, fibroblast-like cells interspersed with cartilage (Figure 3.14.d). These validation
results strongly support the observations from the multiplexed screens and confirm the significant
fithess advantage conferred by ¢c-MYC and c-MYC + myr-AKT1 on neural lineages, and of

MEK15218P/5222D gy fibroblasts.

In addition, staining with the proliferation marker Ki-67 demonstrated a distinctly larger
population of proliferating cells in the round 2 ¢c-MYC and ¢c-MYC + myr-AKT1 driven tumors
followed by round 2 MEK 15218252220 griven tumors, as compared to the WT teratomas (Figure
3.14.e). While round 2 tumors driven by myr-AKT1 alone showed no higher proliferative capacity
than WT tumors (Figure 3.14.¢e), confirming that myr-AKT1 conferred transforming potential only
in concert with c-MYC. These validation results strongly support the observations from the
multiplexed screens and confirm the significant fithess advantage conferred by ¢c-MYC and c-

MYC + myr-AKT1 on neural lineages, and of MEK152!82/5222D o fibroblasts.
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Figure 3.14: Histology of validation tumors

(a) H&E stain of round 2 tumor driven by myr-AKT1 showing regions of poor differentiation (top right) and
necrosis (bottom right) interspersed with regions of organized tissue (bottom left). (b) H&E stain of round 2
tumor driven by c-MY C showing regions of poor differentiation (top and bottom right) and regions of necrosis
(bottom left). (c) H&E stain of round 2 tumor driven by c-MYC + myr-AKT1 showing regions of poor
differentiation (top and bottom right) and regions of necrosis (bottom left). (d) H&E stain of round 2 tumor
driven by MEK1 (S218D, S222D) showing primarily regions of mature mesenchymal fibroblast-like tissue
(top and bottom right) and cartilage-like (bottom left). Scale bars for magnified images are 50 um. (e)
Immunofluorescence micrographs of DAPI and Ki-67 stained sections. Scale bars are 75 uym.

3.5 Discussion

To study the important problem of what drives oncogenic transformation in human tissue,
investigators have relied on in vitro and animal model systems. While immense progress has
been made using these, limitations still remain. Animal models retain significant differences with
human biology, while in vitro systems lack vasculature and the physiological cues present in the
in vivo niche which are involved in regulating lineage-specific transformation. Additionally,
currently prevalent models often necessitate the investigation of a single or a few lineages at a

time, raising an impediment in studying tissue-specificity across multiple cell types.
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In this study, we have developed a novel platform to study the effects of cancer drivers
across lineages which harnesses hPSC-derived teratomas to access a diverse set of lineages,
ORF overexpression libraries to express cancer drivers, SCRNA-seq to read out transcriptomic
profiles which determine the cell type and detect the perturbing driver, and serial proliferation of
the tumors to enrich drivers and lineages enjoying fitness advantages. Using this platform, we
initially screened key cancer drivers across more than 20 cell types and de novo generated a
transformed phenotype in a neural lineage via the overexpression of c-MYC and myr-AKT1, a
constitutively active form of AKT1, which dominated the serially reinjected tumors and displayed
the hallmarks of malignancy. To screen less-dominant drivers, we repeated the screens with c-
MYC and myr-AKT1 removed from the library, and captured the proliferative advantage of other
drivers, such as the one conferred on mesenchymal lineages like fibroblasts via the
overexpression of constitutively active MEK15#8%5222D These results were then validated by
individually overexpressing these top hits during teratoma formation and serial reinjection, to

confirm the enrichment of lineages detected in the screens.

While offering a powerful new approach in studying transformation, certain limitations and
challenges merit consideration both in terms of interpretation of the resulting data, as well as in
design of future implementations of the same. Firstly, in its current form, the overexpression vector
is designed to be constitutively on. This may confound results since some drivers and lineages
could be enriched due to their biased differentiation or inability to escape a state being governed
by driver expression itself. In future versions of this platform, that effect may be mitigated by using
an inducible expression system or one with recombinase-based control, both of which can be
controllably turned on at specific time points, to ensure differentiation is not affected by driver
expression. Additionally, background mutations and genetic alterations already present in hPSC
lines may bias transformation phenotypes. Secondly, the predominantly embryonic versus adult

state of the cell types might bias their innate transformation potential. In particular, we anticipate,
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due to the embryonic origin of the starting cells, this system might be especially applicable to
modeling of pediatric tumors. Thirdly, the differentiation of teratomas is a partially random
stochastic process, which leads to an inherent heterogeneity in the cell types available in each
sample. To overcome this, cell fate engineering methods may be paired with the screening
platform to repeatably and predictably derive specific lineages of interest. Fourthly, while largely
less discussed, dissociation and sample processing methods have a large impact on scRNA-seq
results??’-22%, Improved protocols may allow for more fine-grained dissection of transcriptomes to
assess cell state shifts within lineages. Fifth, the xenografted mouse models used for teratoma
formation may be improved upon in two ways. In this study, we used a sub-cutaneous site of
injection for teratoma formation, but the site of injection impacts teratoma differentiation’ as well
as the lineage-specificity of cancer drivers. Orthotopic injections for specific tissues may provide
a more appropriate niche. In addition, the mice used in this study are immune deficient, thus
precluding the study of any effects of immune system interaction. A possible route to addressing
this may be through the use of humanized mouse models?®. Sixth, while in this demonstration
we use scRNA-seq to determine cell type and state, epigenetic factors such as chromatin state
are critical to tumorigenesis, cancer evolution and progression. Combining techniques to map
epigenetic characteristics, such as ATAC-seq, may lead to a more detailed understanding of the
determinants of tumor formation. Seventh, our pooled screening method may lead to
transcriptomic and cell state shifts due to cell-cell communication and paracrine signaling. These
challenges may potentially be addressed by utilizing newly developed spatial transcriptomics?~
233 methods to tease apart cell endogenous versus exogenous effects. And finally, we have
focused here primarily on deciphering the role of individual cancer drivers on oncogenic potential
across lineages. Exploring combinatorial perturbations, especially in the background of tumor
suppressor mutations will be crucial to dissecting both tumorigenicity as observed in native
tumors, and also systematically studying variants-of-unknown significance, many of which

individually may have only subtle phenotypes.
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Taken together, we have demonstrated a proof of concept for a scalable, versatile platform
which can screen multiple lineages and drivers in a single experiment, with a rich transcriptomic
readout, thus providing a systematic path to studying the determinants and tissue-specificity of
neoplastic transformation in human cells. We envision that refinements to this platform, coupled
with the expanding array of available omics technologies will enable the comprehensive

characterization of the trajectory of cells from normal to malignant states.
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Chapter 4: Programmatic Introduction of Parenchymal Cell Types in Blood
Vessel Organoids

4.1 Abstract

Pluripotent stem cell derived organoids have transformed our ability to recreate complex
three-dimensional models of human tissue. However, the directed differentiation methods used
to create them do not afford the ability to introduce cross-germ layer cell types. Here, we present
a bottom-up engineering approach to building vascularized human tissue by combining genetic
reprogramming with chemically directed organoid differentiation. As a proof of concept, we
created neuro-vascular and myo-vascular organoids via transcription factor overexpression in
vascular organoids (Figure 4.1). We comprehensively characterized neuro-vascular organoids in
terms of marker gene expression and composition, and demonstrated that the organoids maintain
neural and vascular function for at least 45 days in culture. Finally, we demonstrated chronic
electrical stimulation of myo-vascular organoid aggregates as a potential path toward engineering
mature and large scale vascularized, skeletal muscle tissue from organoids. Our approach offers

a roadmap to build diverse vascularized tissues of any type entirely from pluripotent stem cells.
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Figure 4.1: Schematic of parenchymal cell introduction in vascular organoids (VOs)

General strategy for the generation of vascularized organ tissues via introduction of parenchymal cell types
in VOs.

4.2 Introduction

The ability to recapitulate organogenesis and create complex human tissue in vitro has
been a long-standing goal for the stem cell and tissue engineering field. The advent of organoid
technology has recently made it possible to create 3D, self-organized, pluripotent stem cell (PSC)
derived tissues for in vitro developmental and disease modeling which closely mimic the cellular,
spatial and molecular architecture of endogenous human tissue*®°3. These advances have also
enabled substantial progress toward building fully PSC-derived, functional human organs in
vitro®3234, However, the absence of vasculature in most organoid derivation techniques limits their
utility, principally in two ways. Firstly, it is widely accepted that vasculature plays a crucial role in
development and disease®®5!. Thus, avascular organoids are insufficient mimics to recapitulate
organogenesis and disease. Secondly, vasculature is necessary to prevent necrosis in tissues
that grow beyond 1 mm in size®2%3, which deems vasculature critical for building large-scale

organoids and tissue models.

To address this, several groups have demonstrated progress on developing methods for

vascularizing organoids®7.70.235-238  Some groups have succeeded in vascularizing organoids
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after transplanting them in vivo®®®’, but requiring an in vivo host limits experimental control,
increases cost, and diminishes its potential to be used in clinical applications due to the chimeric
nature of the tissue. Other groups have reported enhanced vascularization of kidney organoids%-
238 put these methods are not globally applicable to all organoid platforms, since they only
enhance the vasculature that spontaneously emerges in regularly derived kidney organoids?3%:24°,
rather than engineer a vasculature network de novo. Finally, another approach has demonstrated
that transient GATAG6 overexpression can introduce a nascent vascular network in liver-bud
organoids?®®, however there is no current evidence that this system can be translated to other

organoid systems.

Organoid platforms leverage knowledge of embryonic and organ development to provide
temporally appropriate chemical cues, like growth factors or small molecule inhibitors, to self-
assembled PSC-derived embryoid bodies, modulating key organogenesis-specific signaling
pathways to drive the directed differentiation of organ-specific cells in physiologically faithful
spatial architectures. Thus, cells which do not belong to those specific organ compartments or
arise from different germ layers are absent from the final organoid, e. g. vascular cell types which
arise from the mesoderm are absent from cerebral organoids whose cell types arise from the

neuroectoderm.

To introduce cell types outside of those available from directed differentiation, a promising
strategy is to combine genetic overexpression techniques, which can override chemical cues, with
directed differentiation. Recently, methods to vascularize cerebral organoids have been reported,
in which PSCs were engineered to ectopically express human ETS variant 2 (ETV2)’°, a known
driver of differentiation to endothelial cells from PSCs described by others and we!38188241.242
These ETV2-expressing cells were reported to generate a vascular-like network in cerebral
organoids. Although this method has exciting potential, it suffers from two limitations: one, ETV2

overexpression induces only a low degree of vascularization in the organoids, likely due to it being
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a weak inducer of vascularization in non-conducive media and niche settings; and two, it does
not induce the full panoply of vascular lineages, such as smooth muscle cells, pericytes, and
mesenchymal stem cells, all of which are critical for complete blood vessel development and

function?43244, Thus, there is a need to explore alternative methods for vascularizing organoids.

Here, we overlay reprogramming methods with the directed differentiation of vascular
organoids (VOs)?*® to derive cross-germ layer and cross-lineage organoids with complete
vascular networks. Specifically, a recently described elegant VO differentiation approach?#
enables reproducible differentiation yielding complete blood vessel networks which include
smooth muscle cells, mesenchymal stem cells, and endothelial cells, but these organoids lack
organ specific parenchymal cell types limiting their utility for broader disease modelling and
regenerative medicine applications. Here we introduce a parenchymal cell component into VOs
via transcription factor (TF) overexpression and demonstrate this approach by building inducible
neuro-vascular and myo-vascular organoids (Figure 3.1). This is done by the induced
overexpression, in optimized media conditions, of neural transcription factor NEUROD1 (iN) in
VOs for neuro-vascular organoids (iN-VOs), and the induced overexpression of myogenic
transcription factor MYODL1 plus epigenetic regulator BAF60c (iMB) in VOs for myo-vascular

organoids (iMB-VOs).

This yields a facile method for co-differentiation of lineage specific parenchymal cells and
the entire blood vessel lineage from a single PSC line. After demonstrating the cross-tissue
compatibility of this method via generating iN-VOs and iMB-VOs, more comprehensive
optimization and characterization was conducted for long-term cultured iN-VOs. The resulting iN-
VO is composed of a dense network of complete blood vessels, and a pure population of
functional excitatory neurons. Our iN-VOs are perfusable when implanted in vivo, generate
spontaneous and complex firing patterns, and can be sustained for at least 45 days in vitro. Lastly,

we demonstrate a proof-of-concept for maturation and large-scale tissue creation by subjecting
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aggregates of iIMB-VOs to chronic electrical stimulation, showing enhanced skeletal muscle
myosin and calcium handling gene expression. We present this approach as a proof-of-concept
for the introduction of other parenchymal cell types of interest, via the overexpression of lineage-

specifying TFs, in the context of a vascular organoid scaffold.
4.3 Materials and methods

4.3.1 Plasmid Construction

The piggyBac transposon plasmids for inducible overexpression of TFs were constructed
using the backbone from 138-dCas9-Dnmt3a (Addgene #84570)2%. The backbone plasmid was
digested with Ndel and Nsil to remove the neomycin resistance cassette and was replaced with
a puromycin resistance cassette using multi-element Gibson assembly. This puromycin resistant
plasmid was then digested with Nhel and Agel to remove the dCas9-DNMT3A fusion sequence
and replaced with the TF and fluorescent protein sequences separated by 2A peptide sequences
using a multi-element Gibson assembly. TF and fluorescent protein sequences were amplified
from plasmids: EFla NEUROD1 P2A Hygro_Barcode (Addgene Plasmid #120466),
EFla_ASCL1_P2A Hygro Barcode (Addgene #120427), phDLX2_N174 (Addgene #60860)%*,
EFla MYOD1_P2A Hygro Barcode (Addgene #120464), EFla ETV2_ P2A Hygro Barcode
(Addgene #120436), pBS-hBAF60c (Addgene #21036)%*8, EF1a_mCherry_P2A_Hygro_Barcode

(Addgene #120426), and pEGIP (Addgene #26777).

To construct a plasmid expressing the hyperactive piggyBac transposase?*®, the
sequence for the enzyme was obtained as a synthesized double-stranded DNA fragment
(Integrated DNA Technologies). This was cloned into an in-house plasmid using Gibson

assembly, such that the expression of the transposase is driven by a CAG promoter.

The Gibson assembly reactions were set up as follows: 100 ng digested backbone, 3:10

molar ratio of insert, 2X Gibson assembly master mix (New England Biolabs), H20 up to 20 ul.
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After incubation at 50 °C for 1 h, the product was transformed into One Shot Stbl3 chemically
competent Escherichia coli (Invitrogen). A fraction (150 pL) of cultures was spread on carbenicillin
(50 ug/ml) LB plates and incubated overnight at 37 °C. Individual colonies were picked, introduced
into 5 ml of carbenicillin (50 pg/ml) LB medium and incubated overnight in a shaker at 37 °C. The
plasmid DNA was then extracted with a QIAprep Spin Miniprep Kit (Qiagen), and Sanger
sequenced to verify correct assembly of the vector. Following verification of the vector, larger
amounts of plasmid were obtained by seeding 150 pl of bacterial stock into 150 ml of LB medium
containing carbenicillin (50 pg/ml) and incubating overnight in a shaker at 37 °C for 16-18 h. The

plasmid DNA was then extracted using a Plasmid Maxi Kit (Qiagen).

4.3.2 Cell Culture

H1 hESCs were maintained under feeder-free conditions in mTeSR1 medium (Stem Cell
Technologies). Prior to passaging, tissue-culture plates were coated with growth factor-reduced
Matrigel (Corning) diluted in DMEM/F-12 medium (Thermo Fisher Scientific) and incubated for 30
minutes at 37 °C, 5% CO.. Cells were dissociated and passaged using the dissociation reagent

Versene (Thermo Fisher Scientific).

4.3.3 Generation of Clonal Inducible Overexpression Lines

hESC cells at 50-75% confluency from 3 wells of a 6-well plate were passaged using
Versene. The cells were spun at 300 rcf for 5 minutes to obtain a cell pellet and this pellet was
resuspended in a buffer containing 100 pl of P3 Nucleofector Solution (Lonza) and up to a
maximum of 15 ul of a 1:1 mix of transposon vector plasmid to transposase plasmid by mass.
This solution was loaded into a single Nucleovette (Lonza) and a nucleofection program specific
for hESCs was run on a 4D Nucleofector system (Lonza). After nucleofector run completion, 500
ul of pre-warmed mTeSR1 containing 10 yM Y27632 (Tocris Bioscience) was added to the
Nucleovette and incubated at room temperature for 5 minutes. The cells were then removed from

the Nucleovette using a Pasteur pipette and transferred dropwise into a 10 cm plate coated with
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growth-factor reduced Matrigel as previously described and containing pre-warmed mTeSR1 with

10 uM Y27632.

Medium was then changed daily, and 48 hours after nucleofection cells were maintained
under puromycin (Thermo Fisher Scientific) selection at 0.75 pg/ml. After approximately 7-10 days
of culture post-nucleofection, colonies were large enough for clonal selection. To pick clonal lines,
cells were treated with Versene for 3 minutes, Versene was aspirated and the plate was filled with
DMEM/F-12 with 1% antibiotic-antimycotic (Thermo Fisher Scientific). Individual colonies were
then carefully scraped under a microscope and transferred into individual wells of a 24-well plate
coated with growth-factor reduced Matrigel and containing pre-warmed mTeSR1. These
individually picked clones were expanded, aliquots were frozen in mFreSR (Stemcell
Technologies) and validated by differentiation to relevant cell types. One validated clone from
each line was chosen for further experiments. All clones were maintained in mTeSR1 under

selection with puromycin at 0.75 pg/ml.

4.3.4 2D Differentiation of Inducible Overexpression hESC lines

Clonal lines overexpressing NEUROD1 were differentiated following a previously
described protocol*?2, Briefly, cells were passaged as single cells using Accutase (Innovative Cell
Technologies) and plated in mTeSR1 at a density of 4-5x10° cells per well of a 6-well plate. The
following day medium was changed to DMEM/F12 containing N2 supplement (Thermo Fisher
Scientific), MEM non-essential amino acids (Thermo Fisher Scientific), 0.2 ug/ml mouse laminin
(Invitrogen), 10 ng/ml BDNF (Peprotech), 10 ng/ml NT3 (Peprotech), 0.75 ug/ml puromycin and
1 pg/ml doxycycline (Sigma Aldrich) and cells were maintained in this medium for 2 days. On day
3 of differentiation cells were re-plated on Matrigel coated wells along with mouse glial cells in
Neurobasal medium (Thermo Fisher Scientific) containing Glutamax (Thermo Fisher Scientific),
B27 supplement (Thermo Fisher Scientific), 10 ng/ml BDNF, 10 ng/ml NT3 and 1 pg/ml

doxycycline. From day 5 onward, 2 yM Ara-c (Sigma Aldrich) was added to the medium to inhibit
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astrocyte proliferation. 50% of the medium was subsequently changed every 2-3 days. Cells were
maintained in culture for up to 3 weeks. For functional characterization and electrical
measurements, cells were plated on Matrigel coated 6-well multi-electrode arrays (Axion

Biosystems) with mouse glial cells and maintained in culture for up to 3 weeks.

Clonal lines overexpressing ASCL1 and DLX2 were differentiated following a previously
described protocol®. Briefly, cells were passaged as single cells using Accutase (Innovative Cell
Technologies) and plated in mTeSR1 at a density of 4-5x10° cells per well of a 6-well plate. The
following day medium was changed to DMEM/F12 containing N2 supplement, MEM non-essential
amino acids, 0.75 pyg/ml puromycin and 1 ug/ml doxycycline and cells were maintained in this
medium for 7-8 days, with the medium being changed every 2-3 days. 2 uM Ara-C was added to
the medium on day 5 of differentiation. On day 7-8, the cells were passaged with Accutase and
re-plated on Matrigel coated plates at a density of 4x10° cells per well of a 6-well plate in
Neurobasal medium containing Glutamax, B27 supplement, 2 uM Ara-c and 1 pg/ml doxycycline.
50% of the medium was subsequently changed every 2-3 days. From day 15 onwards, medium
was supplemented with 20 ng/ml BDNF and doxycycline was removed. For functional
characterization and electrical measurements, cells were plated on Matrigel coated 6-well multi-
electrode arrays (Axion Biosystems) with mouse glial cells and maintained in culture for up to 5

weeks.

Clonal lines overexpressing ETV2 were differentiated to endothelial cells using a
previously demonstrated protocol'®. Cells were passaged as single cells using Accutase and
plated at a density of 4-5x10° cells per well of a 6-well plate. The following day, the medium was
changed to EGM-2 (Lonza) containing 0.75 ug/ml puromycin and 1 ug/ml doxycycline. Cells were

maintained in these conditions for 5 days.
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Clonal lines overexpressing MYOD and BAF60C were differentiated to skeletal muscle
following a process similar to a previously described protocol?*°. Briefly, cells were passaged as
single cells using Accutase and plated at a density of 4-5x10° cells per well of a 6-well plate. The
following day, medium was changed to DMEM/F12 containing 15% fetal bovine serum (FBS,
Thermo Fisher Scientific) and 1% anti-anti (Thermo Fisher Scientific). Medium was exchanged
every 2 days. On day 5 of differentiation, medium was changed to DMEM/F12 containing 2%

horse serum (Hyclone) and 1% anti-anti. Differentiating cells were cultured for 3 weeks.

4.3.5iMB-VO and iN-VO Generation

hESCs were grown in one well of a 6-well plate till they were 80% confluent. This was
sufficient to seed one ultra-low attachment (ULA) 96-well plate of embryoid bodies. To passage
the cells, mTeSR was aspirated and the cells washed with PBS. 1 mL of Accutase was then
added to the well and incubated at 37 °C incubator for 4-6 minutes. Cells were detached by
tapping the sides of the plate. 1 mL of mTesr was then added to the well, and the detached cells
were titurated with a 200 pl pipette to break up cell clumps and to obtain a single cell suspension.
Cells were then spun down at 300 rcf for 5 minutes. Once the cells were pelleted, , the supernatant
was removed, and cells resuspended in EB medium - (DMEM-F12, 20% KOSR) + 50 uyM Y-
27632 - at a concentration of 72,000 cells/ml. 125 L of this cell suspension, was dispensed into
each well of an ULA 96 well plate. hESCs were cultured overnight at 37 °C, 5% CO., allowing

them to aggregate into embryoid bodies (EBS).

EBs were grown for 1-3 days till 200-400 um in diameter. Once this size, EBs were
transferred into an ULA 6-well plate using a cut 200 pL pipette tip, with a maximum of ~24 EBs
per well of the ULA 6 well plate. Excess EB medium was carefully removed and 2 mL of N2/B27
medium - (1:1 DMEM/F12-Neurobasal, 100x N2, 50x B27) - + 3 yM CHIR (Tocris), 30 ng/mL
BMP4 (Peprotech), 1 pg/ml of doxycycline (dox) was added to each well. These were then

cultured at 37 °C, 5% CO; for 3 days.
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Three days later, the medium was replaced with 2 mL of N2/B27 medium + 100 ng/ml
VEGF (Peprotech) + 10 uM Forskolin (Sigma-Aldrich) + 1 pg/ml dox per well and cultured at 37
°C, 5% COs.. 24 hours later, medium was removed and replaced with 2 mL of N2/B27 media +
100 ng/ml VEGF + 10 pM Forskolin + 1 ug/ml dox per well. Organoids were then cultured at 37

°C, 5% CO; for 24 hours.

Organoids were then encapsulated in a blend of matrigel and collagen (Mat-Col gel: 2
mg/mL Collagen (Advanced Biomatrix) + 20% Matrigel). Briefly, parafilm wells were prepared by
placing a piece of parafilm onto an empty 200 pL pipette tip box, and pressing into the tip cavities
to create dimples. A 7 x 7 grid of wells was found to be optimal since it prevented organoids from
drying and allowed sufficient organoids to be encapsulated for culturing in one 10 cm dish. The
dimpled parafilm was then placed in a 10 cm dish. The Mat-Col Gel Blend was prepared and

placed on ice.

Using a cut 200 yL pipette tip, organoids were transferred from the ULA 6 well plate, and
placed individually into the parafilm wells. A maximum of ~30 uL of media was transferred with
each organoid to avoid overfilling of the parafilm well. Once all organoids were placed in individual
wells, excess media was removed, leaving only the organoid in the well. 30 uL of the Mat-Col gel
was added to each parafilm well. Individual organoids were checked to ensure encapsulation in
the gel solution, and the 10 cm dish was then incubated at 37 °C, 5% CO, for 45 minutes for the

gel blend to completely gelate.

Once gelation was complete, the encapsulated organoids were washed off the parafilm
using StemPro 34 Media + 15% FBS + 100 ng/ml VEGF + 100 ng/ml bFGF + 1 ug/ml dox. Once
gel droplets were completely washed off from the parafilm, a cut 1000 uL pipette tip was used to
transfer the organoids back to the original ULA 6 well plate used in the previous steps of the

experiment. Organoids were then cultured at 37 °C, 5% CO. and medium replaced every 3 days
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using StemPro 34 Media + 15% FBS + 100 ng/ml VEGF + 100 ng/ml bFGF + 1 ug/ml dox until

day 15.

For long term culture of iN-VOs, at day 15, medium was changed to StemPro 34 Media +
15% FBS + 100 ng/ml VEGF + 100 ng/ml bFGF + 20 ng/ml BDNF + 20 ng/mI NT3 + 1 pug/ml dox.

Medium was replaced every 3-5 days.

4.3.6 Animals

Housing, husbandry and all procedures involving animals used in this study were
performed in compliance with protocols approved by the University of California San Diego
Institutional Animal Care and Use Committee (UCSD IACUC). Mice were group housed (up to 4
animals per cage) on a 12:12 hr light-dark cycle, with free access to food and water in individually
ventilated specific pathogen free (SPF) cages. All mice used were healthy and were not involved
in any previous procedures nor drug treatment unless indicated otherwise. All studies performed

in NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ (NSG) mice and maintained in autoclaved cages.

4.3.7 In Vivo Perfusion

iN-VOs were cultured for 30 days before being implanted subcutaneously into Rag2”;yc
" immunodeficient mice. To prepare the mice for subcutaneous implantation, the right hind-flank
region was shaved and wiped down with povidone-iodine. Then, a one-inch, subcutaneous
incision was made, and Day 30 iN-VOs suspended in Matrigel were placed inside the incision
region using a cut pipette tip. These organoids were then matured for an extra 30 days in-vivo.
To test for proper perfusion of the vasculature, mice were given an intravenous injection of lysine
fixable Texas-Red Dextran (1.25 mg per mouse, Thermo Fisher Scientific) and sacrificed after 15
minutes of allowing the dextran to pass through circulation. Organoids were retrieved from the

subcutaneous region, fixed and whole-mount stained, as described below.

103



4.3.8 MEA Measurements
For 2D differentiated neurons, cells were plated on Matrigel coated 6-well multi-electrode
arrays (CytoView MEA 6, Axion Biosystems) with mouse glial cells and maintained in culture for

up to 3 weeks.

iN-VOs were not encapsulated in Mat-Col gel when preparing them for MEA
measurements. MEA electrodes (CytoView MEA 6, Axion Biosystems) were spot-coated with 2%
Matrigel and placed in a cell-culture incubator to incubate at 37 °C overnight. Because gel
encapsulation prevented proper adhesion between the organoid and MEA well, the following day,
one day-25 un-encapsulated iN-VO was carefully put in the center of the MEA well with ~50 uL
of media. The organoid was left untouched for 2 hours, and then flooded with 0.5 mL of media.
PBS was filled in the side compartments of the MEA plate to prevent cell media evaporation. The
MEA plates were then left undisturbed for 5 days to ensure robust attachment to the well. MEA
measurements were taken on day 30, 5 days after seeded onto the plate. To collect
measurements, MEA plates were placed in the reader with the reader plate heater set to 37 °C
and under 95% 0,/5% CO air flow. Plates were allowed to equilibrate under these conditions for

a minimum of 5 minutes before collecting spontaneous recordings for 4 minutes.

Electrical signals were collected and analyzed using AxIS Software (Axion Biosystems)
with Spontaneous Neural configuration. Signals were filtered with a band-pass filter of 200 Hz —
3 kHz. Spikes were detected with AxIS software using an adaptive threshold crossing set to 5.5

times the standard deviation of the estimated noise for each electrode.

4.3.9 In vitro electrical stimulation
To create chambers for electrical stimulation, custom designed chips consisting of a
porous inner well and a solid outer well were fabricated via extrusion printing of a silicone

elastomer (Dow Corning Dowsil SE 1700) on glass slides, on a custom 3D printer consisting of a
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three-axis gantry (AGB 10000, Aerotech) and pneumatic dispensers (Nordson Ultimus ). Chips
were cured for at least two hours at 80 °C to fully crosslink the elastomer. Graphite rods were
then inserted into these chips such that they were located at either end of the inner well and gaps
were sealed with PDMS (Dow Corning, Sylgard 184). After sealing, chips were again cured for at

least two hours at 80 °C.

To encapsulate iIMB-VOs, a solution composed of Fibrin (3 mg/ml, Sigma Aldrich) + 20%
Matrigel was prepared similarly to a previously described protocol?®’. Up to five individual
organoids were transferred into the inner well, excess medium removed and the space filled with
the hydrogel mixed with thrombin (1 U/ml, Sigma-Aldrich). The hydrogel was allowed to fully
gelate and crosslink at 37 °C for one hour, after which the outer well was filled with VO culture
medium containing 1 ug/ml dox. For stimulated samples, wires were attached to the graphite rods
and routed to Arduino Uno microcontrollers equipped with Motor Shields. The microcontrollers
were programmed to provide chronic electrical stimulation at 0.4 V/mm, 1 Hz with a 2 ms on time.
Encapsulated organoids were then cultured in 37 °C, 5% CO, for eight days. On the second day

after encapsulation, electrical stimulation was started and maintained for one week.

4.3.9 Immunostaining

Organoids were removed from the culture dish and added to a 1.5 mL centrifuge tube. Up
to 20 organoids could be combined into one tube and used in subsequent steps. Excess medium
was removed and organoids were washed once with 1 mL PBS. PBS was removed and 500 uL
of 4% PFA solution was added to the microcentrifuge tube. Organoids were fixed at room
temperature for 1 hour, protected from light. After 1 hour, PFA solution was removed and
exchanged with 500 yL PBS. At this point, organoids could be stored in PBS at 4 °C protected

from light for up to 1 month.
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To block the organoids, and prepare them for immunostaining, PBS was removed and
500 pL of blocking buffer (3% FBS, 1% BSA, 0.5% Triton-X, 0.5% Tween) was added. The tube
was placed into a tube rack and then onto an orbital shaker, shaking at 150 rpm for 2 hours to
fully block and permeabilize the organoids. Blocking buffer was then removed and 100 pL of
primary antibody diluted in blocking buffer was added. All antibodies used were diluted 1:100 in
blocking buffer. The tube then was placed back onto the tube rack and onto an orbital shaker
(LSE Orbital Shaker, Corning) at 4 °C. The orbital shaker was set to 12 rpm and organoids

incubated at 4 °C overnight.

After overnight incubation, blocking buffer was removed, and organoids washed with PBS-
T (PBS + 0.05% Tween) three times for 20 minutes. Organoids were placed on an orbital shaker

set to 150 rpm during each PBS-T wash.

After washing in PBS-T, 100 uL of secondary antibodies diluted in blocking buffer were
added. Organoids were incubated with the secondary antibodies at room temperature for 2 hours,
while keeping the samples protected from light. After secondary staining was complete, organoids
were washed with PBS-T three times for 20 minutes. Organoids were placed on an orbital shaker

set to 150 rpm during each PBS-T wash.

Once secondary staining was complete, a coverslip was prepared for whole-mounting of
the organoids. This was done by applying epoxy (Loctite Epoxy) to the non-adhesive surface of
an iSpacer (Sunjin Lab) and then attaching the iSpacer to a coverslip. Within 5 minutes the
iSpacer was bound to the coverslip. Using a cut 1000 pL pipette tip, 2-4 organoids were
transferred to each iSpacer well. Excess PBS was removed and 50 pL of Fluromount G was
added to each well. iSpacer cover was then peeled off and a second coverslip attached the

exposed sticky side. Whole-mount samples could be stored in 4 °C protected from light for up to
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8 months. Confocal images were taken using a LSM 880 with Airyscan Confocal Microscope

(Zeiss).

All of the Primary and Secondary Antibodies used in this protocol are diluted in Blocking
Buffer at a 1:100 dilution factor. anti-VE-Cadherin (D87F2, Cell Signaling Technologies), anti-
MAP2 (HM-2, Sigma-Aldrich) anti-MYH (MY-32, Sigma-Aldrich) were used for primary antibody
staining. anti-Rabbit Alexa 405 (Thermo Fisher Scientific, A-31556), anti-Rabbit DyLight 550
(Thermo Fisher Scientific, 84541), and anti-Mouse Alexa 647 (Thermo Fisher Scientific,

P1A32728) were used for secondary antibody staining.

4.3.10 RNA Extraction and qRT-PCR

RNA was extracted from cells using the Qiazol and RNeasy Mini Kit (Qiagen) as per the
manufacturer’s instructions. The quality and concentration of the RNA samples was measured
using a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). cDNA was prepared using
the Protoscript Il First Strand cDNA synthesis kit (New England Biolabs) in a 20 pul reaction and

diluted up to 1:2 with nuclease-free water.

gRT-PCR reactions were setup as: 2 yl cDNA, 400 nM of each primer, 2X iTaq Universal
SYBR Supermix (Bio-Rad), H20 up to 20 pl. gRT-PCR was performed using a CFX Connect Real
Time PCR Detection System (Bio-Rad) with the thermocycling parameters: 95 °C for 3 min; 95
°C for 3 s; 60 °C for 20 s, for 40 cycles. All experiments were performed in triplicate and results
were normalized against a housekeeping gene, GAPDH. Relative mRNA expression levels,

compared with GAPDH, were determined by the comparative cycle threshold (AAC+t) method.

4.3.11 Single cell RNA-seq Processing
To dissociate organoids for single cell RNA-seq, 5-6 organoids were incubated in a 1 mL
20 U/mL Papain solution (Worthington, LS003126) for 30 minutes, passed through a 40 um filter,

spun down at 300 rcf for 5 minutes, and resuspended in 0.04% BSA solution. Cells were then
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loaded into the Chromium Chip B (10x Genomics) and single cell libraries were made using
Chromium Single Cell 3' Reagent Kits v3 workflow (10x Genomics). Fastq files were aligned to a
hg19 reference and expression matrices generated using the count command in cellranger v3.0.1

(10X Genomics).

4.3.12 Data Integration and Clustering

Data integration was performed on the expression matrices from all 3 organoids: iN-VOs
induced for 15 days; iN-VOs induced for 45 days; and iN-VOs which were not induced. Integration
was done using the Seurat v3 pipeline®. Expression matrices were filtered to remove any cells
expressing less than 200 genes or expressing greater than 10% mitochondrial genes.
DoubletFinder'®” was used to detect predicted doublets, and these were removed for downstream
analysis. The expression matrix was then normalized for total counts, log transformed and scaled
by a factor of 10,000 for each sample, and the top 4000 most variable genes were identified. We
then used Seurat to find anchor cells and integrated all data sets, obtaining a batch-corrected
expression matrix for subsequent processing. This expression matrix was scaled, and nUMI as
well as mitochondrial gene fraction was regressed out. Principal component analysis (PCA) was
performed on this matrix and 22 PCs were identified as significant using an elbow plot. The 22
significant PCs were then used to generate a k-nearest neighbors (KNN) graph with k=10. The
kNN graph was then used to generate a shared nearest neighbors (sNN) graph followed by

modularity optimization to find clusters with a resolution parameter of 0.8.

To classify cell types, the integrated dataset was mapped to annotated cell types in the
Microwell-seq Mouse Cell Atlas?>? using Seurat label transfer on the intersection of genes in the
mouse and organoid datasets, and further refined using cell type-specific marker genes. We

finally visualized the results using UMAP dimensionality reduction on the first 22 PCs.
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4.3.13 Gene Ontology Enrichment

Significant differentially expressed genes for each cell type were identified with thresholds
of log fold change = 1, a minimum of 50% of cells in the cluster expressing the gene, and p-value
< 0.05 by Wilcoxon rank sum test. Gene ontology enrichment analysis was then performed using
topGO2%3, with the elim method. Significant terms were selected as those with p-values less than

0.01.

4.4 Results

4.4.1 Inducible cell line construction and validation

For the inducible expression of TFs, we designed a PiggyBac transposon based
overexpression vector which allowed a single vector to package the complete Tet-On system for
doxycycline inducible expression, along with one or more TFs to be overexpressed in conjunction
with a reporter fluorescent protein (Figure 4.2.a). To establish the utility of our PiggyBac
overexpression platform, we first constructed a diverse array of cell lines and validated their ability
to differentiate into functional tissue upon adding doxycycline. For neural tissue differentiation, we
chose to overexpress NEUROD1 to generate glutamatergic excitatory neurons?>1® and
ASCL1+DLX2 for the differentiation of GABAergic inhibitory neurons®. For mesodermal tissue
differentiation, we chose to overexpress established reprogramming factors ETV2 for generation

of endothelial cells, and MYOD1+BAF60c??° for skeletal muscle differentiation.

Stable, dox-inducible NEUROD1 (iN), ASCL1+DLX2 (iAD), ETV2 (iE), and
MYOD1+BAF60c (iMB) human embryonic stem cell (hESC) lines were generated by
nucleofecting hESCs with the respective overexpression vector, along with a hyperactive
PiggyBac transposase?®*. 48 hours after nucleofection, cells were maintained under puromycin
selection, and clonal populations were picked and expanded. Clones for each cell line were

individually validated by confirming dox-induced lineage-specific differentiation (Figure 4.2.b).
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Figure 4.2: Schematic for construction of inducible cell lines

(a) Schematic of PiggyBac transposon based inducible overexpression vector. (b) Schematic of cell line
generation and validation process.

For validation of neural tissue differentiation of iN and iAD lines, gRT-PCR analysis was
conducted and demonstrated a strong upregulation of neuronal markers MAP2 and TUBB3 for
both iN and iAD cells (Figure 4.3.a, 4.3.b) compared to undifferentiated hESCs. iN neurons were
confirmed to be glutamatergic, demonstrated by upregulation of vGLUT2 with no detectable
expression of the inhibitory neuronal marker vGAT (Figure 4.3.a), while iIAD neurons were
confirmed to be GABAergic, demonstrated by upregulation of vVGAT with minimal expression of
the excitatory neuronal marker vGLUT2 (Figure 4.3.b). MAP2-paositive cells with classic neuronal
morphology were also confirmed by immunofluorescence for both iN and iAD cells (Figure 4.3.a,
4.3.b). Finally, iN and iAD neurons were confirmed to be functional by detection of spontaneous
firing when co-cultured with glia and measured on a microelectrode array (MEA) at 3-5 weeks

post-induction (Figure 4.3.a, 4.3.b).

Differentiation of iE cells to endothelial-like cells was also confirmed by gene expression,
immunofluorescence and functional assays (Figure 4.3.c). gRT-PCR analysis demonstrated a
strong upregulation of endothelial markers CD31 and CDHS5. Endothelial identity was further

confirmed by CDH5-immunostaining, where we observed characteristic endothelial-like
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morphology. Lastly, endothelial function was confirmed via a tube formation assay by plating

differentiated iE cells on Matrigel.

Finally, skeletal muscle differentiation of iMB cells was validated by gene expression and
immunofluorescence assays (Figure 4.3.d). qRT-PCR analysis confirmed upregulation of
skeletal muscle markers MYH8, TNNC1 and RYR. Immunostaining confirmed the presence of
characteristic spindle-shaped, MYH- and SAA-positive skeletal muscle morphology, along with

MYOG-positive nuclei in iMB cells.
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Figure 4.3: Validation of inducible cell lines

(a) Inducible NEURODL1 (iN) cell line validation at 3 weeks post induction via: 1) gRT-PCR analysis of
signature neuronal marker genes MAP2, TUBB3, vGLUT2 and vGAT; Data representthe meants.d. (n=4
independent experiments) 2) immunofluorescence micrograph of MAP2 labelled cells (Scale bars = 50 um);
and 3) representative spike plots from MEA measurements of spontaneously firing iN cells. (b) Inducible
ASCL1+DLX2 (iAD) cell line validation at 3 weeks post induction via: 1) gRT-PCR analysis of signature
neuronal marker genes MAP2, TUBB3, vGLUT2 and vGAT; Data represent the meants.d. (n=4
independent experiments) 2) immunofluorescence micrograph of MAP2 labelled cells (Scale bars = 50 um);
and 3) representative spike plots from MEA measurements of spontaneously firing iAD cells. (c) Inducible
ETV2 (iE) cell line validation at 2 weeks post induction via: 1) gRT-PCR analysis of signature endothelial
marker genes CDH5 and CD31; Data represent the meanzts.d. (n=2 independent experiments) 2)
immunofluorescence micrograph of CDH5 labelled cells; and 3) matrigel tube formation assay done on iE
cells (Scale bars = 25 ym). (d) Inducible MYOD1+BAF60C (iMB) cell line validation at 2 weeks post
induction via: 1) gRT-PCR analysis of signature skeletal muscle marker genes MYH8, TNNC1, and RYR;
Data represent the mean * s.d. (n = 3 independent experiments) and 2) immunofluorescence micrograph of
MYH, MYOG, and SAA labelled cells (Scale bars = 50 um).
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4.4.2 Constructing iN-VOs and iMB-VOs

After clonal hESC lines were established, we developed a modular, generalizable, TF
overexpression based strategy to differentiate parenchymal cell types in VOs (Figure 4.1). We
sought to assess first whether iN hESCs would differentiate to neurons when NEUROD1
expression was induced by doxycycline under the culture conditions of VO differentiation (Figure
4.4.a). Since we did not know a priori if all iN cells would differentiate to neurons and disrupt
formation of vascular networks in the organoid, we first tested induced neuro-vascular organoid
(iN-VO) formation with two ratios of iN:Wild-Type (WT) cells, either 100% iN cells or a mix of 50%
iN cells and 50% WT cells (Figure 4.4.b). The organoids were assayed at day 15 for expression
of the neuronal marker MAP2 and the endothelial marker CDH5 by gRT-PCR. Induced organoids
(+dox conditions) for both cell ratios showed a marked increase in MAP2 expression, with
expression levels 4- to 8-times higher compared to uninduced organoids (-dox conditions) (Figure
4.4.c¢), suggesting robust neuronal differentiation under doxycycline induction. Strikingly, induced
organoids at both ratios showed comparable expression of CDH5 as uninduced organoids
(Figure 4.4.c), suggesting that endothelial networks are reliably formed and preserved even with
induction of NEUROD1 expression. Immunostaining was performed on both induced (+dox, iN-
VOs) and uninduced (-dox, iN-VOs) organoids confirming MAP2-positive cells forming into
bundle-like structures of neurons only in induced organoids, along with dense, interpenetrating
CDHb5-positive vascular networks in both conditions (Figure 4.4.d). More extensive gene
expression analysis via qRT-PCR showed an upregulation of the excitatory neuron marker
vGLUT2, along with cortical neuron markers BRN2 and FOXG1!?2 in day 15 iN-VOs (Figure
4.4.e). Moreover, we observed expression levels comparable to uninduced organoids of the
endothelial markers CDH5 and VEPTP, along with the smooth muscle marker SMA (Figure
4.4.e), confirming the maintenance of mature and complete blood vessel networks in day 15 iN-

VOs. Given that CDH5 expression remains high even in induced organoids formed from 100% iN
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cells, we hypothesize that a subset of iN cells escapes neuronal differentiation due to stochastic
silencing of the integrated PiggyBac cassette, leading them to differentiate to vascular lineages.
Given the higher expression of MAP2 and comparable expression of CDH5, subsequent

experiments were conducted with iN-VOs formed from 100% iN cells.
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Figure 4.4: Generation of neuro-vascular organoids

(a) Culture protocol for the generation of induced neuro-vascular organoids. (b) Schematic for experiment
to assess the optimal ratio of iN to WT cells for iN-VO formation. (c) gRT-PCR analysis of signhature neuronal
gene MAP2, and signature endothelial gene CDH5, at day 15 of culture for organoids grown from 50% and
100% iN cells. Data represent the mean £ s.d. (n = 3 organoids) and the unpaired two-tailed t-test was used
for all comparisons. Statistical significance was attributed to P < 0.05 as determined by unpaired two-tailed
t-test comparisons. (**P < 0.01, ***P < 0.001, and ****P < 0.0001; ns = not significant). (d)
Immunofluorescence 100 ym z-stack, maximum projection, confocal micrographs of MAP2- and CDH5-
labelled uninduced (iN-VO, -Dox) and induced (iN-VO, +Dox) day 15 iN-VO organoids (Scale bars = 50
um). (e) gRT-PCR analysis of signature endothelial genes CDH5 and VEPTP; signature smooth muscle
gene SMA; and signature neuronal genes MAP2, vGLUT2, BRN2 and FOXG1 at day 15 of culture for iN-
VO organoids. Data represent the mean £ s.d. (n =4 organoids, from two independent experiments)
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Once the formation of neuro-vascular iN-VOs was established, we then sought to
demonstrate if our system was compatible with other germ-layer or cross-lineage tissue types.
Using 100% iMB cells and the exact same VO media conditions used to generate iN-VOs, we
grew induced myo-vascular organoids (iMB-VOs) implementing the same protocol used to
generate iN-VOs (Figure 4.5.a). iMB-VOs had MYH-positive spindle-shaped morphologies
(Figure 4.5.b), along with expression of skeletal muscle marker genes MYOG, MYHS8, TNNC1
and RYR (Figure 4.5.c), confirming that our platform could also be used to grow vascularized

organ tissue of mesodermal origin, specifically skeletal muscle.
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Figure 4.5: Generation of myo-vascular organoids

(a) Culture protocol for the generation of induced myo-vascular organoids. (b) Immunofluorescence 100
um z-stack, maximum projection, confocal micrographs of MYH- and CDH5-labelled uninduced (iMB-VO, -
Dox) and induced (iMB-VO, +Dox) day 15 iMB-VO organoids (Scale bars = 50 ym). (c) gRT-PCR analysis
of signature endothelial genes CDH5 and VEPTP; signature smooth muscle gene SMA; and signature
skeletal muscle genes MYOG, MYH8, TNNC1 and RYR at day 15 of culture for iMB-VO organoids. Data
represent the mean £ s.d. (n =4 organoids, from two independent experiments).

117



4.4.3 Optimizing and characterizing long-term cultured iN-VOs

Upon optimizing our culture system to grow both neuro-vascular and myo-vascular
organoids for 15 days, we then sought to enable long-term culture of the iN-VOs for beyond 15
days (Figure 4.6.a). When cultured in standard VO media conditions, neuronal survival was
compromised and by day 30 there was no observable MAP2 expression in induced organoids
compared to uninduced organoids (Figure 4.6.b). To enhance the long term survival of neurons
in the organoids, we tested supplementing standard VO media with the neurotrophic growth
factors BDNF and NT-3, which are known to support neuronal survival in vitro>42%, as well as
the well-established neuronal cell culture supplement B-27. Supplements were added to the
culture from day 15 onward, and organoids were assayed at day 30. In addition, we tested
whether continued overexpression of NEUROD1 beyond day 15 may lead to impaired neuronal
survival by including conditions where doxycycline was removed from culture after day 15. All
organoids were assayed at day 30 by gRT-PCR for MAP2 and CDH5 expression. We observed
highest MAP2 expression in organoids where doxycycline was retained in the medium till day 30,
and the medium was supplemented with BDNF and NT-3, about 10-times higher than uninduced
organoids (Figure 4.6.b). This was followed by organoids where medium was supplemented with
BDNF, NT-3 and B-27 and doxycycline retained till day 30, where MAP2 expression was about
5-times higher than uninduced organoids (Figure 4.6.b). On the other hand, only organoids
subjected to medium containing BDNF and NT-3 were best able to maintain CDH5 expression
comparable to uninduced organoids (Figure 4.6.b). Thus, for subsequent long-term experiments
we supplemented the culture medium with BDNF and NT-3 from day 15 onward to ensure long

term survival of neurons with reliable maintenance of vascular lineages.
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Figure 4.6: Long term culture of neuro-vascular organoids

(a) Schematic for experiment to assess optimal media supplements for long term iN-VO culture. (b) gRT-
PCR analysis of signature neuronal gene MAP2, and signature endothelial gene CDHS5, at day 30 of culture
to assess long term neuronal and endothelial survival. Data represent the mean £ s.d. (n = 3 organoids) and
the unpaired two-tailed t-test was used for all comparisons. Statistical significance was attributed to P <
0.05 as determined by unpaired two-tailed t-test comparisons. (**P <0.01, ***P <0.001, and ****P < 0.0001;
ns = not significant).

Upon determining this optimized and repeatable protocol for long-term growth of iN-VOs,

we comprehensively characterized these long-term cultured organoids (Figure 4.7.a).
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Figure 4.7: Characterization of long-term cultured neuro-vascular organoids

(a) Schematic for comprehensive characterization of long-term cultured neuro-vascular organoids.

To characterize the composition of iN-VOs cultured for up to 45 days, we assayed them
using single cell RNA-sequencing (scRNA-seq). We assayed 26,959 cells across day 45
organoids grown under three conditions: 15 days of NEUROD1 overexpression (iN-VO, 15 Days
Induction), 45 days of NEUROD1 overexpression (iN-VO, 45 Days Induction) and without

overexpression (iN-VO, No Induction). We included organoids for which NEUROD1 was
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overexpressed for 15 days and then stopped, to test if we could obtain non-neuronal cell types or
different neuronal subtypes by allowing for a degree of spontaneous differentiation after priming
cells for a particular lineage. Organoids were dissociated using papain and sequencing libraries
generated using droplet-based scRNA-seq on the 10X Chromium platform. Expression matrices
were generated from the resultant data using 10X Genomics cellranger. We then used these
expression matrices with the Seurat pipeline®® to integrate data from all three types of organoids
and remove any batch effects. The cells were then clustered and cell types were first coarsely
classified using the Microwell-seq Mouse Cell Atlas as a reference??, followed by a more refined

classification using cell-type specific markers (Figure 4.8.a).

Using this pipeline, we identified that PRRX1+ mesenchymal progenitors?*®, MEOX2+
differentiating pericytes®®’ and cycling cells were present in all three types of organoids and
constituted a majority of each of the organoids (Figure 4.8.a-d). Importantly, functional vascular
cell types - PDGFRB+ pericytes and PECAM1+ endothelial cells were present in all types of
organoids and constituted 16-22% and 2.5-6% of cells respectively (Figure 4.8.a-d). We also
found a population of COL15A1+ stromal cells — type XV collagen is an important component of
microvessel basement membranes?8. Interestingly, a population of CD68+/CD74+ macrophage-
like cells was also present, suggesting the presence of immune cell types within VOs, and
unexpectedly we also found a population of epithelial cells, which were EPCAM+ and included a
KRT17+ subset as well as an APOAL1+ subset which was enriched in lipid processing genes
(Figure 4.8.a-d). Critically, DCX+ neurons were only present in organoids where NEUROD1
expression was induced and constituted 4-6% of cells (Figure 4.8.a-d). Differentially expressed
genes in the neuronal cluster also showed significant enrichment of neural-related Gene Ontology

terms (Figure 4.8.e).
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Figure 4.8: Single cell RNA-seq characterization of long-term cultured neuro-vascular organoids
(a) UMAP visualization of cell types from day 45 iN-VOs. Two independent induction conditions, along with
one non-induction condition. (b) Cluster-specific expression of marker genes in day 45 iN-VOs. (c) UMAP
visualization of iN-VO clusters annotated by sample type. Two independent induction conditions, along with
one non-induction condition. (d) Expression of marker genes for each classified cell type. (e) Top 10
significantly enriched Gene Ontology terms for differentially expressed genes in the neuronal cluster.
Immunofluorescence imaging confirmed the presence of MAP2+ neurons displaying
robust neurite growth, along with interpenetrating CDH5+ vascular networks through 30 days in
culture (Figure 4.9.a). Bulk gene expression analysis via gRT-PCR showed an upregulation of
the neuronal markers MAP2, vGLUT2, BRN2 and FOXG1 in day 30 iN-VOs (Figure 4.9.b).

Similarly, we observed expression levels comparable to uninduced organoids of the endothelial
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markers CDH5 and VEPTP, along with the smooth muscle marker SMA (Figure 4.9.b), confirming
the maintenance of mature and complete blood vessel networks with interspersed

programmatically differentiated neurons in long-term cultured iN-VOs.
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Figure 4.9: Marker gene expression in long-term cultured neuro-vascular organoids

(&) Immunofluorescence 100 um z-stack, maximum projection, confocal micrographs of MAP2- and CDH5-
labelled induced day 30 iN-VOs (Scale bars = 100 pm) (b) gRT-PCR analysis of signature endothelial
genes CDH5 and VEPTP; signature smooth muscle gene SMA; and signature neuronal genes MAP2,
vGLUT2, BRN2 and FOXG1 at day 30 of iN-VO culture. Data represent the mean £ s.d. (n =4 organoids,
from two independent experiments).

After molecular characteristics of the iIN-VOs were assayed, we assessed the functionality
of both neural and vascular cell-types in the iN-VO. To confirm functionality of the endothelium,
we assayed the ability of the vascular networks to form perfusable blood vessels in vivo. iN-VOs
were grown till day 30 in vitro, and then subcutaneously implanted in Rag2”;yc” immunodeficient
mice. 30 days post-implantation, intravenous (IV) injection of a Texas Red dye followed by
organoid extraction, fixation and immunofluorescent staining with CDH5 showed co-localization
of the dye with human CDH5+ vascular cells in the iN-VO (Figure 4.10). Thus demonstrating that

iN-VOs successfully engrafted and connected with the host-vasculature.
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Figure 4.10: Perfusion testing of neuro-vascular organoids

Experimental validation of iIN-VO perfusibility in vivo by subcutaneous implantation of iIN-VO, showing
immunofluorescence micrographs of Texas Red, CDH5 and overlay (Scale bar = 25 ym). Representative
image from two independent experiments.

To assess functionality of neurons in the iN-VOs, we assayed the organoids for
spontaneous electrical activity using microelectrode arrays (MEAS) (Figure 4.11). Strikingly, while
uninduced organoids displayed no spontaneous activity, spontaneous firing was repeatedly
observed iniN-VOs (Figure 4.11), confirming the presence of functional neurons in the organoids.
Interestingly, while neurons cultured in 2D displayed spontaneous activity only when co-cultured
with glia (Figure 4.3.a), neurons which were differentiated and cultured in iN-VOs did not need
the presence of glia for spontaneous firing. Taken together, we demonstrate the formation of
functional neuro-vascular tissue with long term culture capability, using our method of combining

directed differentiation with genetic overexpression in vascular organoids.
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Figure 4.11: Electrophysiological testing of neuro-vascular organoids

Image of day 30 iN-VOs plated on microelectrode array (Scale bars = 500 ym) and raster plot of
spontaneous activity from plated iN-VOs. Representative image and plot from two independent
experiments.

4.4.4 |In vitro maturation of iMB-VOs

Finally, while our iMB-VO platform was able to differentiate vascularized skeletal muscle,
maturation of this lineage in vitro is a longstanding challenge. In order to further mature the
differentiated skeletal muscle, we applied chronic electrical stimulation, which is an established

strategy for skeletal muscle maturation?51:259.260,

To subject organoids to stimulation, we encapsulated the organoids in a hydrogel
composed of fibrin and matrigel, and placed them in a custom designed chip between two graphite
rods. A pulsed constant voltage stimulation was then applied to the organoids for a week after
encapsulation to drive maturation (Figure 4.12.a). Organoids were then assayed for gene
expression of muscle and calcium handling genes (Figure 4.12.b). We observed that embryonic
skeletal muscle myosin (MYH3) was upregulated, while there was a small increase in expression
of adult fast skeletal muscle myosin (MYH2) for stimulated organoids. Additionally, the calcium
handling genes CASQ2 and SERCA2 were also highly upregulated. Lastly, we assayed both
unstimulated and stimulated organoids by MYH-immunofluorescence imaging (Figure 4.12.c),
confirming the presence of skeletal muscle fibers in both, indicating that while the skeletal muscle

lineage is preserved in both conditions, stimulation drives maturation of the differentiated skeletal
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muscle. This also confirmed that our iMB-VO organoids could be cultured for at least 21 days in
vitro without any further optimization of media conditions, and opens the door for potentially
longer-term culture for enhanced tissue maturation. In summary, our iIMB-VO approach is a

feasible method to generate mature, vascularized skeletal muscle tissue in vitro.
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Figure 4.12: In vitro maturation of iMB-VOs

(&) Schematic of iIMB-VO in vitro maturation by electrical stimulation. (b) gRT-PCR analysis of skeletal
muscle myosins: MYH2, MYH3, MYH7 and MYHS8; and genes involved in calcium handling, CASQ1,
CASQ2, SERCA1, SERCA2 and RYR for stimulated vs unstimulated iMB-VOs. Data represent the
mean * s.d. (n = 6 organoids, from two independent experiments) (c) Immunofluorescence 100 um z-stack,
maximum projection, confocal micrographs of MYH-labelled stimulated vs unstimulated iMB-VOs (Scale
bars = 50 ym).
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4.5 Discussion

In this work we have demonstrated that a combination of directed differentiation and the
overexpression of a lineage-specific reprogramming factor can build cross-lineage and cross-
germ layer organoid systems. Here, we have built a piggyBac transposon-based overexpression
system which offers the potential of large payload capacity for overexpression of multiple
elements from a single vector. We used this system to introduce neurons into vascular organoids
by the expression of NEURODL1 in differentiating organoids, as well as to introduce skeletal
muscle by the expression of MYOD1 + BAF60C in differentiating organoids as a proof-of-principle
of such an approach. We then assayed these mixed-lineage organoids to demonstrate that this
combined approach yielded neurons only upon induction of NEUROD1 overexpression, and
skeletal muscle only upon induction of MYOD1 + BAF60C overexpression, while retaining the
architecture of the vascular organoid. The neuro-vascular organoids thus generated were further
optimized for long term culture, and comprehensively characterized for composition and function,
demonstrating that all vascular lineages along with neurons were present in induced organoids,
and that both lineage branches, neuronal and vascular, were functional. Finally, for the myo-
vascular organoids, we demonstrated the maturation of these organoids via chronic electrical
stimulation, which enhanced the expression of skeletal muscle myosins and calcium handling
genes. We envision that combining these modular building blocks may enable the fully in vitro
creation of innervated and vascularized human skeletal muscle entirely from pluripotent stem

cells, a major step toward regenerative therapy for volumetric muscle loss.

While providing a modular and powerful approach to engineer vascularized multi-lineage
organoids, several challenges still remain to be solved. As demonstrated in our study, while we
were able to differentiate neurons within the vascular organoid scaffold, maintaining their viability

and function required careful and extensive optimization of culture conditions. Also, while we have
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taken advantage of known reprogramming factors to differentiate neurons and skeletal muscle,
such recipes are not known for all cell types and will have to be discovered. Known
overexpression recipes may also need to be modified for organoid culture conditions, since
recipes are typically optimized and validated only for specific 2D culture and media conditions.
While we have restricted the current study to overexpression, knockdown approaches?®! may also
be important tools in these engineering efforts. Additionally, improved control of this spatial
organization will be critical for accurate tissue engineering, especially as reprogrammed cells
transition directly from initial to final lineage states, and one may need to incorporate novel

strategies like optogenetic control of gene expression?%2253 or synthetic biology approaches?%4.

In summary, our demonstrated approach provides a blueprint for complete bottom-up
engineering of vascularized organoids, where genetic perturbation methods for cell
reprogramming can be overlaid onto our core protocol to introduce additional cell-types. This
framework could be a powerful platform to generate many kinds of vascularized organoids, thus
laying the foundation for completely in vitro derived, large-scale tissue systems for regenerative

medicine purposes.
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Chapter 5: Flexible Printed Electrodes for Electrophysiology

5.1 Abstract

The measurement of bioelectronic signals for clinical and research applications requires
the development of electrode systems which can facilitate the multi-scale measurement of signals
at the organism, organ, network and single cell level. Here we present the development of printed
sensors to measure electrophysiological signals in vivo and microelectrodes for the measurement
of cellular scale field potential. To measure clinically significant signals for
electroencephalography, electromyography, and electrocardiography, we developed stencil-
printed multichannel concentric-ring electrodes on stretchable elastomers modified to improve
adhesion to skin and minimize motion artifacts. These dry electrodes with a poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) interface layer are optimized to
show lower noise level than that of commercial electrodes, while the concentric ring geometry
enables Laplacian filtering to pinpoint the bioelectric potential source with spatial resolution
determined by the ring distance. We also present a preliminary demonstration of a novel method
combining inkjet and electrohydrodynamic printing to fabricate flexible microelectrode arrays in a

facile, reconfigurable manner.
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5.2 Introduction

Measurement of electrophysiological signals is crucial for monitoring bodily states,
facilitating clinical diagnosis of diseases and for interrogating electrically active cells and cellular
networks. These measurements can be cumbersome and challenging due to the soft, deformable
nature of tissue and arbitrary shapes which are not amenable to contact with rigid substrates. The
development of flexible, conformal, rapidly prototyped systems which can be changed to
accommodate various geometries, stiffness and motion are critical to advancing the ability to
precisely measure electrical signals from tissue both in vivo and ex vivo.

Clinical in vivo electrophysiological recordings such as electroencephalography (EEG),
electromyography (EMG), and electrocardiography (ECG) are routinely done using arrays of
electrodes that measure local electrical activities?®5-267, Spatial information is important in EEG to
localize active brain regions, and in EMG to measure neuromuscular activity. In ECG, the
progression of cardiac depolarization signals can be tracked using twelve leads located on the
torso to diagnose various cardiac abnormalities, such as arrhythmias and infarctions. However,
the spatial resolution of an electrode array is affected by the blurring effects from different
conductivities of the torso volume, and modified electrode designs?%¢2¢° are shown to be more
effective for increasing spatial resolution than merely increasing the number of electrodes in an
array. In addition, conventional gel electrode arrays are limited by the complexity of electrode
placement, which is laborious, time-consuming, and only transiently useful since performance
degrades once the gel dries. Thus, to enhance the spatial resolution and reliability of
electrophysiology studies while reducing setup complexity, we developed a dry concentric ring
electrode design through an additive printing process?’%-27® that allows rapid reconfiguration and
integration of multi-channel electrodes.

We take advantage of the recent advances in the use of conducting polymer?76-27° as dry

electrode interface. The conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene
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sulfonate (PEDOT:PSS) has enabled a better interface with skin, because of the mixed
ionic/electronic conductivity?®® and biocompatibility?®* of PEDOT:PSS. Moreover, we also take
advantage of developments in elastomers to pattern the dry electrodes on stretchable elastomers
modified to improve adhesion to skin?®2 and minimize motion artifacts.

Secondly, the advent of tissue engineering and organoid technology?*®49283-285 has
revolutionized the ex vivo modeling of human tissues and organs to study development and
disease. While the engineering of organoid systems has progressed considerably to enable
repeatability, complexity and precise control, tools for functional electrical interrogation of these
3-dimensional cell ensembles remain limited?®®.

While microelectrode arrays (MEAs) remain a workhorse tool for functional
characterization of 2-dimensional monolayer cell cultures, the typically rigid substrates are not
ideal for measurements of soft, 3-dimensional organoids. In addition, arrays which can be easily
adapted to the heterogenous geometries of organoids and other engineered tissue, would be
needed for accurate mapping of signals. One promising path by which this may be addressed is
through the use of optical electrophysiology tools?2”:288 where voltage sensitive fluorescent
indicators can be optically read out to record cellular electrical activity at high spatiotemporal
resolution. But these approaches, while versatile and powerful, can be limited by the optical
properties of the tissues under investigation. Another recent approach is to create flexible MEAs
which can be embedded?®® or envelop the surface of organoids®2%°. These approaches offer the
combination of high coverage and potentially high spatiotemporal resolution and can also be
compatible with floating culture common with organoid and engineered tissue.

While traditional fabrication techniques have been used for these promising techniques,
printed electronics enables the ability to rapidly reconfigure architectures for the accommodation
of any arbitrary geometry which is important not only for these self-assembled organoid systems
but also for other engineered tissue in research and regenerative medicine applications. Such

printed electrodes have been recently demonstrated via inkjet printing?®*2°2, but have two main
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limitations. Inkjet printing typically results in minimum dimensions which are larger®! than
standard commercial MEAs which limits the resolution of the recorded signal, and to print such
electrode arrays on soft, flexible materials careful treatment of the substrate is needed to adjust
the wetting properties for printing of connected patterns?®3.

We present here, a preliminary demonstration of a novel printing method which combines
inkjet and electrohydrodynamic printing with a facile aqueous sacrificial etch process?* to
fabricate flexible microelectrodes with down to 10 ym diameter. Thus, potentially overcoming the

drawbacks of other printed electrode fabrication processes.
5.3 Materials and Methods

5.3.1 Wearable Screen-Printed Electrode Fabrication

The substrate was comprised of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning)
modified with PEIE (80% ethoxylated polyethylenimine solution, Sigma-Aldrich) to tune the
mechanical compliance and adhesive properties of the PDMS elastomer. The PDMS base and
cross-linking agent were mixed at 10:1 ratio by weight; for 10 g of the mixture, 35 uL of PEIE was
added to induce a heterogeneous cross-linking network??2. The mixture was de-gassed and
poured into a mold to cure at 90°C for 3 hours to obtain a substrate with typical thickness of 2
mm. To form electrodes, conductive inks were spread with a wire-wound rod through a stencil
mask (Metal Etch Services, San Marcos, CA) onto the cured substrate. Silver/silver chloride ink
(E2414, Ecron) was mixed with Ecoflex-50 (Smooth On) at 94:6 weight ratio to increase the
conductor stretchability?®®. The Ag/AgCl ink was annealed at 90°C for 5 minutes and the typical
trace thickness was 30 pm. Subsequently, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS for screen printing, Sigma-Aldrich) was printed through another stencil
mask to cover the Ag/AgCl in the concentric ring region. The PEDOT:PSS formulation was 1 g of
PEDOT:PSS with 0.4 ml of ethylene glycol, 5 uL of 4-dodecylbenzenesulfonic acid as a surfactant,

and 40 mg 3-glycidoxypropyltrimethoxysilane as a crosslinker. By printing multiple passes, the
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thickness of PEDOT:PSS was adjusted from 2.8 to 9.9 um. In between printing passes, each
layer was annealed at 100°C for 20 min. A layer of PDMS is used to encapsulate and isolate the
Ag/AgCI interconnects from the skin. Currently thin wires were embedded in the elastomer
substrate to make connections between the printed electrodes and the amplifier board, but in the
future wireless communication chips may be embedded in the substrate to eliminate the dangling
wires.
5.3.2 Wearable Screen-Printed Electrode Characterization

To measure the noise spectrum, each pair of test electrodes were placed side by side,
with the active areas in contact with ~1 mm thick layer of conductive gel (Ten20, Weaver)
connecting the two electrodes. Voltage noise between the electrode pair was measured by an
OpenBCI board (Cyton biosensing board Kit, OpenBCl) set to an amplifier gain of 24. The
reported noise was an average over 90 s at a sampling rate of 250 Hz. The background noise of
the board amplifier was measured by shorting the two inputs. The time-domain voltage data was
Fourier transformed with no additional signal filtering. The peaks at 30 and 60 Hz are due to power

line noise.

The electrochemical impedance spectroscopy was taken with a potentiostat (Bio-Logic
SP-200) in a two-electrode configuration supplying a sinusoidal signal of 10 mV without any dc
bias. The electrode impedance was measured through a conductive gel, which was an uniform
electrolyte sandwiched between the electrodes. Each electrode had an area of 0.5 cm?. The Bio-
Logic software EC-Lab was used for the equivalent circuit model fittings.

5.3.3 Wearable Screen-Printed Electrode In Vivo Recordings

A volunteer provided informed signed consent to participate in this study. The electrodes

were connected to the OpenBCI board set to an amplifier gain of 24 sampled at 250 Hz. The sites

for electrode attachment were swiped with 70% ethanol.
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The EEG alpha rhythm oscillations were measured by placing the recording electrode on
the left frontal area, at the F3 position in the 10-20 EEG position system. The reference and
ground electrodes were attached at the two ear lobes, which were the Al and A2 positions in the
10-20 EEG position system. The recording and reference electrodes were our dry electrodes
directly adhered to the skin. For convenience with wiring, the ground electrode was a commercial
gold electrode with conductive gel. To measure the alpha rhythm oscillations, the volunteer was
asked to alternately open and close his eyes for 30 s periods. The EEG signals were digitally
filtered in MATLAB by a sixth-order Butterworth filter with a range of 1 Hz to 40 Hz.

For EMG recordings, the volunteer was stationary and placed his left elbow on a desk.
The reference electrode and the recording electrodes were our dry electrodes directly placed on
the forearm. The volunteer was asked to clench his hand into a fist as EMG signals at E1 and E2
locations were simultaneously recorded by the OpenBClI board. The EMG signals were digitally
filtered in MATLAB by a sixth-order Butterworth filter with a range of 5 Hz to 40 Hz.

For ECG recordings on the chest of a volunteer lying in supine position, the dry electrode
was placed in the fourth intercostal space on the right chest near the sternum. The location is
equivalent to the Vi position in the standard 12-lead configuration. The Lead-l signal was
measured using commercial 3M Ag/AgCI electrodes (T716) placed on the volunteer’s left and
right wrists, with the reference electrode on the left ankle. The ECG signals were digitally filtered
in MATLAB by a 50th-order highpass filter with a cutoff at 0.5 Hz.

5.3.7 Substrate Preparation for Inkjet and Electrohydrodynamic Printing

Glass substrates were prepared by washing with detergent, followed by sequential
cleaning with deionized water, acetone and isopropyl alcohol in an ultrasonicator. For flexible
electrode fabrication, glass substrates were coated with a sacrificial layer of dextran as previously
described?®®. Dextran (86 kDa, MP Biomedicals LLC) was prepared at 20% w/v and spin coated

at 1500 rpm. Dextran films were then dried at 150 °C on a hotplate.
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5.3.8 Fabrication of Micropillar Electrodes

Silver nanoparticle ink, DryCure Ag-JB 1020B (C-Ink Co. Ltd) was used to inkjet print
traces on the substrates with 10 ym drop spacing using a PSJet Printer fitted with a Dimatix
printhead, with the stage heated to 55 °C.

For printing of silver micropillars, a silver nanoparticle ink (Sigma) was loaded into a glass
micropipette nozzle with internal diameter of 5-8 um. An air pressure of 6-12 kPa was maintained
after loading and the tip lowered to a distance of ~150 uym from the substrate. A printing voltage
of 350-450 V was applied between the nozzle and conductive stage till ink was just prevented
from dripping. A negative pulse of 100-300 V with rise time 100 ps, dwell time 300 ps and fall time
of 0 pus was then applied between the substrate and nozzle to jet droplets. The stage was
maintained at 45 °C. Printed patterns were annealed at 300 °C for 1 hr in a glove box.

After printed patterns were annealed, SU-8 2005 (MicroChem) or PDMS (Sylgard 184,
Dow Corning) with a base catalyst ratio of 1:10 or a 8.3% solution of poly[4-vinylphenol] (PVP) in
Propylene glycol monomethyl ether acetate (PGMEA) was spin coated at 3000 rpm. After spin
coating SU-8, devices were soft baked at 95 °C for 3 minutes followed by UV exposure up to a
total exposure energy of 120 mJ/cm?. Devices were then baked post-exposure at 95 °C for 4
minutes and then hard baked at 150 °C for 30 minutes. After spin-coating PDMS, devices were
cured at 50 °C overnight. After spin-coating with PVP, devices were cured at 200 °C for 1 hour.

To release the flexible electrodes from the glass substrates, printed patterns coated with
SU-8 or PDMS were placed in deionized water overnight to allow for dissolution of the dextran
film.

5.3.9 Characterization of Micropillar Electrodes

Electrochemical impedance spectroscopy was taken with a potentiostat (Bio-Logic SP-

200) in a two-electrode configuration supplying a sinusoidal signal of 10 mV without any DC bias.

Two micropillar electrodes were connected by immersing in PBS.
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5.4 Results

5.4.1 Fabrication of screen-printed hybrid, dry electrodes with concentric ring geometry

To fabricate these wearable electrodes, our choice of substrate was a moldable elastomer
consisted of polydimethylsiloxane (PDMS) with a trace amount of ethoxylated polyethylenimine
(PEIE), which modifies the crosslinking network to reduce the Young’s modulus and roughen the
substrate surface?®?. The substrate is semi-transparent, due to optical scattering by the
micrometer-sized wrinkles on the surface. The micrometer-sized wrinkles on the PDMS-PEIE
elastomer enhances van der Waals forces and increases the adhesion force to skin (Figure
5.1.a). The strong adhesion allows the electrodes printed on this substrate to be securely fastened

to the skin and maintain good electrical contact without conductive gel.

The concentric ring electrode design (Figure 5.1.a) was patterned using a simple stencil-
printing technique to directly deposit silver/silver chloride (Ag/AgCl) and PEDOT:PSS through a
laser-cut stencil mask, and the geometry was based on the nine-point Laplacian estimation
method?®” (Figure 5.1.b), which in our design was scaled to probe a dipole depth of ~1 cm
beneath the electrode surface. The diameter of center disc was 4 mm. The inner diameter of the
middle ring and the outermost ring was 6 mm and 14 mm, respectively, both with a linewidth of 1
mm. The Ag/AgCl traces were deposited to form highly conductive interconnects with the
resistivity of 500 pQ*cm. In the concentric ring region, the Ag/AgCl were covered with

PEDOT:PSS to further lower the electrode impedance.
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Figure 5.1: Concentric electrode design

(a) Schematic and photograph of a concentric ring electrode patterned by stencil printing. The scanning
electron microscopy images show the surface morphology of a typical electrode covered with PEDOT:PSS
or with bare Ag/AgCl. The printed dry electrode adheres well to skin as shown in the right photograph. (b)
Schematics for the five-point and nine-point arrays

The concentric ring design is a physical approximation to the Laplacian filter, which is the
second spatial derivative of the measured potentials and essentially assigns more weight to
changes in bioelectric dipoles under measurement points, to enable better differentiation between
concurrent, closely-spaced dipole sources?%®:2%, While the Laplacian filter may be applied through
computation on arrays consisting of discrete five-point or nine-point electrodes, the concentric
ring approximation (Figure 5.1.a) simplifies orientation problems and significantly reduces the
number of electrodes. Previously, concentric ring electrodes were demonstrated with silver or
gold as the conductor interfacing with the human body. However, the metallic interfaces have high
impedance and usually require a thin layer of conductive gel, which smears the spatial resolution
and may also short the electrode rings if the gel bridges them. Thus practical implementation of
the Laplacian filter requires a dry interface3°-292 which requires further materials and device

development to match the signal-to-noise (SNR) level of standard gel electrodes.

5.4.2 Characterization of concentric ring electrodes

We then compared the voltage noise of our PEDOT:PSS-covered electrodes to
commercially available Au and Ag/AgCI electrodes with hydrogel from 3M (Figure 5.2.a). The
electrode impedance was measured through a conductive gel, which was an uniform electrolyte

on top of the pair of electrodes. Since the power spectral density®°33%4 Sy of voltage noise vy is
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inversely proportional to square root of the electrode area A by Sy =vn /A%, the noise spectra of
the 3M electrode and the printed electrodes are scaled by area for comparison to the Au electrode
with a diameter of 1 cm (Figure 5.2.a). The electrode diameters were 1.5 cm for the 3M electrode
and 0.8 cm for the printed electrodes, which were made in disc shapes and not concentric rings
to facilitate comparison. Among the various electrodes including commercial ones, our printed

electrode with a 9.9 um PEDOT:PSS layer shows the lowest noise voltage across the spectrum.

The excellent noise level of the printed electrodes is attributed to the low interfacial
impedance of the organic PEDOT:PSS conductor. Noting the reduction in noise voltage with a
thick PEDOT:PSS layer, we varied the PEDOT:PSS thickness and measured the electrode
impedance by electrochemical impedance spectroscopy (Figure 5.2.b). The impedance of bare
Ag/AgCl electrode is at least two times higher than the ones with PEDOT:PSS. As the
PEDOT:PSS film thickness is increased from 2.8 um to 9.9 um, the impedance phase reveals a
transition to higher capacitance at low frequency. The impedance magnitude for electrodes with
6.8 um and 9.9 um PEDOT:PSS are very similar for frequencies above 0.1 Hz, indicating that
further increase beyond 9.9 um is not necessary for impedance reduction and hence the printed
electrodes for electrophysiological recordings were fabricated with PEDOT:PSS film with

thicknesses ranging from7 um to 9 um.

The electrode impedance characteristics were analyzed by fitting to an equivalent circuit
modelP?2% (Figure 5.2.b), where Rs is the series resistance, R is the charge transfer resistance,
Zcpe is the constant phase element, and Zy, is the semi-infinite Warburg diffusion element related

to ion movement in PEDOT:PSS. The fit results are summarized in Table 5.1. The constant phase

. ... . . . 1,. —
element®®’ accounts for non-idealities in capacitance and is expressed by Z.pp = 5(1-w) n

wherej =+v—1,0<n<1, ois radial frequency, and Q is a constant with the dimension of farads

multiplied by seconds to the power of (n-1). If n=1, the expression is reduced to the case of an
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ideal capacitor. The exponent n is affected by roughness or porosity, which explains the lower n
value for the rough Ag/AgCl surface as seen in Fig. 1(a). The Warburg diffusion element is
expressed by Z, =R,,/Vw + R, /(j-Vw), where Ry, is the Warburg resistance, wo is a
characteristic radial frequency. In our case Z, is essentially negligible to electrophysiological

measurement as it affects the impedance only at very low frequency range < 0.5 Hz.
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Figure 5.2: Noise and impedance characterization of electrodes

(a) Noise power spectral density of various electrodes. Error bars were indicated by the shaded area and
calculated from averaging over a sampling period of 90 s. Gray line: commercial gold electrode. Orange
line: printed electrode where the PEDOT:PSS thickness is 2.8 ym. Blue dashed line: commercial Ag/AgCI
with hydrogel (3M part T716). Purple line: printed electrode where the PEDOT:PSS thickness is 9.9 pym.
Black line: amplifier noise. (b) Impedance magnitude and phase angle of the printed electrodes. The
thickness of PEDOT:PSS layer is 0 um (red, bare Ag/AgCl), 2.8 um (orange), 4.5 um (green), 6.8 um (blue),
and 9.9 um (purple). The error bars for the film thicknesses are provided in Table 1. The inset shows the
equivalent circuit model used for parameter fittings (solid lines).

Table 5.1: Fit values to the equivalent circuit model for the printed electrodes

PEDOT:PSS Rs [Q] R: [Q] Q [MF s n Rw [Qs™7]

thickness [um]

Bare Ag/AgClI 235 1636 0.47 0.60 -
2.8+0.3 148 623 2.50 0.82 28
45+0.5 119 916 4.13 0.84 33
6.7+0.8 89 1000 5.16 0.85 117
9.9+£1.0 87 1788 6.06 0.88 151
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With increasing PEDOT:PSS thickness, the electrode series resistance is reduced. The
charge-transfer resistance, along with the constant phase element, increases and indicates
capacitive characteristics becoming more dominant with thicker PEDOT:PSS films. The current
measured by impedance spectroscopy is consisted of two components, where the Faradaic
contribution is caused by electrochemical reaction on the electrode surface, and the non-Faradaic
component is due to charging of the double-layer capacitance at the electrode-electrolyte
interface. As the charge-transfer resistance increases, there is less Faradaic contribution.
Meanwhile, the non-Faradaic component increases, because thicker PEDOT:PSS films are still
permeable?®° to ions and larger surface areas enhance the electric double layer effect at low
frequencies. Overall, the low interface impedance of the printed electrodes is suitable for bio-
signal detection, since lower impedance would translate to higher SNR. In addition, the large

capacitance is also advantageous if the electrodes are to be used for electrostimulation.

The change in conductor resistance was examined as the elastomeric substrate was
stretched uniaxially along the length of printed lines with linewidth of 0.8 mm and thickness of 30
um (Figure 5.3.a). The conductor samples were straight lines for the purpose of determining the
stretchability limit of the printed Ag/AgCl blended with 6% elastomer. Higher tolerance to strain
would be achieved if the conductor traces were designed with other patterns such as serpentines
or fractals. The fabrication process here will be adaptable for implementing these geometries if
an increase in strain tolerance is needed. Without any geometric optimization, the printed Ag/AgClI
interconnect remained conductive up to 30% strain, which met the requirement for tolerating the
chest volume expansion during breathing. The Ag/AgCIl line was cracked and became open at
36.7% strain. The Ag/AgCI trace resistance R increased up to seven-fold from 0 to 30% strain
(Figure 5.3.b), and the resistance recovered to the original value Ro upon release (Figure 5.3.c).
For the conductor line where 9 pm of PEDOT:PSS was coated on top of the Ag/AgCl, the

resistance change with stretching was higher than the line without the coating, because the
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PEDOT:PSS layer showed cracks by 15% strain. Therefore, we confined the PEDOT:PSS coating
to the electrode areas for recordings and left the rest of the interconnect traces as Ag/AgCI to

minimize resistance change with stretching.
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Figure 5.3: Stretchability of electrodes

(a) Photograph of printed lines being stretched linearly to 30% strain (b) Change in resistance of linear
conductor traces under uniaxial stretching. Ag/AgCl blended with 6% elastomer, with 9 ym PEDOT:PSS
coating (red) and without coating (blue). (c) Change in resistance of linear conductor traces under uniaxial
stretching. The conductor line was Ag/AgCl blended with 6% elastomer and stretched at the indicated strain
value for 3 repetitions.

The electrodes on PEIE-modified PDMS substrate adhered to skin by van der Waals force,
allowing the electrodes to be deployed without conductive gel and adhesives that may be irritating
for long-term wear. Stretching may initiate delamination at the edge of the substrate, but prior
work®® has shown that the delamination would be mitigated by decreasing the substrate
thickness. The substrate stayed in place for several hours during light activities such as walking

or carrying out EMG movement tasks.

5.4.3 Application of concentric ring electrodes for electrophysiological measurements

The dry electrodes can be integrated into one band to incorporate multiple measurement
channels (Figure 5.4.a). Our substrate was connected to a stretchable textile to put the whole
device under tension to keep the headband in place. We had placed a band of printed electrodes
on a volunteer's forehead to measure alpha rhythm oscillations, which are prominent 10 Hz
signals shown in the EEG spectrogram. The oscillations were detected when the person closed
his eyes and gathered his concentration; otherwise, the signal disappeared, for example between

0-30 s and 60-90 s (Figure 5.4.b). The alpha rhythm oscillations occurred in the occipital lobe far
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from forehead where the electrodes were located. Since the alpha rhythm signals were not
localized at the forehead, there was no significant difference between the recordings of the left
and right electrodes on the band. However, in EMG and ECG measurement below, the spatial
resolution of the signals were enhanced and local signals were differentiated by the concentric

ring electrodes.
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Figure 5.4: EEG measurement with dry electrodes

(a) Photograph of the printed dry electrodes incorporated into one headband. EEG spectrogram of alpha
rhythm oscillations recorded by the dry electrode at F3 position according to the 10-20 system. (b) Time
traces of the EEG recording during the period with (top) and without (bottom) alpha rhythm oscillations.

The concentric ring electrodes were configured to take differential measurement between
the middle ring and the central electrode, and also between the outer ring and the central
electrode. The same electrodes were used as conventional “disc” electrodes by taking
measurement with only the central electrode, with respect to a reference electrode placed at
locations at which negligible EMG activity is expected, for example at the bony part of the

volunteer’s wrist for EMG.
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With the electrode design, there were two options to apply the Laplacian filter, namely the
bipolar and tripolar configurations?®. The bipolar configuration used the five-point approximation
commonly used for edge detection; the bipolar Laplacian potential was the difference between
the outer ring and the central electrode, with respect to the area inside the outer ring. The tripolar
configuration extended the filter to the nine-point approximation to increase localization, with a
tradeoff in adding complexity with an additional middle ring (Supplemental Fig. S1). The

approximation expressions?® for the two cases are

Bipolar Laplacian potential: Lg, = (;%(VO —Vp)

Tripolar Laplacian potential: Lz, = 3% [16(Vy —Vp) — (Vo — Vp)]

where Vj,, V), and V, are the potential measured from the inner disc, the middle ring and
the outer ring of an electrode, respectively, and r is the distance between the center of disc and

middle ring. In our design the spacing between the center of disc and outer ring is 2r.

The EMG measurement (Figure 5.5.a) compares the signals obtained from two dry
electrodes placed 45 mm apart on the forearm of a volunteer. As the volunteer clenched his hand
into a fist, neuromuscular potential was detected by both electrodes. Using the conventional
measurement technique, the two electrodes simultaneously recorded very similar signals (Figure
5.5.b), and as such implied that the spatial resolution was very low and the signals were practically
indistinguishable at distance <45 mm. Upon changing to the Laplacian differential method, in
which the signals at the concentric rings were measured with respect to the central disc, the EMG
signal at the location of electrode E2 was shown to be stronger than at location E1, since E2 is
closer to the neuromuscular potential source that activated the clenching movement (Figure
5.5.a-b). The Laplacian measurement distinguished the signal source location, offering better

spatial resolution than the approach based on comparing potentials of discrete electrodes.
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The signal-to-noise ratio for the bipolar and tripolar EMG signal was calculated by the

equation SNR = 20 * log \/ZiSfiZ / >:(Sr; — Sf;)? , where Sr is the raw signal and Sf is the filtered

signal. The SNR from the tripolar configuration is higher than that of the bipolar one in (Figure
5.5.c) with respect to an equivalent area of n(2r)2. If the bipolar Laplacian potential is measured
with respect to nr?, the SNR at the E2 location increases to 51.2 dB (Figure 5.5.c), because the
signal is localized within the area within the middle ring. Overall the signals were distinguishable
at the spatial resolution of r= 6 mm, corresponding to the distance between the middle ring and
the disc center of the printed electrode. The signal from the concentric ring electrode is compared
to the pair of conventional “disc” electrodes with the same sensing area. This spatial contrast of
6 mm from using concentric rings is much better than the previous limit from using disc electrodes,

where signals at 45 mm apart were hardly distinguishable.

a conventional b bipolar C tripolar
- 285dB | o~ 1.2} 253d8 | o 20f 33.8 dB
N | § o8} | § 1%
0.0 [rarhier \T ‘ I."\WWVT S 0.0 NV-r'm""fWWM !P'{"MVW-WW‘V S 0 "‘""'”'“\*'l'bN)’llﬁllﬁ/WM‘” 2y
S 01l i Eos} i E.10}
g ' ' A g E -20 ' A A
| 2 .°C£ § 20¢F 52.5dB
€ o1l 30.6dB ° o .
3 c e 10
a 00 ) S 0
8 8 1o
0.1} = 8-1
A S S -20 ' i '

0 1 2 3 4 5
Time (s)

Time (s)
Figure 5.5: EMG measurement with dry electrodes

Photograph of the dry electrode locations in EMG recordings. The EMG signals measured (a)
conventionally or with Laplacian filtering in (b) bipolar or (c) tripolar configuration. The SNR values are listed
in the upper right corner of each plot.

For ECG, we used our dry concentric ring electrodes to measure the potential difference
Vo — Vp (in units of uV) for comparison with signals from the standard 12-leads measurement.

There was no significant difference in signals of vV, — V;, and V,; — V, (shown in Supplemental Fig.
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S4), since the distance between the concentric rings used here is small (r= 6 mm) in relation to
cardiac physiology. Here we did not compute Laplacian potentials (in units of uV/cm?), because

typical ECG analysis does not require spatial derivatives.

The visualization of the PQRST peaks is very important for clinical diagnosis. It is
especially challenging to identify P peaks as they are the lowest of the ECG waves. P-waves
provide clues to atrial activities, but the signals are weak because there are fewer cardiac cells
involved in atrial activation than in other ventricular activities. The conventional Lead-| signal was
measured by monopolar commercial gel electrodes connected to the limbs (Figure 5.6.a).
Conventional Lead-I results typically show the highest P-waves when compared to measurement
at Vi, position?®®, but the limb positions are inconvenient for movement. With the compact dry
electrode, the signal was taken at a convenient core position. This signal V, — V;, from concentric
ring electrodes was small, because the distance between the outer rings and the central disc was
much shorter than the distance across the arm span (> 1 m) between the Lead-I electrode and
its reference electrode. Nevertheless, in terms of the P-wave amplitude with respect to the full
ECG peak-to-peak amplitude, the signal provided similar P-wave contrast (Figure 5.6.b).
Whereas the P-wave was at 13% for the Lead-I signal normalized by a peak-to-peak amplitude
of 342 uV, the P-wave was at 18% for dry electrodes signal normalized by 34 pV (Figure 5.6.b).
Hence, after amplitude normalization, the signals obtained by concentric ring electrodes maintain
good contrast for identifying P-waves associated with atrial activity. The compact concentric ring
configuration is reliable and comparable to the conventional limb leads and provides an additional

advantage of eliminating dangling wire connections that impede mobile monitoring.
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Figure 5.6: ECG measurement with dry electrodes

ECG electrode locations are indicated by the cartoon schematics. (a) Signal of Lead-l based on the
standard 12-lead protocol. (b) Signal measured by dry concentric ring electrodes at the core V1 location.

5.4.6 Printed Flexible Microelectrodes

For measuring signals at the cellular level, we devised a novel method combining inkjet
and electrohydrodynamic printing, and used a previously demonstrated sacrificial layer etch
method?®* to transfer the printed patterns onto a flexible substrate. Rigid substrates were prepared
for printing by cleaning and then spin coating with a layer of dextran, an aqueous-soluble
polysaccharide. The solvent was then removed by drying the coated substrate at 150 °C (Figure
5.7.a). Dextran was chosen here as the sacrificial layer due to its water-soluble nature, which
makes it compatible with elastomers by avoiding high-temperature processing steps and cell
culture by avoiding the use of harsh solvents. Dextran coated substrates are also suitable for high

fidelity deposition and release of patterns as compared to other water-soluble polymers30931°,
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Longer elements, namely traces for connection with external readout circuitry were
patterned on the dextran coated substrates by inkjet printing of a colloidal silver ink (Figure 5.7.a).
While lower resolution than other methods, inkjet printing allows for high-speed, multi-pass
printing yielding low impedance patterns. This was followed by the printing of micropillars at one
end of the traces using electrohydrodynamic (EHD) printing (Figure 5.7.b). Low frequency EHD
printing allowed for the printing of high-resolution vertical structures. Once the patterns were
printed, the elastomer or insulating polymer material was spin-coated on the printed pattern to
leave only the pillars exposed (Figure 5.7.c), and the insulating material was crosslinked. The
fabricated patterns were then either used as rigid microelectrodes or released by dissolving the
dextran in water, leaving the printed pattern embedded in the spin-coated elastomer layer (Figure

5.7.d) to form flexible microelectrode arrays.
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Figure 5.7: Schematic for fabrication of micropillar electrodes

(a) Traces were inkjet-printed using a colloidal silver ink on glass substrates coated with dextran. (b)
Micropillar electrodes were printed at the end of the inkjet printed traces using electrohydrodynamic printing
(c) A polymer or elastomer insulator layer was spin-coated on the electrodes such that only the micropillars
were left exposed. (d) The sacrificial dextran layer was dissolved by immersing the fabricated device in
deionized water overnight.
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The printed electrodes (Figure 5.8.a) were then imaged using scanning electron
microscopy, where we observed intact vertical micropillars covered by the elastomer (Figure
5.8.b). We also completed a preliminary assessment of the electrodes using electrical impedance
spectroscopy in the two electrode configuration, where the electrodes were immersed in a PBS

(Figure 5.8.c).
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Figure 5.8: Characterization of micropillar electrodes

(a) Image of a representative flexible electrode array. (b) Optical image of a micropillar on an inkjet printed
trace prior to elastomer encapsulation (left) SEM image of an encapsulated micropillar electrode (right). (c)
Electrical impedance spectroscopy curve for micropillar electrode (blue), bare inkjet printed trace (orange)
and fully insulated trace (grey)

For the insulating materials and elastomers, we tested polydimethylsiloxane (PDMS), SU-
8 and poly[4-vinylphenol] (PVP). Each of them suffered from certain drawbacks and further testing
and optimization is required to refine the choice and engineering of substrate materials. The
Young’'s modulus of PDMS (0.57 MPa to 3.7 MPa)*** did not confer sufficient rigidity to the
released PDMS film and caused it to collapse without sufficient stiff backing such as polyimide
(Figure 5.8.a). Secondly, PDMS does not adhere well to the glass and we observed that the
substrate as well can printed patterns can be damaged by mechanically active tissue like
cardiomyocytes. On the other hand the Young’s modulus of SU-8 (4.1 GPa)®! is sufficiently high

to confer structural rigidity to the released film, but the low wettability of SU-8 necessitates
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dropping SU-8 on the whole substrate and the resist seems to not be fully released from the
pillars, leading to insulator-like impedance. Finally, PVP has low viscosity and is able to insulate
the inkjet printed traces while exposing the micropillars but the films are not thick enough to be

released and the devices can only be used as rigid devices.

5.5 Discussion

In conclusion, we demonstrate printed dry electrodes on stretchable substrates that are
moldable to conform and provide good adhesion to skin for electrophysiological recordings of
EEG, EMG, and ECG, and for cutaneous stimulation during wound healing. These electrodes
with a PEDOT:PSS interface layer are optimized to a thickness that shows lower noise level than
that of commercial gel electrodes. The concentric ring geometry enables Laplacian filtering to
pinpoint the bioelectric potential source with spatial resolution determined by the ring distance.
The EMG and ECG recordings show enhanced localization of signal sources and the
measurement using concentric ring electrodes provides significant advantage in being much more
simple and easy to set up compared to using multiple discrete electrodes to extract Laplacian
potentials. This work shows a new fabrication approach to integrate and create designs that

enhance spatial resolution for high-quality electrophysiology monitoring devices at low cost.

We also present a preliminary demonstration of a novel method to fabricate flexible,
printed microelectrodes. This method overcomes the challenges associated with resolution and
wettability of elastomeric substrates associated with many printing technologies, by using
electrohydrodynamic printing to define the minimum dimension and printing on a sacrificial layer
on a rigid substrate. This method, with further development and optimization, could enable the
production of microelectrode arrays in easily reconfigurable geometries to monitor and stimulate
engineered tissues and organoids to assess function, drive maturation and study systems under

electrical perturbation.
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Chapter 6: Flexible Printed Electrodes for Stimulation

6.1 Abstract

Wound healing is a complex process involving diverse changes in multiple cell types
where the application of electric fields has been shown to accelerate wound closure. To define
the efficacy of therapies based on electric fields, it would be valuable to have a platform to
systematically study the effects of electrical stimulation upon the inflammation phase and the
activation of signaling mediators. Here, we report on an in vivo electrical stimulation model in
which flexible electrodes were applied to an animal model for monitoring inflammation in a wound.
Subcutaneous implants of polyvinyl alcohol sponges elicited inflammation response as defined
by the infiltration of leukocytes. The wound site was subjected to electric fields using two types of
additively fabricated flexible electrode arrays. The sponges were then harvested for flow
cytometry analysis to identify changes in phosphorylation state of intracellular targets. This
platform enables studies of molecular mechanisms, as it shows that an application of low
frequency electrical stimulation <0.5 Hz increased phosphorylation of Erk proteins in recruited

leukocytes, identifying a signaling pathway that is activated during the healing process.
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6.2 Introduction

Electrical stimulation has been found to be beneficial for the treatment of several disease
and injury states of electrically active tissue, such as for muscular injury32313, stroke3!3-318 spinal
cord injury®!® and neurological disease*?°. Conformal and flexible electrodes with high ionic charge
injection capacity are desirable for such applications as well. Such electrodes can match the
stiffness of the contacted tissue, enable placement of electrodes at appropriate locations, reduce
tissue damage, and enable sustained stimulation.

Acute and chronic wounds are a significant healthcare burden, and technologies for
wound management®21-323 gre highly desired. Since the endogenous electric field at wound sites
is a critical driver of the healing process®?4325, electrical stimulation (ES) of wound sites has been
proposed as a means to accelerate the wound healing process and supplement the standard of
care®®32% ES is thought to reduce the chances of infection, increase angiogenesis, and
accelerate cell migration. The effects of ES on cutaneous wound healing in animal®** as well as
clinical studies®?6328:331 have demonstrated that there is an unmet need for standardized platforms
to assess the efficacy of specific parameters in wound healing. Here we focus on the inflammation
phase. While in vitro studies have demonstrated the effects of electric fields on cell migration and
dissected parts of the molecular machinery driving these effects®3?-3% in vivo studies have
focused primarily on large scale changes like wound area and angiogenesis®?":3?8, In vivo studies
to gain insights into the molecular mechanisms of these effects have been limited, and a platform
for uncovering the complex interactions driven by ES in vivo would be a valuable complementary
tool to gain further mechanistic insights into the inflammation component of the wound healing
process.

Here we report a platform that enables sensitive in vivo studies of changes in protein levels
upon electrical stimulation at wound sites on mice. The platform consisted of a polyvinyl alcohol

(PVA) sponge which was implanted subcutaneously at the wound site. Instead of tissue
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extraction, this PVA sponge enabled the capture and investigation of infiltrating immune cells33*-
338, Using subcutaneous implants of PVA sponges, we were able to establish data in animal
models that can be measured in a laboratory setting. Such PVA sponges could be used as
subcutaneous implants in humans with appropriate controls in a clinical setting®*°. The additively
printed®¥%34 ES electrodes used in this study were flexible with enhanced adhesion to skin,
allowed precise control over stimulation locations, and were optimized for improved charge
injection capacity3#2343, As prior meta-studies®?6-328:331 show that there is ongoing debate over the
types of ES parameters necessary for wound treatment, the magnitude and frequency of ES
waveforms were varied here to examine their effects on immune cells in mice wound models.

To assess the effects of ES, the cells captured in the PVA sponge were analyzed via flow
cytometry, which enabled high-throughput measurement of cell populations and intra-cellular
protein levels at the single cell level**4. The multi-parametric flow cytometry analysis allowed us
to isolate signals from specific sub-populations of cells, to rapidly distinguish different cell types

in particular immune cells and investigate cell-type specific signal transduction pathways.

We demonstrate the versatility of the platform by investigating markers for two different
signaling pathways that mediate immune cell response to ES, specifically phosphorylation-driven
signaling events. Phosphorylation plays a key role in regulating protein activities, and plays an
important role in driving signaling cascades®*® which guide cellular response to external stimuli.
We focus on the Mapk (mitogen activated protein kinases)/Erk (extracellular signal-regulated
kinases), and PI3k (phosphatidylinositol 3-kinase)/Akt (protein kinase B) pathways, which are
known to play roles in immune cell activation and development346-351 and also known to play a

role in cell migration during wound healing3333%°,
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6.3 Materials and Methods

6.3.1 Wearable Screen-Printed Electrode Fabrication

Electrodes were fabricated as detailed previously®®. The substrate was
polydimethylsiloxane (PDMS from Sylgard 184, Dow Corning) modified with a solution of 80%
ethoxylated polyethylenimine (PEIE, Sigma-Aldrich). The PDMS base and curing agent were
mixed in a 10:1 ratio by weight, and 35 ul of PEIE was added per 10 g of the PDMS mixture to
reduce the Young’s modulus and roughen the surface to increase adhesion by Van der Waal

force.?®? This mixture was degassed and poured into a mold to cure at 90 °C for 3 hr.

To pattern electrodes, conductive pastes was applied through a laser-etched stencil mask
(Metal Etch Services, San Marcos, CA) using a blade coating applicator (Gardco). Each electrode
had a diameter of 3 mm, while the center-to-center distance of the inner to outer electrodes was
9 mm. The interconnects and electrodes were patterned via screen printing through metal etched
stencil masks. The silver/silver chloride ink (E2414, Ecron) was mixed with Ecoflex-50 (Smooth
On) at 94:6 weight ratio to increase electrode stretchability. This ink was annealed at 90 °C for 5
min. The poly(3,4-ethylenedioxythiophene) polystyrene sulfonate ink was formulated with 1 g of
screen-printable PEDOT:PSS mixed with 0.4 ml of ethylene glycol to increase electrode
conductivity, 5 pl of 4-dodecylbenzenesulfonic acid as a surfactant, and 40 mg 3-
glycidoxypropyltrimethoxysilane as a crosslinker. This PEDOT:PSS ink was deposited through a
second stencil mask to cover the ends of the Ag/AgCl traces and cured at 120 °C for 1 hr. A layer
of PDMS was deposited on top of the Ag/AgCI traces to encapsulate and isolate them from the
skin. Thin wires were embedded in the encapsulation layer to connect the printed electrodes to

the power supply and measurement equipment for stimulation.
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6.3.2 Wearable Inkjet-printed Electrode Fabrication

Inkjet-printed electrodes were fabricated as detailed previously®*'. Harima gold nanopaste
ink was printed on polyethylene naphthalate substrates with 30 um drop spacing using a Dimatix
Materials Printer (DMP-2800) to form the gold interconnects. Printed gold nanopaste ink was
cured with a slow ramp annealing step (30-230 °C with 0.7 °C/min ramp), followed by a constant
temperature bake at 230 °C for 1 hr. Vias were then laser-cut in a Teflon tape and the tape was
placed on top of the printed gold electrodes to act as the encapsulation layer.

To test charge injection capacity, we compare electrodes with or without PEDOT:PSS
coated on top of the electrode ends. And because of this test, we use Au for the exposed
electrodes instead of Ag, since Ag would be oxidized in the presence of aqueous solutions or
hydrogels when ES was applied. Nonetheless, if the Ag was covered by PEDOT:PSS, the
oxidization issue is negligible and not observed. To coat PEDOT:PSS on the electrodes, a Kapton
tape was laser cut to be used as a mask for stencil printing, and placed on the electrode array
with openings aligned to the electrode ends. PEDOT:PSS was then stencil-printed through this
mask and annealed at 100 °C for 10 minutes. The Kapton tape was then gently peeled off from
the Teflon surface, leaving the intact electrode array and encapsulation layer. To increase the
adhesion of the arrays on wound sites, a double sided tape was attached to the electrodes. Vias
to the electrodes were formed by a laser cutter.

For impedance mapping, low impedance hydrogels were made with 10% (w/v) gelatin
dissolved in phosphate buffered saline (PBS), and high impedance hydrogels were made with
10% (w/v) gelatin dissolved in distilled water. Gels were warmed to 37 °C and deposited side by

side on a glass slide for impedance measurements.

6.3.3 PVA Sponge Implant and Harvest
Implantation of PVA sponges (PVA Unlimited, Warsaw, IN) was performed in 6-8 week

old male C57BL/6 mice as described in Refs. % and 2. PVA sponges were hydrated in
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phosphate buffered solution, autoclaved and then aseptically implanted subcutaneously in the
back of the mice. Briefly, hair was shaved from the back of the mouse, an incision made to lift the
skin, and the PVA sponge placed subcutaneously, after which the incision was sutured closed.®*?
Three days after sponge implantation, mice were electrically stimulated with constant-current
square-wave pulses for 1 hr. All mouse procedures were approved by the UCSD Institutional
Animal Care and Use Committee. Sponges were removed after stimulation experiments and
processed to wash out cells for flow cytometry analysis by collecting sponges in 1 mL sterile PBS,
the sponge compressed gently to release cells for subsequent fixation, permeabilization, and flow

cytometry analysis.

6.3.4 Electrical Stimulation

Each individual electrode was coated with a drop of conductive hydrogel (SignaGel,
Parker Laboratories Inc.) with a pipette tip immediately before use. The gel layer ensured
electrical contact between the mice skin and the electrodes. Mice with implanted PVA sponges
were then anesthetized using isofluorane. Once the animals were not responsive, they were
placed in nose cones for the stimulation procedure. The skin around the wound site was cleaned
with isopropanol wipes. The electrode array was placed on the wound site, such that the central
electrode was aligned on top of the implanted PVA sponge, while the outer ring of electrodes
surrounded the wound area (Fig. 1C). The electrode array was secured via surgical tape, with
even pressure applied over the wound site to keep the array in place during the course of the
stimulation. Sham mice underwent the same procedure but were not electrically stimulated, as
the electrode arrays were disconnected from the power supply. For mice subjected to electrical
stimulation, the electrodes were connected to a Keithley 2400 Source Meter (Tektronix).
Constant-current square-wave pulses of the desired frequency were programmed via custom
software implemented in LabView (National Instruments). The central electrode was connected

to ground, while the outer electrodes were all connected to the positive terminal of the power
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supply. Stimulation was applied for 1 hr before the PVA sponge was harvested for further
processing. The applied current was limited to a maximum of 600 pA, and the voltage was limited

to below 5 V. Thus the applied electric field was up to 1 V/mm.

6.3.5 Immunostaining and Flow Cytometry

Cells harvested from the PVA sponges were analyzed via flow cytometry. Harvested cells
were fixed and permeabilized cells, then labelled with CD45-VioGreen (130-110-803; Miltenyi
Biotec, Bergisch Gladbach, Germany), CD11b-APC-Vio770 (130-109-288; Miltenyi Biotec),
Ly6C-APC (130-102-341; Miltenyi Biotec) and either P-Erk (Cell Signaling, #14095) or P-Akt (Cell
Signaling, #5315). For analysis of viability, a subset of the harvested cells was labelled with
propidium iodide (130-093-233; Miltenyi Biotec) without fixing and permeabilization and analyzed
via flow cytometry.
6.3.6 Flow Cytometry Analysis

Flow cytometry data was analyzed using FlowJo software (FlowJo LLC, Ashland, OR) and
statistical analysis was performed in R. Statistical significance was determined by two-sided
Mann-Whitney U-test with p < 0.05. The mean fluorescent intensity of each data point was
normalized to the average of the sham data points for each particular experiment. The figures
follow the convention for plotting flow cytometry data, for which the numerical values are not

included on the axes.

6.4 Results

6.4.1 Printed electrodes for electrical stimulation of cutaneous wounds

In addition to their performance for electrophysiological measurements, we also used

these dry electrodes for in vivo electrical stimulation in the context of wound healing.
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To study the effects of stimulation a wound model was created on the dorsal region of a
6-8 weeks old male C57BL/6 mouse (Figure 6.1.a). Following the subcutaneous implantation of
PVA sponges into the mice, they were maintained in an unstimulated state, without electrodes
attached, to enable the normal leukocyte infiltration for 3 days after sponge implantation as
previously described.®*® Afterwards, mice were electrically stimulated with constant-current
square-wave pulses for 1 hr at varying currents and frequencies (Figure 6.1.b-c). The stimulation
current range was chosen based on previous studies applying electrical stimulation to wound
areas in animal models and patients.3?¢3% We chose to apply a monophasic current stimulation,
hypothesizing that applying an exogenous electric field in the same direction as the wound field3?*
would maximize the effect of stimulation, while the pulsed nature of the applied field would

minimize heating effects and any electrochemical effects in the vicinity of the electrodes33-3%,
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Figure 6.1: Experimental framework to study the effect of electrical stimulation during wound
healing

(a) Schematic of the experimental workflow. Cells infiltrated in the sponge are harvested for analysis by
flow cytometry. (b) Schematic of the stimulation waveform. (c) Table listing the stimulation parameters.
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The ES electrodes used in this study were additively printed to integrate the wires for easy
placement and precise control of stimulation over different wound regions. Two types of
electrodes were fabricated and tested, to demonstrate applicability across different electrode
geometries and substrate characteristics, as well as to demonstrate applicability with high density
electrodes which can be used for spatial mapping. Specifically, we used a low density, stretchable
array fabricated on a substrate with strong adhesion characteristics via facile screen printing
(Figure 6.2.a-b), and a high density array fabricated via inkjet printing, suitable for impedance

mapping (Figure 6.2.c).

The screen-printed array was fabricated on a stretchable substrate made of the silicone
elastomer polydimethylsiloxane (PDMS), into which a small amount of ethoxylated
polyethylenimine (PEIE) was added. This addition of PEIE has been shown to modify the PDMS
cross-linking network to increase stretchability and Van der Waals adhesion by introducing
microscale wrinkles on the elastomer surface,?8?34° thus serving as a good substrate for devices
which need to adhere to skin. The electrodes consisted of a central electrode and four equally
spaced outer electrodes (Figure 6.2.a-b). During stimulation the central electrode was placed on
the wound site while the outer electrodes were on unwounded tissue. This configuration allowed
an electric field to be directed from inside to outside the wound area or vice versa. The
interconnects were patterned by blade-coating Ag/AgCl ink mixed with a stretchable elastomer
(Ecoflex),° vyielding stretchable traces with high conductivity of 2000 S*cm to enable low-

impedance connections between the electrodes and controller hardware.

The inkjet-printed array in (Figure 6.2.c) was fabricated on a flexible polyethylene
naphthalate substrate by printing gold interconnects using a gold nanoparticle ink.3** The traces
were insulated by attaching a Teflon tape on top, with vias in the tape having been cut by a laser-
cutter. The finer patterning capability of the inkjet printing process allows for rapid prototyping and

fabrication of high-density arrays. We demonstrated the capability of these arrays to map areas
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of varying impedance, as found in wound areas which would have lower impedance in regions
with damaged skin compared to undamaged skin. We used hydrogel phantoms to create areas
of low and high impedance (Figure 6.2.d) and measured the impedance magnitude and phase
angle between pairs of neighboring electrodes. Measurements of the impedance angle distinguish

the regions of low and high conductivity (Figure 6.2.e) as discussed previously®?,

Both screen-printed and inkjet-printed electrodes were covered with a conducting polymer
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) to provide a stable,
biocompatible interface,?81:340:3%6-358 frther lower the impedance at the electrode-skin interface,
and provide a greater charge injection capacity for ES than metal surfaces.?23* As shown
(Figure 4.9.1), the electrodes without PEDOT:PSS coated on the ends exhibited a reduction in
current supplied over time, reducing from 300 pA to less than 10 pA current after 40 minutes,
while the PEDOT:PSS coated electrodes maintained the current magnitude for the full 1 hr
stimulation time. The electrode arrays with PEDOT:PSS were then used in our ES studies
comparing the effects of applied current amplitudes and frequencies (Figure 6.1.c). The ES
power supply was in constant-current mode, and voltage was monitored to limit the voltage to a

maximum of 5 V.
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Figure 6.2: Printed electrode design and testing

(a) Fabrication process of screen-printed electrodes (b) Schematic of the stimulation setup and photograph
of electrodes mounted on top of the wound site, where the implanted sponge was beneath the center
electrode. Scale bar: 9 mm. (c) Fabrication process for inkjet-printed electrodes. (d) Demonstration of
impedance mapping using inkjet-printed electrodes on hydrogel phantoms. Scale bar: 5 mm (e) Spatial
maps of impedance magnitude and angle between pairs of neighboring electrodes. Black dots indicate
electrode location. (f) Current vs time during stimulation for electrodes with and without PEDOT:PSS
coating. For stimulation tests on both sets of electrodes, a 300 pA square wave with duty cycle of 71.4%
was applied, with voltage limited to a maximum of 5 V.
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6.4.2 Assaying the effects of stimulation on wound-infiltrating leukocytes

To determine whether ES would have any deleterious effect on cell viability, we assessed
the fraction of live cells at the applied current magnitudes of 300 uA and 600 pA. The applied
square waveform frequency was at 2.3 mHz (a period of 7 min, with 5 min on to 2 min off for each
duty cycle as detailed in Fig. 1C), and only current magnitudes were varied. After stimulation, the
PVA sponges were extracted from the wound site, and cells were harvested from the sponge. A
subset of the harvested cells were treated with the stain propidium iodide, which selectively enters
and labels only dead cells due to their greater membrane permeability. The treated sample was
analyzed using flow cytometry. The single-cell population was obtained by gating the single-cell
region of forward- and side-scatter signals (Figure 6.3.a). In this single-cell subset, viable cells
were ones not permeated by the propidium iodide dye and were counted within the indicated
region of interest. The percentage of viable cells were calculated (Figure 6.3.b), with no

significant differences in viability observed between ES applied at 300 pA, 600 pA, and sham.
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Figure 6.3: Effect of stimulation current magnitudes on cell viability

(a) Flow cytometry analysis workflow. Gating region for scattered light signals from single cells (left), and
for fluorescence signal from dead cells by propidium iodide viability stain (right). SSC is the signal from
side-scattered light and FSC is the signal from forward-scattered light. (b) Comparison of viability for
different applied current magnitudes vs sham. The stimulation was at 2.3 mHz for 1 hour, with o
representing one-day experiments, and Orepresenting three consecutive days of applying stimulation or
sham condition. “ns” indicates not significant p-value > 0.05.

To demonstrate the applicability of the platform to study cell types that are characteristic
of the inflammatory phase of wound healing, and more physiologically relevant compared to in
vitro systems, we chose to focus on CD45" infiltrating leukocytes cells. As the viability was
determined to be unaffected by ES, a subset of the harvested cells were fixed, permeabilized and
labelled with fluorescently-tagged antibodies against the pan-leukocyte surface marker CD45,
phosphorylated Erk or phosphorylated Akt to assess which pathways were activated in infiltrating
immune cells upon application of ES (Figure 6.4.a). The phosphorylation of Erk was determined
based on the role of the Mapk/Erk signaling cascade regulating the response to extracellular

stimuli such as growth factors and extracellular matrix that mediate cellular responses including
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proliferation, activation, differentiation and survival®*®. Phosphorylation of Akt was determined
based on its role in the PI3k/Akt signaling network in regulating cell survival, angiogenesis,

chemotaxis, activation and maturation®*.

Using the same waveform as the above viability evaluation, we examined the effect of
varying current magnitudes on phosphorylation of Erk and Akt using site specific antibodies to
each target in permeabilized CD45* cells. Following flow cytometry, single cells were gated, and
within this subset, the CD45" population gated for analysis in. Here the stain CD45 was used to
identify inflammatory leukocytes, since it is a pan-leukocyte marker,° and thus capturing the Erk
or Akt signal across multiple CD45* cell types. CD45* cells were assessed for phosphorylated Erk
(P-Erk) or Akt (P-Akt) fluorescence intensity, as shown in exemplar (Figure 6.4.a). To confirm
that ES effects were not driven by factors specific to the electrode geometry or materials, we
conducted ES experiments with both, the screen-printed and inkjet-printed electrodes. With the
high-density inkjet-printed array, the electric field between the wound site and the intact tissue

were adjusted to be at a similar magnitude as the experiments with low-density electrodes.

We observed that ES at both 300 yA and 600 A increased P-Erk compared to the sham
controls (Figure 6.4.b). Thus we used the 300 pA current to be safely within the viability and
effective ES range in the subsequent experiments. As such, we also found that the increase in P-

Erk level was comparable regardless of electrode density.

Next, we tested whether the frequency of stimulation could modulate the response of the
Erk pathway, since the frequency dependence of signaling pathway activation has been observed
previously in vitro.*®%26! The frequency of the square wave pulse was varied over 6 orders of
magnitude to discern the frequency dependence of Erk or Akt phosphorylation. P-Erk levels were
observed to be increased over sham at low ES frequencies, 2.3 mHz and 0.5 Hz, while no

significant effect was observed for ES at the higher frequencies tested (Figure 6.4.c). In contrast,
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P-Akt levels were unaffected by the application of ES across all the frequency range tested
(Figure 6.4.d), thus indicating that the Erk pathway is among the earliest signaling pathways
involved in the transduction of electrical signals in immune cells. The increase in P-Erk levels at
2.3 mHz low frequency stimulation was consistent across both electrode densities tested. The
results show that Erk pathway activation is preferred over Akt after electrical stimulation and

demonstrates feasibility to study intracellular changes based on our platform.
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Figure 6.4: Electrical stimulation-driven activation in immune cells

(a) Flow cytometry gating and signal measurement workflow. Gating regions for scattered light signal from
cells, CD45+ stained cells, and representative histograms of phosphorylated Erk signals. (b) Mean
fluorescence intensity (MFI) of Erk phosphorylation in CD45+ cells, for different applied current < 0.5 Hz.
(c) MFI of Erk phosphorylation and (d) MFI of Akt phosphorylation in CD45+ cells. (c) and (d) are carried
out under an applied current of 300 uA amplitude. Data points represented by o are for experiments
conducted with inkjet printed electrodes; data points represented by A are for experiments conducted with
screen-printed electrodes. * indicating p-value < 0.05, and ** indicating: p-value < 0.01. “ns” indicates not
significant p-value > 0.05.
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6.5 Discussion

The PVA sponge implant model to define the inflammation component of wound healing,
combined with stretchable electrode arrays, offers a versatile platform to examine the effects of
ES parameters on molecular mechanisms that occur during the wound healing process. This
approach provides a molecular readouts relevant in leukocytes that can be readily expandable to
other pathways using the range of available and well-characterized phosphorylation state-specific
antibodies. We observed that the Erk pathway is activated in inflammatory leukocytes when low
frequency electrical stimulation <0.5 Hz is applied at the wound site. In contrast, the Akt pathway
was not affected by ES application. Future studies may be directed towards identifying the
different signaling pathways in sub-populations of cells that are activated during the healing
process, thus helping to build a comprehensive map of cell-type specific signal transduction
networks driving wound healing. Such a map could then be harnessed to develop advanced
solutions to accelerate wound healing.
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Chapter 6: Conclusions and outlook

Since the discovery of pluripotent stem cells and especially of iPSC technology, they have
been employed to make incredible progress in the modeling of development and disease, drug
discovery and for regenerative medicine. Still, considerable progress remains to be made on

utilizing PSCs to assemble functional, complex human tissue.

6.1 Stem cell differentiation

While there exists a dizzying array of methods to differentiate various cells present in the
human body from PSCs, many of these — especially those which utilize chemically directed
differentiation — suffer from the drawbacks of complexity, length and low yield. On the other hand,

those employing reprogramming methods are promising but tedious to discover.

In chapter 2, we explored a solution to this conundrum by developing a high-throughput
screen with an information-rich transcriptomic and fitness readout using gene overexpression
combined with single cell RNA-sequencing to discover reprogramming recipes and study the
effects of overexpression. This approach enabled the rapid construction of gene regulatory
networks and the elucidation of the effects of overexpression, such as the induction of fates
toward the epithelial and mesenchymal direction by KLF4 and SNAI2 respectively. As well as the
direct discovery of reprogramming factors, such as ETV2 which we found differentiates PSCs to
an endothelial-like fate. This method also has the potential to explore combinatorial effects of

overexpression since it enables the precise mapping of perturbagens to each cell.

6.2 Modeling disease states

The transition of cells from healthy to diseased states is influenced not only by cell intrinsic,
but also extrinsic factors such as the microenvironment. While animal models provide an avenue
to model cells in their native environment they do not capture human-specific biology, thus

enabling the study of human cells in settings similar to their in vivo niche is a critical need.
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Specifically, to study neoplastic transformation it is necessary to follow cell state changes over
time, as healthy cells gain a transformed phenotype. Such studies require access to healthy, wild
type cells, a means to perturb them with oncogenic drivers, and a means to assay their

transformation potential and proliferative advantage.

In chapter 3, we developed a highly multiplexed screening method which leveraged the
diverse cell types generated in spontaneously differentiated teratomas in combination with the
scRNA-seq based screening method developed in chapter 2, and serial re-injection of proliferating
tumors to study the tissue-specific effectors of oncogenic transformation across genes, variants
and lineages. This platform allows for the spatiotemporal profiling of human tumor development
in an in vivo setting, and allows for the longitudinal study of neoplastic transformation and cancer
progression. We demonstrated the potential of the platform by profiling over 20 lineages and over
50 drivers in a single multiplex assay, finding that MY C alone or in combination with myristoylated
AKT1 drove the transformation of neural lineages, while MEK15218/5222D drgve proliferative

advantage in mesenchymal, fibroblast-like lineages.

6.3 Vascularization of Engineered Tissue

While in vivo implantation is a viable and promising avenue for disease modeling, it
generates chimeric tissue which may not be applicable for regenerative medicine and may miss
some aspects of human-specific biology since elements like the vasculature are often generated
from the host system. On the other hand, organoids have made tremendous progress as stem
cell-derived models of organotypic tissue but they suffer from a few challenges, among them: the
inability to derive cross-germ layer cell types and lack of vascularization which prevents large

scale growth.

In chapter 4, we developed a method to introduce parenchymal cell types into blood vessel

organoids by combining gene overexpression with chemically directed organoid differentiation.
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Overexpression of the lineage-specifying transcription factors NEUROD1 and MYOD1 overrode
chemical cues to drive neuronal and skeletal muscle identities, while the directed differentiation
generated functional, complete blood vessel networks integrated with the parenchymal cells. This
method may serve to create organoid building blocks to derive large scale tissues for eventual

regenerative medicine applications.

6.4 Flexible Electronics for Electrophysiology and Stimulation

To fully enable the use of engineered tissue, major efforts are being directed toward
devices for monitoring and perturbation of tissue in vitro and in vivo. Traditional electronic devices,
composed of inorganic conducting and semiconducting materials and fabricated on rigid
substrates, are sub-optimal for monitoring signals from the soft, deformable and curved surfaces
of the body. Flexible electronic devices fabricated from both inorganic and organic materials offer
a growing body of viable alternative devices. Flexible devices offer superior performance through
conformal contact, deformability and enable aspects like long term wearable monitoring and

stimulation devices.

In chapter 5, we enable the measurement of electrophysiological signals with high spatial
resolution through the development of stretchable concentric electrodes fabricated as a hybrid of
inorganic and organic materials. Silver was used to deposit traces for interfacing with external
input/output circuitry, while PEDOT:PSS was used as an interface layer between the silver and
skin, resulting in low noise measurements of clinically relevant electrical signals without the use
of conductive gels. We used a highly stretchable and adhesive substrate made of PDMS modified
by PEIE to enable wearability and conformal contact. In chapter 6, we also applied these and
inkjet-printed electrodes toward electrical stimulation during wound healing, creating a platform

technology which allowed the study of of the immune response during wound healing.
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Finally, in a preliminary demonstration, we combined inkjet and electrohydrodynamic
printing to fabricate flexible micropillar electrodes to potentially enable a facile method to create
flexible microelectrode arrays for the measurement of local field potential in vivo, from organoids

and other engineered tissue.

6.5 Future scope

Taken together, we have demonstrated a multi-faceted toolkit for the engineering and
monitoring of human, organotypic tissue in health and disease. Looking ahead there are several

aspects of these systems which can be optimized, enhanced or reimagined.

There are estimated to be approximately 1600 TFs in the human genome, and while
searching for reprogramming recipes involving single TFs has been demonstrated across all
human TFs®*2, most recipes consist of combinations of TFs and screening combinations
experimentally quickly becomes unfeasible as the number of combinations is increased. Thus,
computational methods®®3-3% to rationally design screening libraries is a must. Rationally chosen

libraries can be combined with reporter assays and single cell screens to enable rapid discovery.

Further, while the introduction of other cell types into organoids has been demonstrated,
there is no spatial control over how these cells are induced or arranged, and they remain in
immature phenotypes not reaching the maturity of adult tissue. Several methods could be adapted
to drive spatial organization, including synthetic biology techniques which can induce specific
gene expression upon cell-cell contact?®* and programmable morphogen gradients®¢, as well as
optogenetic methods?%22%3 which can control gene expression and differentiation using light-
inducible dimerization. Beyond this, organoids can be combined with methods like bioprinting® to

enable the creation of tissues of translationally relevant sizes.
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Finally, much progress remains to be made in the development of devices for long term
monitoring and stimulation of tissue. Intrinsically stretchable and geometrically designed
stretchable electronics can both be utilized for these aims. The development of electrode-
embedded organoids?®® and embedding high resolution electrode arrays in vivo®73¢ to
spatiotemporally map electrical and chemical signals, as well as to precisely perturb tissues via
stimulation and controlled chemical release will help unravel biology and enable the creation of

novel therapies.
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Appendix

DNA sequences from Chapter 2

EFla + Kozak Sequence + mCherry + P2A + Hygromycin Resistance + Barcode

cgtgaggctccggtgcccecgtcagtgggcagagcgcacatcgcecccacagtececccgagaagttggggggaggggtcecgge
aattgaaccggtgcctagagaaggtggcgcggggtaaactgggaaagtgatgtcgtgtactggectcececgectttttee
cgagggtgggggagaaccgtatataagtgcagtagtcgccgtgaacgttctttttecgcaacgggtttgeccgeccagaa
cacaggtaagtgccgtgtgtggttcccgecgggectggectectttacgggttatggeccttgegtgecttgaattact
tccacctggctgcagtacgtgattcttgatcccgagecttcgggttggaagtgggtgggagagttcgaggecttgegce
ttaaggagccccttecgectegtgettgagttgaggectggectgggegetggggecgecgegtgecgaatetggtgge
accttcgcgcecctgtctcecgetgectttcgataagtctctageccatttaaaatttttgatgacctgectgecgacgettttt
ttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggccgecgggeggcga
cggggcccgtgcgtcccagcgcacatgttcggcgaggcggggcecctgcgagecgcggccaccgagaatcggacgggggt
agtctcaagctggccggcectgctctggtgectggecctecgecgecgecgtgtatcgeccecgecctgggecggcaaggetyg
gcccggtcggcaccagttgecgtgagcecggaaagatggceccgcectteeccggecctgetgcagggagcectcaaaatggaggac
gcggcgctcgggagagcgggcgggtgagtcacccacacaaaggaaaagggcectttecgtectcagecgtegetteat
gtgactccacggagtaccgggcgccgtccaggcacctcgattagttctecgagettttggagtacgtecgtectttaggt
tggggggaggggttttatgcgatggagtttccccacactgagtgggtggagactgaagttaggccagecttggecactt
gatgtaattctccttggaatttgcecctttttgagtttggatcttggttcattctcaagectcagacagtggttcaaa
gtttttttcttccatttcaggtgtcgtgaggaattagcttggtactaatacgactcactatagggagacccaagctg
gctagttaagcttgatatcgaattcctgcagecccgggggatccaccggtecgecaccatggtgagcaagggcgaggag
gataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacgagttcga
gatcgagggcgagggcgagggccgcecccctacgagggcacccagaccgecaagectgaaggtgaccaagggtggecccec
tgcccttcecgectgggacatcectgtcececcecctcagttcatgtacggectceccaaggectacgtgaagcacccececgecgacate
cccgactacttgaagctgtcecttecceccgagggecttcaagtgggagegegtgatgaacttecgaggacggecggegtggt
gaccgtgacccaggactcctccecctgcaggacggcgagttcatctacaaggtgaagectgecgecggecaccaactteeect
ccgacggccccgtaatgcagaagaagaccatgggctgggaggcectcecctceccgagecggatgtacceccgaggacggcgcece

ctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaa
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ggccaagaagcccgtgcagctgcecccggecgectacaacgtcaacatcaagttggacatcacctcecccacaacgaggact
acaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggeggcatggacgagectgtacaagGGATCC
GGCGCAACAAACTTCTCTCTGCTGAAACAAGCCGGAGATGTCGAAGAGAATCCTGGACCGATGAAAAAGCCTGAACT
CACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGAGGGCG
AAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTC
TACAAAGATCGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAATT
CAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGC
CCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGL
CCATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTA
TCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCG
AGGACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATA
ACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCC
GTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGCAGGATCGCCGCGGLCTCC
GGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGG
GCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCGC
GGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAA
AGGAATAAGTTAGAACTATTTCCTGGCTGTTACGCGNNNNNNNNNNNNNNNNNNNNCTACTGACGGGCTTGTTAAAC

AGTG

ASCL1

ATGGAGTCTTCTGCTAAAATGGAGTCCGGAGGCGCGGGACAACAACCACAACCGCAACCACAACAACCCTTCCTGCC
GCCGGCCGCATGTTTTTTCGCGACCGCTGCTGCTGCTGCAGCGGCGGCGGCTGCTGCCGCCGCGCAATCCGCCCAAC
AGCAACAACAACAACAGCAGCAGCAGCAACAAGCGCCTCAACTTCGACCCGCTGCAGACGGGCAGCCCTCAGGGGGA
GGGCACAAGAGCGCTCCGAAGCAGGTTAAAAGGCAGAGGAGCAGTAGTCCCGAACTGATGCGATGTAAGAGGCGCCT
CAATTTTAGCGGTTTTGGTTACTCTTTGCCCCAGCAGCAGCCGGCTGCCGTAGCTCGCCGAAATGAGCGGGAAAGGA
ACCGCGTTAAACTTGTGAATCTCGGTTTCGCGACACTTCGAGAGCACGTACCAAATGGGGCAGCTAACAAGAAAATG
AGTAAAGTTGAGACACTGCGGTCTGCAGTGGAGTATATTAGAGCTCTTCAACAATTGCTTGACGAGCACGATGCCGT

ATCAGCCGCATTTCAAGCCGGGGTGCTGTCCCCAACAATATCTCCGAACTACAGCAATGATCTTAATAGCATGGCGG
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GAAGTCCCGTTTCCTCCTACTCCTCTGATGAGGGCAGCTACGACCCTCTCAGTCCCGAGGAGCAAGAGCTTCTTGAC

TTCACTAACTGGTTC

ASCL3

ATGATGGACAACAGAGGCAACTCTAGTCTACCTGACAAACTTCCTATCTTCCCTGATTCTGCCCGCTTGCCACTTAC
CAGGTCCTTCTATCTGGAGCCCATGGTCACTTTCCACGTGCACCCAGAGGCCCCGGTGTCATCTCCTTACTCTGAGG
AGCTGCCACGGCTGCCTTTTCCCAGCGACTCTCTTATCCTGGGAAATTACAGTGAACCCTGCCCCTTCTCTTTCCCG
ATGCCTTATCCAAATTACAGAGGGTGCGAGTACTCCTACGGGCCAGCCTTCACCCGGAAAAGGAATGAGCGGGAAAG
GCAGCGGGTGAAATGTGTCAATGAAGGCTACGCCCAGCTCCGACATCATCTGCCAGAGGAGTATTTGGAGAAGCGAC
TCAGCAAAGTGGAAACCCTCAGAGCTGCGATCAAGTACATTAACTACCTGCAGTCTCTTCTGTACCCTGATAAAGCT
GAGACAAAGAATAACCCTGGAAAAGTTTCCTCCATGATAGCAACCACCAGCCACCATGCTGACCCTATGTTCAGAAT

TGTTTGCCCAACTTTCTTGTACAAAGTTGTCCCC

ASCL4

ATGGAGACGCGTAAACCGGCGGAACGGCTGGCCTTGCCATACTCGCTGCGCACCGCGCCCCTGGGCGTTCCGGGGAL
CCTGCCCGGACTCCCGCGGAGGGACCCCCTCAGGGTCGCCCTGCGTCTGGACGCCGCGTGCTGGGAGTGGGCGCGCA
GCGGCTGCGCACGGGGATGGCAGTACTTGCCCGTGCCGCTGGACAGCGCCTTCGAGCCCGCCTTCCTCCGCAAGCGC
AACGAGCGCGAGCGGCAGCGGGTGCGCTGCGTGAACGAGGGCTATGCGCGCCTCCGAGACCACCTGCCCCGGGAGCT
GGCAGACAAGCGCCTCAGCAAAGTGGAGACGCTCCGCGCTGCCATCGACTACATCAAGCACCTGCAGGAGCTGCTGG
AGCGCCAGGCCTGGGGGCTCGAGGGCGCGGCCGGCGCCGTCCCCCAGCGCAGGGCGGAATGCAACAGCGACGGGGAG

TCCAAGGCCTCTTCGGCGCCTTCGCCCAGCAGCGAGCCCGAGGAGGGGGGCAGC

ASCLS

ATGCCGATGGGGGCAGCAGAAAGAGGTGCTGGGCCCCAATCATCTGCAGCACCATGGGCTGGTTCAGAAAAGGCGGC
AAAGAGAGGGCCATCAAAAAGCTGGTACCCAAGAGCTGCTGCATCTGATGTCACGTGCCCGACTGGTGGTGATGGAG
CTGACCCAAAACCTGGACCTTTTGGAGGTGGTTTAGCTTTAGGGCCTGCGCCCAGAGGAACAATGAATAATAATTTC
TGCAGGGCCCTTGTTGACAGAAGGCCTTTAGGACCCCCTTCATGTATGCAATTAGGTGTAATGCCACCGCCAAGACA

AGCGCCCCTCCCGCCGGCTGAACCCCTTGGAAATGTACCTTTCCTCCTATACCCTGGCCCAGCTGAACCACCATATT
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ATGATGCATATGCTGGTGTTTTCCCATATGTGCCTTTCCCTGGTGCTTTTGGTGTATATGAATACCCTTTTGAGCCG

GCTTTTATCCAAAAGAGGAATGAAAGAGAGAGACAGAGAGTGAAGTGTGTGAATGAAGGATACGCCAGATTGAGAGG

CCATTTGCCTGGTGCCCTGGCAGAAAAGAGATTATCAAAAGTTGAAACCCTGAGGGCGGCAATCAGATATATAAAAT

ACCTCCAAGAACTCCTTTCATCAGCACCTGATGGATCGACACCACCGGCTTCAAGAGGTTTACCTGGAACTGGACCA

TGCCCTGCACCGCCTGCTACACCAAGGCCAGACAGACCTGGAGATGGAGAAGCAAGAGCACCTTCTTCCCTTGTCCC

TGAATCTTCTGAATCATCATGTTTTTCGCCTTCCCCTTTTTTAGAAAGTGAAGAATCCTGGCA

ATF7

ATGGGAGACGACAGACCGTTTGTGTGCAATGCCCCGGGCTGTGGACAGAGATTTACAAACGAGGACCACCTGGCAGT
TCATAAACACAAGCATGAGATGACATTGAAATTTGGCCCAGCCCGAACTGACTCAGTCATCATTGCAGATCAAACGC
CTACTCCAACTAGATTCCTGAAGAACTGTGAGGAGGTGGGACTCTTCAATGAACTAGCTAGCTCCTTTGAACATGAA
TTCAAGAAAGCTGCAGATGAGGATGAGAAAAAGGCAAGAAGCAGGACTGTTGCCAAAAAACTGGTGGCTGCTGCTGG
GCCCCTTGACATGTCTCTGCCTTCCACACCAGACATCAAAATCAAAGAAGAAGAGCCAGTGGAGGTAGACTCATCCC
CACCTGATAGCCCTGCCTCTAGTCCCTGTTCCCCACCACTGAAGGAGAAGGAGGTTACCCCAAAGCCTGTTCTGATC
TCTACCCCCACACCCACCATTGTACGTCCTGGCTCCCTGCCTCTCCACTTGGGCTATGATCCACTTCATCCAACCCT
TCCCTCCCCAACCTCTGTCATCACACAGGCTCCACCATCCAACAGGCAAATGGGGTCTCCCACTGGCTCCCTCCCTC
TTGTCATGCATCTTGCTAATGGACAGACCATGCCTGTGTTGCCAGGGCCTCCAGTACAGATGCCGTCTGTTATATCG
CTGGCCAGACCTGTGTCCATGGTGCCCAACATTCCTGGTATCCCTGGCCCACCAGTTAACAGTAGTGGCTCCATTTC
TCCCTCTGGCCACCCTATACCATCAGAAGCCAAGATGAGACTGAAAGCCACCCTAACTCACCAAGTCTCCTCAATCA
ATGGTGGTTGTGGAATGGTGGTGGGTACTGCCAGCACCATGGTGACAGCCCGCCCAGAGCAGAGCCAGATTCTCATC
CAGCACCCTGATGCCCCATCCCCTGCCCAGCCACAGGTCTCACCAGCTCAGCCCACCCCTAGTACTGGGGGGCGACG
GCGGCGCACAGTAGATGAAGATCCAGATGAGCGACGGCAGCGCTTTCTGGAGCGCAACCGGGCTGCAGCCTCCCGCT
GCCGCCAAAAGCGAAAGCTGTGGGTGTCCTCCCTAGAGAAGAAGGCCGAAGAACTCACTTCTCAGAACATTCAGCTG
AGTAATGAAGTCACATTACTACGCAATGAGGTGGCCCAGTTGAAACAGCTACTGTTAGCTCATAAAGACTGCCCAGT
CACTGCACTACAGAAAAAGACTCAAGGCTATTTAGAAAGCCCCAAGGAAAGCTCAGAGCCAACGGGTTCTCCAGCCC
CTGTGATTCAGCACAGCTCAGCAACAGCCCCTAGCAATGGCCTCAGTGTTCGCTCTGCAGCTGAAGCTGTGGCCACC
TCGGTCCTCACTCAGATGGCCAGCCAAAGGACAGAACTGAGCATGCCGATACAATCGCATGTAATCATGACCCCACA

GTCCCAGTCTGCGGGCAGA
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CDX2

ATGTACGTGAGCTACCTCCTGGACAAGGACGTGAGCATGTACCCTAGCTCCGTGCGCCACTCTGGCGGCCTCAACCT
GGCGCCGCAGAACTTCGTCAGCCCCCCGCAGTACCCGGACTACGGCGGTTACCACGTGGCGGCCGCAGCTGCAGCGG
CAGCGAACTTGGACAGCGCGCAGTCCCCGGGGCCATCCTGGCCGGCAGCGTATGGCGCCCCACTCCGGGAGGACTGG
AATGGCTACGCGCCCGGAGGCGCCGCGGCCGCCGCCAACGCCGTGGCTCACGGCCTCAACGGTGGCTCCCCGGLLGL
AGCCATGGGCTACAGCAGCCCCGCAGACTACCATCCGCACCACCACCCGCATCACCACCCGCACCALCCCGGLCGLCG
CGCCTTCCTGCGCTTCTGGGCTGCTGCAAACGCTCAACCCCGGCCCTCCTGGGCCCGCCGCCACCGCTGCCGCCGAG
CAGCTGTCTCCCGGCGGCCAGCGGCGGAACCTGTGCGAGTGGATGCGGAAGCCGGCGCAGCAGTCCCTCGGCAGCCA
AGTGAAAACCAGGACGAAAGACAAATATCGAGTGGTGTACACGGACCACCAGCGGCTGGAGCTGGAGAAGGAGTTTC
ACTACAGTCGCTACATCACCATCCGGAGGAAAGCCGAGCTAGCCGCCACGCTGGGGCTCTCTGAGAGGCAGGTTAAA
ATCTGGTTTCAGAACCGCAGAGCAAAGGAGAGGAAAATCAACAAGAAGAAGTTGCAGCAGCAACAGCAGCAGCAGCC
ACCACAGCCGCCTCCGCCGCCACCACAGCCTCCCCAGCCTCAGCCAGGTCCTCTGAGAAGTGTCCCAGAGCCCTTGA
GTCCGGTGTCTTCCCTGCAAGCCTCAGTGTCTGGCTCTGTCCCTGGGGTTCTGGGGCCAACTGGGGGGGTGCTAAAC

CCCACCGTCACCCAG

CRX

ATGATGGCGTATATGAACCCGGGGCCCCACTATTCTGTCAACGCCTTGGCCCTAAGTGGCCCCAGTGTGGATCTGAT
GCACCAGGCTGTGCCCTACCCAAGCGCCCCCAGGAAGCAGCGGCGGGAGCGCACCACCTTCACCCGGAGCCAACTGG
AGGAGCTGGAGGCACTGTTTGCCAAGACCCAGTACCCAGACGTCTATGCCCGTGAGGAGGTGGCTCTGAAGATCAAT
CTGCCTGAGTCCAGGGTTCAGGTTTGGTTCAAGAACCGGAGGGCTAAATGCAGGCAGCAGCGACAGCAGCAGAAACA
GCAGCAGCAGCCCCCAGGGGGCCAGGCCAAGGCCCGGCCTGCCAAGAGGAAGGCGGGCACGTCCCCAAGACCCTCCA
CAGATGTGTGTCCAGACCCTCTGGGCATCTCAGATTCCTACAGTCCCCCTCTGCCCGGCCCCTCAGGCTCCCCAACC
ACGGCAGTGGCCACTGTGTCCATCTGGAGCCCAGCCTCAGAGTCCCCTTTGCCTGAGGCGCAGCGGGCTGGGCTGGT
GGCCTCAGGGCCGTCTCTGACCTCCGCCCCCTATGCCATGACCTACGCCCCGGCCTCCGCTTTCTGCTCTTCCCCCT
CCGCCTATGGGTCTCCGAGCTCCTATTTCAGCGGCCTAGACCCCTACCTTTCTCCCATGGTGCCCCAGCTAGGGGGC
CCGGCTCTTAGCCCCCTCTCTGGCCCCTCCGTGGGACCTTCCCTGGCCCAGTCCCCCACCTCCCTATCAGGCCAGAG
CTATGGCGCCTACAGCCCCGTGGATAGCTTGGAATTCAAGGACCCCACGGGCACCTGGAAATTCACCTACAATCCCA

TGGACCCTCTGGACTACAAGGATCAGAGTGCCTGGAAGTTTCAGATCTTG

180



ERG

ATGGCCAGCACTATTAAGGAAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGAGTGTGCCTACGGAACGCC
ACACCTGGCTAAGACAGAGATGACCGCGTCCTCCTCCAGCGACTATGGACAGACTTCCAAGATGAGCCCACGCGTCC
CTCAGCAGGATTGGCTGTCTCAACCCCCAGCCAGGGTCACCATCAAAATGGAATGTAACCCTAGCCAGGTGAATGGC
TCAAGGAACTCTCCTGATGAATGCAGTGTGGCCAAAGGCGGGAAGATGGTGGGCAGCCCAGACACCGTTGGGATGAA
CTACGGCAGCTACATGGAGGAGAAGCACATGCCACCCCCAAACATGACCACGAACGAGCGCAGAGTTATCGTGCCAG
CAGATCCTACGCTATGGAGTACAGACCATGTGCGGCAGTGGCTGGAGTGGGCGGTGAAAGAATATGGCCTTCCAGAC
GTCAACATCTTGTTATTCCAGAACATCGATGGGAAGGAACTGTGCAAGATGACCAAGGACGACTTCCAGAGGCTCAC
CCCCAGCTACAATGCCGACATCCTTCTCTCACATCTCCACTACCTCAGAGAGACTCCTCTTCCACATTTGACTTCAG
ATGATGTTGATAAAGCCTTACAAAACTCTCCACGGTTAATGCATGCTAGAAACACAGGGGGTGCAGCTTTTATTTTC
CCAAATACTTCAGTATATCCTGAAGCTACGCAAAGAATTACAACTAGGCCAGATTTACCATATGAGCCCCCCAGGAG
ATCAGCCTGGACCGGTCACGGCCACCCCACGCCCCAGTCGAAAGCTGCTCAACCATCTCCTTCCACAGTGCCCAAAA
CTGAAGACCAGCGTCCTCAGTTAGATCCTTATCAGATTCTTGGACCAACAAGTAGCCGCCTTGCAAATCCAGGCAGT
GGCCAGATCCAGCTTTGGCAGTTCCTCCTGGAGCTCCTGTCGGACAGCTCCAACTCCAGCTGCATCACCTGGGAAGG
CACCAACGGGGAGTTCAAGATGACGGATCCCGACGAGGTGGCCCGGCGCTGGGGAGAGCGGAAGAGCAAACCCAACA
TGAACTACGATAAGCTCAGCCGCGCCCTCCGTTACTACTATGACAAGAACATCATGACCAAGGTCCATGGGAAGCGC
TACGCCTACAAGTTCGACTTCCACGGGATCGCCCAGGCCCTCCAGCCCCACCCCCCGGAGTCATCTCTGTACAAGTA
CCCCTCAGACCTCCCGTACATGGGCTCCTATCACGCCCACCCACAGAAGATGAACTTTGTGGCGCCCCACCCTCCAG
CCCTCCCCGTGACATCTTCCAGTTTTTTTGCTGCCCCAAACCCATACTGGAATTCACCAACTGGGGGTATATACCCC

AACACTAGGCTCCCCACCAGCCATATGCCTTCTCATCTGGGCACTTACTAC

ESRRG

ATGTCAAACAAAGATCGACACATTGATTCCAGCTGTTCGTCCTTCATCAAGACGGAACCTTCCAGCCCAGCCTCCCT
GACGGACAGCGTCAACCACCACAGCCCTGGTGGCTCTTCAGACGCCAGTGGGAGCTACAGTTCAACCATGAATGGCC
ATCAGAACGGACTTGACTCGCCACCTCTCTACCCTTCTGCTCCTATCCTGGGAGGTAGTGGGCCTGTCAGGAAACTG
TATGATGACTGCTCCAGCACCATTGTTGAAGATCCCCAGACCAAGTGTGAATACATGCTCAACTCGATGCCCAAGAG
ACTGTGTTTAGTGTGTGGTGACATCGCTTCTGGGTACCACTATGGGGTAGCATCATGTGAAGCCTGCAAGGCATTCT

TCAAGAGGACAATTCAAGGCAATATAGAATACAGCTGCCCTGCCACGAATGAATGTGAAATCACAAAGCGCAGACGT
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AAATCCTGCCAGGCTTGCCGCTTCATGAAGTGTTTAAAAGTGGGCATGCTGAAAGAAGGGGTGCGTCTTGACAGAGT

ACGTGGAGGTCGGCAGAAGTACAAGCGCAGGATAGATGCGGAGAACAGCCCATACCTGAACCCTCAGCTGGTTCAGC

CAGCCAAAAAGCCATTGCTCTGGTCTGATCCTGCAGATAACAAGATTGTCTCACATTTGTTGGTGGCTGAACCGGAG

AAGATCTATGCCATGCCTGACCCTACTGTCCCCGACAGTGACATCAAAGCCCTCACTACACTGTGTGACTTGGCCGA

CCGAGAGTTGGTGGTTATCATTGGATGGGCGAAGCATATTCCAGGCTTCTCCACGCTGTCCCTGGCGGACCAGATGA

GCCTTCTGCAGAGTGCTTGGATGGAAATTTTGATCCTTGGTGTCGTATACCGGTCTCTTTCGTTTGAGGATGAACTT

GTCTATGCAGACGATTATATAATGGACGAAGACCAGTCCAAATTAGCAGGCCTTCTTGATCTAAATAATGCTATCCT

GCAGCTGGTAAAGAAATACAAGAGCATGAAGCTGGAAAAAGAAGAATTTGTCACCCTCAAAGCTATAGCTCTTGCTA

ATTCAGACTCCATGCACATAGAAGATGTTGAAGCCGTTCAGAAGCTTCAGGATGTCTTACATGAAGCGCTGCAGGAT

TATGAAGCTGGCCAGCACATGGAAGACCCTCGTCGAGCTGGCAAGATGCTGATGACACTGCCACTCCTGAGGCAGAC

CTCTACCAAGGCCGTGCAGCATTTCTACAACATCAAACTAGAAGGCAAAGTCCCAATGCACAAACTTTTTTTGGAAA

TGTTGGAGGCCAAGGTC

ETV2

ATGGATCTTTGGAACTGGGATGAAGCTTCCCCTCAAGAAGTTCCCCCCGGAAATAAACTCGCGGGGCTTGGAAGACT
CCCTCGCCTTCCGCAACGCGTCTGGGGCGGATGCCCTGGTGGAGCCTCAGCGGACCCAAACCCTTTGTCTCCAGCGG
AGGGGGCAAAGTTGGGTTTCTGCTTCCCGGATCTTGCTTTGCAAGGCGATACTCCAACGGCGACGGCAGAGACCTGT
TGGAAAGGCACCAGTAGCTCCCTGGCCAGCTTTCCGCAGCTCGATTGGGGGTCAGCCCTTCTCCATCCCGAAGTTCC
CTGGGGGGCGGAACCCGACTCCCAAGCCCTTCCCTGGAGTGGTGATTGGACAGATATGGCATGCACAGCCTGGGACA
GTTGGTCCGGGGCGTCACAGACATTGGGACCAGCCCCACTTGGACCGGGGCCTATCCCCGCAGCAGGAAGCGAAGGA
GCTGCTGGTCAGAACTGTGTGCCCGTGGCTGGTGAGGCTACCAGTTGGTCCAGGGCCCAGGCAGCAGGCAGTAACAC
CAGCTGGGATTGCTCAGTGGGGCCTGACGGGGATACTTATTGGGGCTCTGGTCTTGGTGGAGAACCGAGAACGGACT
GTACGATAAGTTGGGGCGGTCCAGCTGGGCCTGATTGTACTACGTCATGGAATCCTGGCTTGCACGCCGGCGGCACG
ACAAGCCTTAAGAGATATCAAAGTTCAGCCCTTACAGTTTGCTCAGAACCTTCCCCGCAAAGTGACCGAGCGTCACT
GGCGCGATGTCCTAAAACTAATCATCGAGGGCCGATCCAGTTGTGGCAGTTTTTGCTTGAACTCCTTCACGATGGCG
CGAGGAGCAGTTGCATCAGATGGACCGGTAACAGCAGGGAGTTCCAATTGTGTGACCCCAAGGAAGTGGCTCGACTG

TGGGGTGAGCGCAAACGGAAGCCTGGTATGAATTACGAAAAGTTGAGTAGGGGTTTGCGATATTACTATAGGCGCGA
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CATCGTTCGAAAGTCCGGTGGTCGAAAGTACACATACAGATTCGGCGGTCGCGTACCATCTCTTGCATACCCTGATT

GCGCAGGCGGGGGTAGGGGTGCGGAAACACAA

FLI1

ATGGACGGGACTATTAAGGAGGCTCTGTCGGTGGTGAGCGACGACCAGTCCCTCTTTGACTCAGCGTACGGAGCGGC
AGCCCATCTCCCCAAGGCCGACATGACTGCCTCGGGGAGTCCTGACTACGGGCAGCCCCACAAGATCAACCCCCTCC
CACCACAGCAGGAGTGGATCAATCAGCCAGTGAGGGTCAACGTCAAGCGGGAGTATGACCACATGAATGGATCCAGG
GAGTCTCCGGTGGACTGCAGCGTTAGCAAATGCAGCAAGCTGGTGGGCGGAGGCGAGTCCAACCCCATGAACTACAA
CAGCTATATGGACGAGAAGAATGGCCCCCCTCCTCCCAACATGACCACCAACGAGAGGAGAGTCATCGTCCCCGCAG
ACCCCACACTGTGGACACAGGAGCATGTGAGGCAATGGCTGGAGTGGGCCATAAAGGAGTACAGCTTGATGGAGATC
GACACATCCTTTTTCCAGAACATGGATGGCAAGGAACTGTGTAAAATGAACAAGGAGGACTTCCTCCGCGCCACCAC
CCTCTACAACACGGAAGTGCTGTTGTCACACCTCAGTTACCTCAGGGAAAGTTCACTGCTGGCCTATAATACAACCT
CCCACACCGACCAATCCTCACGATTGAGTGTCAAAGAAGACCCTTCTTATGACTCAGTCAGAAGAGGAGCTTGGGGC
AATAACATGAATTCTGGCCTCAACAAAAGTCCTCCCCTTGGAGGGGCACAAACGATCAGTAAGAATACAGAGCAACG
GCCCCAGCCAGATCCGTATCAGATCCTGGGCCCGACCAGCAGTCGCCTAGCCAACCCTGGAAGCGGGCAGATCCAGC
TGTGGCAATTCCTCCTGGAGCTGCTCTCCGACAGCGCCAACGCCAGCTGTATCACCTGGGAGGGGACCAACGGGGAG
TTCAAAATGACGGACCCCGATGAGGTGGCCAGGCGCTGGGGCGAGCGGAAAAGCAAGCCCAACATGAATTACGACAA
GCTGAGCCGGGCCCTCCGTTATTACTATGATAAAAACATTATGACCAAAGTGCACGGCAAAAGATATGCTTACAAAT
TTGACTTCCACGGCATTGCCCAGGCTCTGCAGCCACATCCGACCGAGTCGTCCATGTACAAGTACCCTTCTGACATC
TCCTACATGCCTTCCTACCATGCCCACCAGCAGAAGGTGAACTTTGTCCCTCCCCATCCATCCTCCATGCCTGTCAC
TTCCTCCAGCTTCTTTGGAGCCGCATCACAATACTGGACCTCCCCCACGGGGGGAATCTACCCCAACCCCAACGTCC

CCCGCCATCCTAACACCCACGTGCCTTCACACTTAGGCAGCTACTAC

FOXAl

ATGTTGGGCACCGTGAAGATGGAGGGGCATGAGACAAGCGACTGGAATTCCTACTACGCGGATACCCAAGAAGCGTA
TTCTTCAGTTCCCGTAAGCAATATGAACTCCGGATTGGGGAGCATGAATAGTATGAACACGTATATGACAATGAATA
CGATGACCACCAGCGGCAACATGACACCGGCCTCCTTTAATATGTCATATGCGAACCCTGGTCTTGGCGCTGGCCTC

TCACCAGGTGCGGTCGCTGGAATGCCCGGGGGGAGCGCCGGAGCGATGAACTCCATGACCGCTGCGGGCGTGACGGE
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CATGGGTACGGCCCTGTCACCCAGTGGAATGGGAGCTATGGGGGCCCAGCAAGCCGCCTCAATGAATGGATTGGGGC
CCTATGCCGCGGCGATGAATCCCTGCATGTCCCCTATGGCTTATGCCCCCAGCAATTTGGGTCGCAGTAGAGCCGGC
GGTGGTGGCGATGCCAAAACCTTCAAGCGAAGTTATCCTCATGCGAAGCCTCCTTATTCATATATATCCTTGATTAC
GATGGCGATACAGCAGGCCCCGTCTAAGATGCTGACTCTGAGTGAGATATACCAGTGGATCATGGACCTTTTTCCTT
ACTACCGGCAAAACCAACAGAGATGGCAAAACTCAATACGCCATAGCCTTTCCTTCAATGATTGCTTTGTCAAAGTC
GCTCGGAGCCCTGACAAGCCCGGTAAAGGGTCCTATTGGACCCTTCATCCAGATAGCGGCAATATGTTCGAGAATGG
TTGTTATCTTAGACGGCAGAAACGATTCAAATGTGAGAAACAGCCAGGTGCCGGCGGTGGTGGCGGCAGCGGTTCAG
GCGGAAGTGGTGCCAAGGGTGGGCCTGAGTCTAGAAAAGACCCCAGCGGAGCAAGCAATCCAAGCGCGGACTCTCCC
CTGCACCGCGGTGTTCATGGTAAGACAGGTCAGCTTGAGGGGGCGCCTGCTCCAGGCCCGGCTGCGTCACCGCAAAC
ACTGGACCATAGTGGAGCTACAGCGACCGGAGGTGCTTCAGAACTCAAGACGCCTGCGTCCTCCACTGCGCCTCCGA
TCTCCAGTGGTCCCGGTGCACTTGCCTCTGTTCCTGCATCTCATCCAGCACACGGACTCGCGCCGCACGAGTCCCAG
CTCCATTTGAAAGGGGACCCACACTACAGCTTTAACCACCCATTCTCTATTAACAATTTGATGTCATCCTCAGAACA
GCAGCATAAACTCGACTTCAAAGCCTATGAACAGGCCCTGCAGTATTCTCCATATGGCTCTACACTTCCTGCTTCTC
TTCCATTGGGGTCTGCAAGTGTGACAACGCGCTCCCCAATCGAGCCAAGTGCCCTCGAGCCTGCTTATTATCAAGGA

GTATATTCCCGACCAGTTTTGAATACAAGT

FOXA2

ATGCTGGGAGCGGTGAAGATGGAAGGGCACGAGCCGTCCGACTGGAGCAGCTACTATGCAGAGCCCGAGGGCTACTC
CTCCGTGAGCAACATGAACGCCGGCCTGGGGATGAACGGCATGAACACGTACATGAGCATGTCGGCGGCCGCCATGG
GCAGCGGCTCGGGCAACATGAGCGCGGGCTCCATGAACATGTCGTCGTACGTGGGCGCTGGCATGAGCCCGTCCCTG
GCGGGGATGTCCCCCGGCGCGGGCGCCATGGCGGGCATGGGCGGCTCGGCCGGGGCGGCTGGCGTGGCGGGCATGGG
GCCGCACTTGAGTCCCAGCCTGAGCCCGCTCGGGGGGCAGGCGGCCGGGGCCATGGGCGGCCTGGCCCCCTACGCCA
ACATGAACTCCATGAGCCCCATGTACGGGCAGGCGGGCCTGAGCCGCGCCCGCGACCCCAAGACCTACAGGCGCAGC
TACACGCACGCAAAGCCGCCCTACTCGTACATCTCGCTCATCACCATGGCCATCCAGCAGAGCCCCAACAAGATGCT
GACGCTGAGCGAGATCTACCAGTGGATCATGGACCTCTTCCCCTTCTACCGGCAGAACCAGCAGCGCTGGCAGAACT
CCATCCGCCACTCGCTCTCCTTCAACGACTGTTTCCTGAAGGTGCCCCGCTCGCCCGACAAGCCCGGCAAGGGCTCC
TTCTGGACCCTGCACCCTGACTCGGGCAACATGTTCGAGAACGGCTGCTACCTGCGCCGCCAGAAGCGCTTCAAGTG

CGAGAAGCAGCTGGCGCTGAAGGAGGCCGCAGGCGCCGCCGGCAGCGGCAAGAAGGCGGCCGCCGGGGCCCAGGCCT
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CACAGGCTCAACTCGGGGAGGCCGCCGGGCCGGCCTCCGAGACTCCGGCGGGCACCGAGTCGCCTCACTCGAGCGLC
TCCCCGTGCCAGGAGCACAAGCGAGGGGGCCTGGGAGAGCTGAAGGGGACGCCGGCTGCGGCGCTGAGCCCCCCAGA
GCCGGCGCCCTCTCCCGGGCAGCAGCAGCAGGCCGCGGCCCACCTGCTGGGCCCGCCCCACCACCCGGGLCTGLLGE
CTGAGGCCCACCTGAAGCCGGAACACCACTACGCCTTCAACCACCCGTTCTCCATCAACAACCTCATGTCCTCGGAG
CAGCAGCACCACCACAGCCACCACCACCACCAGCCCCACAAAATGGACCTCAAGGCCTACGAACAGGTGATGCACTA
CCCCGGCTACGGTTCCCCCATGCCTGGCAGCTTGGCCATGGGCCCGGTCACGAACAAAACGGGCCTGGACGCCTCGC

CCCTGGCCGCAGATACCTCCTACTACCAGGGGGTGTACTCCCGGCCCATTATGAACTCCTCTTTG

FOXA3

ATGCTGGGCTCAGTGAAGATGGAGGCCCATGACCTGGCCGAGTGGAGCTACTACCCGGAGGCGGGCGAGGTCTACTC
GCCGGTGACCCCAGTGCCCACCATGGCCCCCCTCAACTCCTACATGACCCTGAATCCTCTAAGCTCTCCCTATCCCC
CTGGGGGGCTCCCTGCCTCCCCACTGCCCTCAGGACCCCTGGCACCCCCAGCACCTGCAGCCCCCCTGGGGCCCACT
TTCCCAGGCCTGGGTGTCAGCGGTGGCAGCAGCAGCTCCGGGTACGGGGCCCCGGGTCCTGGGCTGGTGCACGGGAA
GGAGATGCCGAAGGGGTATCGGCGGCCCCTGGCACACGCCAAGCCACCGTATTCCTATATCTCACTCATCACCATGG
CCATCCAGCAGGCGCCGGGCAAGATGCTGACCTTGAGTGAAATCTACCAGTGGATCATGGACCTCTTCCCTTACTAC
CGGGAGAATCAGCAGCGCTGGCAGAACTCCATTCGCCACTCGCTGTCTTTCAACGACTGCTTCGTCAAGGTGGCGCG
TTCCCCAGACAAGCCTGGCAAGGGCTCCTACTGGGCCCTACACCCCAGCTCAGGGAACATGTTTGAGAATGGCTGCT
ACCTGCGCCGCCAGAAACGCTTCAAGCTGGAGGAGAAGGTGAAAAAAGGGGGCAGCGGGGCTGCCACCACCACCAGG
AACGGGACAGGGTCTGCTGCCTCGACCACCACCCCCGCGGCCACAGTCACCTCCCCGCCCCAGCCCCCGCCTCCAGC
CCCTGAGCCTGAGGCCCAGGGCGGGGAAGATGTGGGGGCTCTGGACTGTGGCTCACCCGCTTCCTCCACACCCTATT
TCACTGGCCTGGAGCTCCCAGGGGAGCTGAAGCTGGACGCGCCCTACAACTTCAACCACCCTTTCTCCATCAACAAC
CTAATGTCAGAACAGACACCAGCACCTCCCAAACTGGACGTGGGGTTTGGGGGCTACGGGGCTGAAGGTGGGGAGCC

TGGAGTCTACTACCAGGGCCTCTATTCCCGCTCTTTGCTTAATGCATCC

FOXP1

ATGATGCAAGAATCTGGGACTGAGACAAAAAGTAACGGTTCAGCCATCCAGAATGGGTCGGGCGGCAGCAACCACTT
ACTAGAGTGCGGCGGTCTTCGGGAGGGGCGGTCCAACGGAGAGACGCCGGCCGTGGACATCGGGGCAGCTGACCTCG

CCCACGCCCAGCAGCAGCAGCAACAGTGGCATCTCATAAACCATCAGCCCTCTAGGAGTCCCAGCAGTTGGCTTAAG
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AGACTAATTTCAAGCCCTTGGGAGTTGGAAGTCCTGCAGGTCCCCTTGTGGGGAGCAGTTGCTGAGACGAAGATGAG

TGGACCTGTGTGTCAGCCTAACCCTTCCCCATTT

GATAl

ATGGAGTTCCCTGGCCTGGGGTCCCTGGGGACCTCAGAGCCCCTCCCCCAGTTTGTGGATCCTGCTCTGGTGTCCTC
CACACCAGAATCAGGGGTTTTCTTCCCCTCTGGGCCTGAGGGCTTGGATGCAGCAGCTTCCTCCACTGCCCCGAGCA
CAGCCACCGCTGCAGCTGCGGCACTGGCCTACTACAGGGACGCTGAGGCCTACAGACACTCCCCAGTCTTTCAGGTG
TACCCATTGCTCAACTGTATGGAGGGGATCCCAGGGGGCTCACCATATGCCGGCTGGGCCTACGGCAAGACGGGGCT
CTACCCTGCCTCAACTGTGTGTCCCACCCGCGAGGACTCTCCTCCCCAGGCCGTGGAAGATCTGGATGGAAAAGGCA
GCACCAGCTTCCTGGAGACTTTGAAGACAGAGCGGCTGAGCCCAGACCTCCTGACCCTGGGACCTGCACTGCCTTCA
TCACTCCCTGTCCCCAATAGTGCTTATGGGGGCCCTGACTTTTCCAGTACCTTCTTTTCTCCCACCGGGAGCCCCCT
CAATTCAGCAGCCTATTCCTCTCCCAAGCTTCGTGGAACTCTCCCCCTGCCTCCCTGTGAGGCCAGGGAGTGTGTGA
ACTGCGGAGCAACAGCCACTCCACTGTGGCGGAGGGACAGGACAGGCCACTACCTATGCAACGCCTGCGGCCTCTAT
CACAAGATGAATGGGCAGAACAGGCCCCTCATCCGGCCCAAGAAGCGCCTGATTGTCAGTAAACGGGCAGGTACTCA
GTGCACCAACTGCCAGACGACCACCACGACACTGTGGCGGAGAAATGCCAGTGGGGATCCCGTGTGCAATGCCTGCG
GCCTCTACTACAAGCTACACCACCAGCACTACTGTGGTGGCTCCGCTCAGCTCATGAGGGCACAGAGCATGGCCTCC
AGAGGAGGGGTGGTGTCCTTCTCCTCTTGTAGCCAGAATTCTGGACAACCCAAGTCTCTGGGCCCCAGGCACCCCCT

GGCT

GATA2

ATGGAGGTGGCGCCGGAGCAGCCGCGCTGGATGGCGCACCCGGCCGTGCTGAATGCGCAGCACCCCGACTCACACCA
CCCGGGCCTGGCGCACAACTACATGGAACCCGCGCAGCTGCTGCCTCCAGACGAGGTGGACGTCTTCTTCAATCACC
TCGACTCGCAGGGCAACCCCTACTATGCCAACCCCGCTCACGCGCGGGCGCGCGTCTCCTACAGCCCCGCGCACGLC
CGCCTGACCGGAGGCCAGATGTGCCGCCCACACTTGTTGCACAGCCCGGGTTTGCCCTGGCTGGACGGGGGCAAAGC
AGCCCTCTCTGCCGCTGCGGCCCACCACCACAACCCCTGGACCGTGAGCCCCTTCTCCAAGACGCCACTGCACCCCT
CAGCTGCTGGAGGCCCTGGAGGCCCACTCTCTGTGTACCCAGGGGCTGGGGGTGGGAGCGGGGGAGGCAGCGGGAGC
TCAGTGGCCTCCCTCACCCCTACAGCAACCCACTCTGGCTCCCACCTTTTCGGCTTCCCACCCACGCCACCCAAAGA

AGTGTCTCCTGACCCTAGCACCACGGGGGCTGCGTCTCCAGCCTCATCTTCCGCGGGGGGTAGTGCAGCCCGAGGAG
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AGGACAAGGACGGCGTCAAGTACCAGGTGTCACTGACGGAGAGCATGAAGATGGAAAGTGGCAGTCCCCTGCGCCCA
GGCCTAGCTACTATGGGCACCCAGCCTGCTACACACCACCCCATCCCCACCTACCCCTCCTATGTGCCGGCGGCTGC
CCACGACTACAGCAGCGGACTCTTCCACCCCGGAGGCTTCCTGGGGGGACCGGCCTCCAGCTTCACCCCTAAGCAGC
GCAGCAAGGCTCGTTCCTGTTCAGAAGGCCGGGAGTGTGTCAACTGTGGGGCCACAGCCACCCCTCTCTGGCGGCGG
GACGGCACCGGCCACTACCTGTGCAATGCCTGTGGCCTCTACCACAAGATGAATGGGCAGAACCGACCACTCATCAA
GCCCAAGCGAAGACTGTCGGCCGCCAGAAGAGCCGGCACCTGTTGTGCAAATTGTCAGACGACAACCACCACCTTAT
GGCGCCGAAACGCCAACGGGGACCCTGTCTGCAACGCCTGTGGCCTCTACTACAAGCTGCACAATGTTAACAGGCCA
CTGACCATGAAGAAGGAAGGGATCCAGACTCGGAACCGGAAGATGTCCAACAAGTCCAAGAAGAGCAAGAAAGGGGC
GGAGTGCTTCGAGGAGCTGTCAAAGTGCATGCAGGAGAAGTCATCCCCCTTCAGTGCAGCTGCCCTGGCTGGACACA
TGGCACCTGTGGGCCACCTCCCGCCCTTCAGCCACTCCGGACACATCCTGCCCACTCCGACGCCCATCCACCCCTCC

TCCAGCCTCTCCTTCGGCCACCCCCACCCGTCCAGCATGGTGACCGCCATGGGC

GATA4

ATGTACCAGAGCCTGGCTATGGCTGCTAATCATGGACCTCCCCCTGGAGCCTATGAAGCCGGAGGACCTGGCGCTTT
TATGCATGGAGCTGGCGCCGCTTCTTCTCCCGTGTATGTGCCTACACCTAGAGTGCCCAGCAGCGTGCTGGGCCTTT
CTTATCTTCAGGGAGGAGGAGCAGGATCTGCTTCTGGCGGAGCTTCAGGCGGATCTTCTGGAGGCGCTGCTTCAGGT
GCTGGACCTGGAACTCAACAGGGATCTCCTGGATGGTCACAGGCAGGAGCTGATGGAGCCGCTTATACCCCTCCTCC
TGTGAGCCCCAGGTTTAGCTTTCCTGGCACAACAGGCTCTTTAGCTGCCGCTGCTGCTGCAGCCGCAGCTAGAGAAG
CAGCTGCATATTCTAGTGGCGGAGGAGCTGCTGGAGCCGGCTTAGCTGGAAGAGAGCAGTACGGAAGAGCCGGATTT
GCCGGAAGCTATAGCAGCCCTTACCCTGCCTATATGGCCGATGTTGGCGCATCTTGGGCAGCCGCCGCAGCAGCTTC
TGCAGGACCTTTTGACTCACCTGTGCTTCACTCTCTGCCTGGCAGAGCTAATCCTGCCGCCAGACATCCCAACCTGG
ACATGTTCGACGACTTCAGCGAGGGCAGAGAATGCGTGAACTGCGGAGCCATGAGCACCCCCCTTTGGAGAAGAGAC
GGCACCGGCCACTACCTTTGCAATGCCTGTGGCCTGTACCACAAGATGAACGGCATCAACAGACCCCTGATCAAGCC
CCAGAGAAGACTGAGCGCTAGCAGAAGAGTGGGCCTGTCCTGCGCCAATTGCCAGACCACAACCACCACACTGTGGA
GGAGAAATGCCGAGGGCGAGCCTGTGTGTAACGCCTGTGGACTGTACATGAAGCTGCACGGCGTGCCCAGACCTCTG
GCCATGAGAAAGGAGGGCATCCAGACCAGAAAGAGAAAGCCCAAGAACCTGAACAAGAGCAAGACCCCCGLTGCTCC
TTCTGGAAGCGAGAGCCTGCCTCCAGCCTCTGGAGCCAGCAGCAATAGCTCTAACGCCACCACATCTTCTTCTGAGG

AGATGAGGCCCATCAAAACCGAGCCAGGCCTGAGCAGCCACTACGGCCACAGCTCTAGCGTGAGCCAGACTTTTAGC
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GTGTCTGCCATGTCAGGCCACGGACCTAGCATTCACCCTGTGCTGAGCGCCCTGAAGTTGAGCCCACAGGGCTATGC

TTCTCCTGTGTCTCAGAGCCCTCAGACCTCCAGCAAGCAGGACTCCTGGAATTCTCTGGTGCTGGCCGACAGCCACG

GCGATATCATCACCGCC

GATAG6

ATGGCCCTGACCGACGGCGGATGGTGTCTCCCTAAAAGATTCGGCGCCGCTGGCGCTGATGCTTCTGACAGCAGAGC
CTTCCCCGCTAGGGAACCCAGCACACCACCTAGCCCCATCAGCAGCTCAAGCTCTAGCTGTAGCAGAGGCGGAGAGA
GAGGACCTGGAGGCGCTTCTAACTGCGGCACACCTCAGCTGGATACAGAAGCCGCCGCCGGACCACCAGCCAGATCT
CTTTTACTTAGCAGCTACGCCAGCCACCCTTTTGGCGCTCCTCATGGACCCTCTGCTCCTGGTGTGGCCGGACCTGG
CGGAAACCTGAGCTCTTGGGAGGACCTTCTGCTGTTTACCGACCTGGACCAGGCTGCCACCGCTAGCAAGCTTCTGT
GGAGCAGCAGGGGCGCTAAGCTGAGCCCTTTTGCCCCTGAGCAGCCCGAGGAGATGTACCAGACCCTGGCTGCTTTA
AGCTCTCAGGGACCTGCCGCTTATGACGGAGCCCCTGGTGGATTTGTTCACTCAGCGGCAGCAGCCGCAGCTGCTGC
AGCCGCTGCCAGCTCACCTGTGTATGTGCCTACCACAAGAGTGGGCAGCATGTTACCTGGACTTCCTTACCATCTGC
AGGGCAGCGGAAGCGGCCCTGCTAACCATGCCGGAGGAGCTGGAGCTCACCCCGGATGGCCTCAGGCTTCTGCAGAT
TCTCCTCCTTATGGATCTGGAGGAGGAGCAGCTGGAGGGGGAGCTGCAGGACCAGGTGGAGCCGGAAGCGCAGCAGC
ACATGTGTCTGCCAGATTTCCCTATAGCCCTAGCCCTCCTATGGCCAATGGCGCTGCTAGAGAACCCGGAGGATATG
CTGCGGCAGGCTCTGGCGGCGCTGGCGGAGTTTCTGGAGGTGGATCTTCACTGGCCGCTATGGGAGGAAGAGAGCCT
CAGTACTCTTCTCTGAGCGCCGCTAGACCACTGAACGGCACCTATCATCACCACCACCATCACCATCATCATCACCC
CAGCCCTTACTCCCCTTATGTGGGAGCCCCCCTTACACCCGCTTGGCCTGCCGGCCCTTTCGAGACACCTGTGCTGC
ACAGCCTTCAGTCTAGAGCTGGCGCACCTTTACCAGTGCCTAGAGGCCCCTCTGCCGACTTGCTGGAGGATCTGAGC
GAGAGCAGAGAGTGCGTGAACTGTGGCAGCATCCAGACACCCCTGTGGAGAAGAGACGGCACCGGCCACTACCTGTG
CAACGCTTGCGGCCTGTACAGCAAGATGAATGGGCTGAGCAGACCCCTGATCAAGCCCCAGAAGAGGGTGCCCAGCA
GCAGACGGCTGGGACTGAGCTGCGCCAACTGTCATACCACAACAACCACACTGTGGCGGAGAAACGCCGAGGGCGAG
CCCGTGTGTAACGCCTGCGGCCTTTACATGAAGCTGCACGGCGTGCCCAGACCTCTGGCCATGAAGAAGGAGGGAAT
CCAGACCAGAAAGAGAAAGCCCAAGAACATCAACAAGAGCAAGACCTGCAGCGGCAACAGCAACAACAGCATCCCCA
TGACCCCCACCAGCACATCTAGCAACAGCGACGACTGTAGCAAGAACACATCACCTACCACCCAGCCCACAGCTAGC

GGAGCCGGCGCCCCCGTGATGACAGGCGCCGGAGAGTCCACAAATCCCGAGAATAGCGAACTGAAGTACTCTGGACA

188



GGACGGACTGTATATCGGCGTGAGCCTGGCTTCTCCCGCCGAGGTGACCAGCTCTGTCAGACCTGACTCTTGGTGTG

CCCTCGCCCTGGCC

GLI1

ATGTTCAACTCGATGACCCCACCACCAATCAGTAGCTATGGCGAGCCCTGCTGTCTCCGGCCCCTCCCCAGTCAGGG
GGCCCCCAGTGTGGGGACAGAAGGACTGTCTGGCCCGCCCTTCTGCCACCAAGCTAACCTCATGTCCGGCCCCCACA
GTTATGGGCCAGCCAGAGAGACCAACAGCTGCACCGAGGGCCCACTCTTTTCTTCTCCCCGGAGTGCAGTCAAGTTG
ACCAAGAAGCGGGCACTGTCCATCTCACCTCTGTCGGATGCCAGCCTGGACCTGCAGACGGTTATCCGCACCTCACC
CAGCTCCCTCGTAGCTTTCATCAACTCGCGATGCACATCTCCAGGAGGCTCCTACGGTCATCTCTCCATTGGCACCA
TGAGCCCATCTCTGGGATTCCCAGCCCAGATGAATCACCAAAAAGGGCCCTCGCCTTCCTTTGGGGTCCAGCCTTGT
GGTCCCCATGACTCTGCCCGGGGTGGGATGATCCCACATCCTCAGTCCCGGGGACCCTTCCCAACTTGCCAGCTGAA
GTCTGAGCTGGACATGCTGGTTGGCAAGTGCCGGGAGGAACCCTTGGAAGGTGATATGTCCAGCCCCAACTCCACAG
GCATACAGGATCCCCTGTTGGGGATGCTGGATGGGCGGGAGGACCTCGAGAGAGAGGAGAAGCGTGAGCCTGAATCT
GTGTATGAAACTGACTGCCGTTGGGATGGCTGCAGCCAGGAATTTGACTCCCAAGAGCAGCTGGTGCACCACATCAA
CAGCGAGCACATCCACGGGGAGCGGAAGGAGTTCGTGTGCCACTGGGGGGGCTGCTCCAGGGAGCTGAGGCCCTTCA
AAGCCCAGTACATGCTGGTGGTTCACATGCGCAGACACACTGGCGAGAAGCCACACAAGTGCACGTTTGAAGGGTGC
CGGAAGTCATACTCACGCCTCGAAAACCTGAAGACGCACCTGCGGTCACACACGGGTGAGAAGCCATACATGTGTGA
GCACGAGGGCTGCAGTAAAGCCTTCAGCAATGCCAGTGACCGAGCCAAGCACCAGAATCGGACCCATTCCAATGAGA
AGCCGTATGTATGTAAGCTCCCTGGCTGCACCAAACGCTATACAGATCCTAGCTCGCTGCGAAAACATGTCAAGACA
GTGCATGGTCCTGACGCCCATGTGACCAAACGGCACCGTGGGGATGGCCCCCTGCCTCGGGCACCATCCATTTCTAC
AGTGGAGCCCAAGAGGGAGCGGGAAGGAGGTCCCATCAGGGAGGAAAGCAGACTGACTGTGCCAGAGGGTGCCATGA
AGCCACAGCCAAGCCCTGGGGCCCAGTCATCCTGCAGCAGTGACCACTCCCCGGCAGGGAGTGCAGCCAATACAGAC
AGTGGTGTGGAAATGACTGGCAATGCAGGGGGCAGCACTGAAGACCTCTCCAGCTTGGACGAGGGACCTTGCATTGC
TGGCACTGGTCTGTCCACTCTTCGCCGCCTTGAGAACCTCAGGCTGGACCAGCTACATCAACTCCGGCCAATAGGGA
CCCGGGGTCTCAAACTGCCCAGCTTGTCCCACACCGGTACCACTGTGTCCCGCCGCGTGGGCCCCCCAGTCTCTCTT
GAACGCCGCAGCAGCAGCTCCAGCAGCATCAGCTCTGCCTATACTGTCAGCCGCCGCTCCTCCCTGGCCTCTCCTTT
CCCCCCTGGCTCCCCACCAGAGAATGGAGCATCCTCCCTGCCTGGCCTTATGCCTGCCCAGCACTACCTGCTTCGGG

CAAGATATGCTTCAGCCAGAGGGGGTGGTACTTCGCCCACTGCAGCATCCAGCCTGGATCGGATAGGTGGTCTTCCC
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ATGCCTCCTTGGAGAAGCCGAGCCGAGTATCCAGGATACAACCCCAATGCAGGGGTCACCCGGAGGGCCAGTGACCC

AGCCCAGGCTGCTGACCGTCCTGCTCCAGCTAGAGTCCAGAGGTTCAAGAGCCTGGGCTGTGTCCATACCCCACCCA

CTGTGGCAGGGGGAGGACAGAACTTTGATCCTTACCTCCCAACCTCTGTCTACTCACCACAGCCCCCCAGCATCACT

GAGAATGCTGCCATGGATGCTAGAGGGCTACAGGAAGAGCCAGAAGTTGGGACCTCCATGGTGGGCAGTGGTCTGAA

CCCCTATATGGACTTCCCACCTACTGATACTCTGGGATATGGGGGACCTGAAGGGGCAGCAGCTGAGCCTTATGGAG

CGAGGGGTCCAGGCTCTCTGCCTCTTGGGCCTGGTCCACCCACCAACTATGGCCCCAACCCCTGTCCCCAGCAGGCC

TCATATCCTGACCCCACCCAAGAAACATGGGGTGAGTTCCCTTCCCACTCTGGGCTGTACCCAGGCCCCAAGGCTCT

AGGTGGAACCTACAGCCAGTGTCCTCGACTTGAACATTATGGACAAGTGCAAGTCAAGCCAGAACAGGGGTGCCCAG

TGGGGTCTGACTCCACAGGACTGGCACCCTGCCTCAATGCCCACCCCAGTGAGGGGCCCCCACATCCACAGCCTCTC

TTTTCCCATTACCCCCAGCCCTCTCCTCCCCAATATCTCCAGTCAGGCCCCTATACCCAGCCACCCCCTGATTATCT

TCCTTCAGAACCCAGGCCTTGCCTGGACTTTGATTCCCCCACCCATTCCACAGGGCAGCTCAAGGCTCAGCTTGTGT

GTAATTATGTTCAATCTCAACAGGAGCTACTGTGGGAGGGTGGGGGCAGGGAAGATGCCCCCGCCCAGGAACCTTCC

TACCAGAGTCCCAAGTTTCTGGGGGGTTCCCAGGTTAGCCCAAGCCGTGCTAAAGCTCCAGTGAACACATATGGACC

TGGCTTTGGACCCAACTTGCCCAATCACAAGTCAGGTTCCTATCCCACCCCTTCACCATGCCATGAAAATTTTGTAG

TGGGGGCAAATAGGGCTTCACATAGGGCAGCAGCACCACCTCGACTTCTGCCCCCATTGCCCACTTGCTATGGGCCT

CTCAAAGTGGGAGGCACAAACCCCAGCTGTGGTCATCCTGAGGTGGGCAGGCTAGGAGGGGGTCCTGCCTTGTACCC

TCCTCCCGAAGGACAGGTATGTAACCCCCTGGACTCTCTTGATCTTGACAACACTCAGCTGGACTTTGTGGCTATTC

TGGATGAGCCCCAGGGGCTGAGTCCTCCTCCTTCCCATGATCAGCGGGGCAGCTCTGGACATACCCCACCTCCCTCT

GGGCCCCCCAACATGGCTGTGGGCAACATGAGTGTCTTACTGAGATCCCTACCTGGGGAAACAGAATTCCTCAACTC

TAGTGCC

HAND2

ATGAGTCTGGTAGGTGGTTTTCCCCACCACCCGGTGGTGCACCACGAGGGCTACCCGTTTGCCGCCGCCGCCGLCCGL
CAGCCGCTGCAGCCATGAGGAGAACCCCTACTTCCATGGCTGGCTCATCGGCCACCCCGAGATGTCGCCCCCCGACT
ACAGCATGGCCCTGTCCTACAGCCCCGAGTATGCCAGCGGCACCGCCAACCGCAAGGAGCGGCGCAGGACTCAGAGC
ATCAACAGCGCCTTCGCCGAACTGCGCGAGTGCATCCCCAACGTACCCGCCGACACCAAACTCTCCAAAATCAAGAC
CCTGCGCCTGGCCACCAGCTACATCGCCTACCTCATGGACCTGCTGGCCAAGGACGACCAGAATGGCGAGGCGGAGG

CCTTCAAGGCAGAGATCAAGAAGACCGACGTGAAAGAGGAGAAGAGGAAGAAGGAGCTGAACGAAATCTTGAAAAGC
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ACAGTGAGCAGCAACGACAAGAAAACCAAAGGCCGGACGGGCTGGCCGCAGCACGTCTGGGCCCTGGAGCTCAAGCA

G

HNF1A

ATGGTTTCTAAACTGAGCCAGCTGCAGACGGAGCTCCTGGCGGCCCTGCTGGAGTCAGGGCTGAGCAAAGAGGCACT
GCTCCAGGCACTGGGTGAGCCGGGGCCCTACCTCCTGGCTGGAGAAGGCCCCCTGGACAAGGGGGAGTCCTGCGGLG
GCGGTCGAGGGGAGCTGGCTGAGCTGCCCAATGGGCTGGGGGAGACTCGGGGCTCCGAGGACGAGACGGACGACGAT
GGGGAAGACTTCACGCCACCCATCCTCAAAGAGCTGGAGAACCTCAGCCCTGAGGAGGCGGCCCACCAGAAAGCCGT
GGTGGAGACCCTTCTGCAGGAGGACCCGTGGCGTGTGGCGAAGATGGTCAAGTCCTACCTGCAGCAGCACAACATCC
CACAGCGGGAGGTGGTCGATACCACTGGCCTCAACCAGTCCCACCTGTCCCAACACCTCAACAAGGGCACTCCCATG
AAGACGCAGAAGCGGGCCGCCCTGTACACCTGGTACGTCCGCAAGCAGCGAGAGGTGGCGCAGCAGTTCACCCATGC
AGGGCAGGGAGGGCTGATTGAAGAGCCCACAGGTGATGAGCTACCAACCAAGAAGGGGCGGAGGAACCGTTTCAAGT
GGGGCCCAGCATCCCAGCAGATCCTGTTCCAGGCCTATGAGAGGCAGAAGAACCCTAGCAAGGAGGAGCGAGAGACG
CTAGTGGAGGAGTGCAATAGGGCGGAATGCATCCAGAGAGGGGTGTCCCCATCACAGGCACAGGGGCTGGGCTCCAA
CCTCGTCACGGAGGTGCGTGTCTACAACTGGTTTGCCAACCGGCGCAAAGAAGAAGCCTTCCGGCACAAGCTGGCCA
TGGACACGTACAGCGGGCCCCCCCCAGGGCCAGGCCCGGGACCTGCGCTGCCCGCTCACAGCTCCCCTGGCCTGCCT
CCACCTGCCCTCTCCCCCAGTAAGGTCCACGGTGTGCGCTATGGACAGCCTGCGACCAGTGAGACTGCAGAAGTACC
CTCAAGCAGCGGCGGTCCCTTAGTGACAGTGTCTACACCCCTCCACCAAGTGTCCCCCACGGGCCTGGAGCCCAGCC
ACAGCCTGCTGAGTACAGAAGCCAAGCTGGTCTCAGCAGCTGGGGGCCCCCTCCCCCCTGTCAGCACCCTGACAGCA
CTGCACAGCTTGGAGCAGACATCCCCAGGCCTCAACCAGCAGCCCCAGAACCTCATCATGGCCTCACTTCCTGGGGT
CATGACCATCGGGCCTGGTGAGCCTGCCTCCCTGGGTCCTACGTTCACCAACACAGGTGCCTCCACCCTGGTCATCG
GCCTGGCCTCCACGCAGGCACAGAGTGTGCCGGTCATCAACAGCATGGGCAGCAGCCTGACCACCCTGCAGCCCGTC
CAGTTCTCCCAGCCGCTGCACCCCTCCTACCAGCAGCCGCTCATGCCACCTGTGCAGAGCCATGTGACCCAGAGCCC
CTTCATGGCCACCATGGCTCAGCTGCAGAGCCCCCACGCCCTCTACAGCCACAAGCCCGAGGTGGCCCAGTACACCC
ACACAGGCCTGCTCCCGCAGACTATGCTCATCACCGACACCACCAACCTGAGCGCCCTGGCCAGCCTCACGCCCACC
AAGCAGGTCTTCACCTCAGACACTGAGGCCTCCAGTGAGTCCGGGCTTCACACGCCGGCATCTCAGGCCACCACCCT

CCACGTCCCCAGCCAGGACCCTGCCGGCATCCAGCACCTGCAGCCGGCCCACCGGCTCAGCGCCAGCCCCACAGTGT
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CCTCCAGCAGCCTGGTGCTGTACCAGAGCTCAGACTCCAGCAATGGCCAGAGCCACCTGCTGCCATCCAACCACAGC

GTCATCGAGACCTTCATCTCCACCCAGATGGCCTCTTCCTCCCAGTTG

HNF1B

ATGGTTAGCAAACTGACATCCCTCCAGCAGGAACTTCTTTCTGCCCTCCTCTCCAGTGGGGTAACCAAAGAGGTACT
GGTCCAGGCTTTGGAGGAGTTGCTCCCCTCACCGAATTTTGGTGTAAAGTTGGAGACTCTCCCCCTCTCCCCTGGTT
CTGGAGCAGAGCCGGATACTAAACCGGTATTTCATACGCTTACAAACGGACACGCAAAGGGTCGGCTTTCAGGTGAC
GAAGGGTCTGAGGACGGCGATGATTATGACACCCCGCCCATCCTCAAAGAACTGCAGGCCCTTAATACAGAGGAAGC
GGCGGAGCAGCGAGCTGAAGTTGACAGAATGCTCTCAGAAGATCCGTGGAGAGCTGCGAAAATGATTAAGGGATATA
TGCAGCAACATAACATTCCCCAGAGAGAGGTAGTTGATGTTACCGGCCTTAACCAGAGCCACCTGTCTCAGCATCTC
AATAAGGGTACTCCTATGAAAACACAGAAGCGAGCGGCCCTTTACACATGGTACGTGCGGAAGCAACGAGAAATTCT
CCGACAGTTCAATCAGACAGTACAATCTTCAGGGAACATGACGGATAAAAGCTCACAGGATCAGCTCTTGTTTCTCT
TCCCCGAGTTCAGCCAACAGTCCCACGGTCCAGGTCAATCTGATGATGCTTGCAGTGAACCTACAAACAAAAAAATG
AGGAGGAACAGGTTTAAATGGGGACCGGCCTCTCAGCAGATACTGTACCAAGCGTACGATCGGCAGAAAAACCCAAG
CAAAGAGGAGCGCGAGGCATTGGTCGAGGAGTGTAATCGGGCCGAGTGCTTGCAACGGGGTGTAAGTCCTAGCAAAG
CCCATGGTCTCGGCTCAAACTTGGTCACGGAGGTGAGGGTATATAATTGGTTTGCCAACAGGCGGAAGGAGGAAGCA
TTCCGGCAAAAGCTGGCGATGGATGCCTACTCAAGCAACCAGACACATAGCCTCAACCCTCTGTTGTCACACGGGTC
CCCTCATCACCAACCTTCTTCCTCTCCACCCAACAAACTTTCTGGTGTCCGATATTCCCAGCAGGGGAACAACGAGA
TAACATCTTCCTCTACTATAAGTCATCACGGAAATTCTGCAATGGTAACGTCACAGAGTGTGTTGCAACAGGTATCA
CCCGCGTCTCTTGATCCAGGCCACAATCTGTTGAGCCCTGACGGAAAGATGATCTCTGTTTCTGGTGGCGGACTCCC
GCCGGTCTCCACACTTACCAACATACATAGTCTCAGTCATCATAATCCTCAGCAGAGCCAAAACCTGATTATGACTC
CTCTTAGCGGAGTGATGGCTATTGCGCAATCTTTGAACACCTCACAAGCACAATCTGTACCCGTCATAAACAGCGTA
GCGGGCTCATTGGCGGCGCTCCAACCAGTGCAGTTCTCCCAGCAGCTCCATTCACCCCATCAACAGCCTCTGATGCA
GCAGAGCCCTGGTAGTCACATGGCTCAACAGCCGTTCATGGCAGCTGTCACTCAGCTCCAGAACTCCCATATGTATG
CCCACAAGCAAGAACCACCACAATACAGTCACACATCAAGATTCCCCAGTGCTATGGTTGTTACTGACACATCCTCT

ATCTCAACTCTGACGAACATGTCCAGTAGTAAACAATGTCCTCTGCAAGCATGG

HNF4A
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ATGCGACTCTCCAAAACCCTCGTCGACATGGACATGGCCGACTACAGTGCTGCACTGGACCCAGCCTACACCACCCT
GGAATTTGAGAATGTGCAGGTGTTGACGATGGGCAATGACACGTCCCCATCAGAAGGCACCAACCTCAACGLCGLCCCA
ACAGCCTGGGTGTCAGCGCCCTGTGTGCCATCTGCGGGGACCGGGCCACGGGCAAACACTACGGTGCCTCGAGCTGT
GACGGCTGCAAGGGCTTCTTCCGGAGGAGCGTGCGGAAGAACCACATGTACTCCTGCAGATTTAGCCGGCAGTGCGT
GGTGGACAAAGACAAGAGGAACCAGTGCCGCTACTGCAGGCTCAAGAAATGCTTCCGGGCTGGCATGAAGAAGGAAG
CCGTCCAGAATGAGCGGGACCGGATCAGCACTCGAAGGTCAAGCTATGAGGACAGCAGCCTGCCCTCCATCAATGCG
CTCCTGCAGGCGGAGGTCCTGTCCCGACAGATCACCTCCCCCGTCTCCGGGATCAACGGCGACATTCGGGCGAAGAA
GATTGCCAGCATCGCAGATGTGTGTGAGTCCATGAAGGAGCAGCTGCTGGTTCTCGTTGAGTGGGCCAAGTACATCC
CAGCTTTCTGCGAGCTCCCCCTGGACGACCAGGTGGCCCTGCTCAGAGCCCATGCTGGCGAGCACCTGCTGCTCGGA
GCCACCAAGAGATCCATGGTGTTCAAGGACGTGCTGCTCCTAGGCAATGACTACATTGTCCCTCGGCACTGCCCGGA
GCTGGCGGAGATGAGCCGGGTGTCCATACGCATCCTTGACGAGCTGGTGCTGCCCTTCCAGGAGCTGCAGATCGATG
ACAATGAGTATGCCTACCTCAAAGCCATCATCTTCTTTGACCCAGATGCCAAGGGGCTGAGCGATCCAGGGAAGATC
AAGCGGCTGCGTTCCCAGGTGCAGGTGAGCTTGGAGGACTACATCAACGACCGCCAGTATGACTCGCGTGGCCGCTT
TGGAGAGCTGCTGCTGCTGCTGCCCACCTTGCAGAGCATCACCTGGCAGATGATCGAGCAGATCCAGTTCATCAAGC
TCTTCGGCATGGCCAAGATTGACAACCTGTTGCAGGAGATGCTGCTGGGAGGTCCGTGCCAAGCCCAGGAGGGGCGG
GGTTGGAGTGGGGACTCCCCAGGAGACAGGCCTCACACAGTGAGCTCACCCCTCAGCTCCTTGGCTTCCCCACTGTG

CCGCTTTGGGCAAGTTGCT

HOXA1

ATGGACAACGCGCGGATGAATTCCTTCCTCGAGTACCCAATTTTGTCTAGTGGAGACAGTGGCACTTGCAGTGCCCG
AGCCTATCCATCAGACCACAGAATTACAACATTCCAAAGCTGTGCGGTGTCAGCCAACAGTTGCGGCGGAGACGACC
GCTTCCTGGTCGGAAGAGGGGTTCAAATTGGATCACCTCACCATCACCATCACCACCACCATCACCACCCCCAACCG
GCGACTTACCAAACCAGCGGCAATTTGGGCGTGAGCTATAGCCATTCCTCATGTGGACCTTCCTATGGGTCTCAGAA
TTTCTCCGCCCCTTATAGCCCATACGCCCTGAACCAAGAGGCCGATGTATCAGGAGGCTATCCCCAGTGCGCGCCAG
CGGTTTACTCAGGTAATCTTTCTAGCCCGATGGTCCAGCACCACCATCACCATCAAGGTTATGCCGGCGGTGCAGTC
GGATCCCCACAATACATACACCATAGTTACGGCCAAGAGCACCAATCCCTGGCCCTCGCTACATATAACAACTCACT
GTCTCCGCTTCATGCTTCCCACCAAGAAGCTTGTCGGAGTCCCGCCTCAGAAACTTCCTCTCCAGCTCAGACTTTTG

ATTGGATGAAGGTCAAGCGGAATCCGCCTAAAACGGGCAAAGTAGGTGAATATGGCTATTTGGGACAGCCTAATGCT
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GTCCGCACCAATTTCACAACAAAACAGCTTACTGAACTCGAGAAGGAATTTCATTTTAATAAGTATTTGACTCGAGC
GAGACGAGTCGAAATCGCCGCTAGTCTTCAACTTAACGAGACCCAGGTTAAGATATGGTTCCAGAACAGAAGAATGA
AACAAAAAAAGCGGGAGAAGGAAGGACTCCTCCCTATATCACCAGCCACACCCCCAGGTAACGACGAGAAGGCGGAG
GAATCTTCAGAGAAGAGTTCCAGCTCCCCTTGTGTTCCTTCTCCTGGTAGCTCAACCAGCGATACCCTCACGACGAG

TCAC

HOXA10

ATGTGTCAAGGCAATTCCAAAGGTGAAAACGCAGCCAACTGGCTCACGGCAAAGAGTGGTCGGAAGAAGCGCTGCCC
CTACACGAAGCACCAGACACTGGAGCTGGAGAAGGAGTTTCTGTTCAATATGTACCTTACTCGAGAGCGGCGCCTAG
AGATTAGCCGCAGCGTCCACCTCACGGACAGACAAGTGAAAATCTGGTTTCAGAACCGCAGGATGAAACTGAAGAAA

ATGAATCGAGAAAACCGGATCCGGGAGCTCACAGCCAACTTTAATTTTTCC

HOXAI1

ATGGATTTTGATGAGCGTGGTCCCTGCTCCTCTAACATGTATTTGCCAAGTTGTACTTACTACGTCTCGGGTCCAGA
TTTCTCCAGCCTCCCTTCTTTTCTGCCCCAGACCCCGTCTTCGCGCCCAATGACATACTCCTACTCCTCCAACCTGC
CCCAGGTCCAACCCGTGCGCGAAGTGACCTTCAGAGAGTACGCCATTGAGCCCGCCACTAAATGGCACCCCCGCGGL
AATCTGGCCCACTGCTACTCCGCGGAGGAGCTCGTGCACAGAGACTGCCTGCAGGCGCCCAGCGCGGCCGGLCGTGLC
TGGCGACGTGCTGGCCAAGAGCTCGGCCAACGTCTACCACCACCCCACCCCCGCAGTCTCGTCCAATTTCTATAGCA
CCGTGGGCAGGAACGGCGTCCTGCCACAGGCTTTCGACCAGTTTTTCGAGACAGCCTACGGCACCCCGGAAAACCTC
GCCTCCTCCGACTACCCCGGGGACAAGAGCGCCGAGAAGGGGCCCCCGGCGGCCACGGCGACCTCCGCGGLGGLGGL
GGCGGCTGCAACGGGCGCGCCGGCAACTTCAAGTTCGGACAGCGGCGGCGGCGGCGGCTGCCGGGAGATGGCGGCGG
CAGCAGAGGAGAAAGAGCGGCGGCGGCGCCCCGAGAGCAGCAGCAGCCCCGAGTCGTCTTCCGGCCACACTGAGGAC
AAGGCCGGCGGCTCCAGTGGCCAACGCACCCGCAAAAAGCGCTGCCCCTATACCAAGTACCAGATCCGAGAGCTGGA
ACGGGAGTTCTTCTTCAGCGTCTACATTAACAAAGAGAAGCGCCTGCAACTGTCCCGCATGCTCAACCTCACTGATC
GTCAAGTCAAAATCTGGTTTCAGAACAGGAGAATGAAGGAAAAAAAAATTAACAGAGACCGTTTACAGTACTACTCA

GCAAATCCACTCCTCTTG

HOXB®6
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ATGAGTTCCTATTTCGTGAACTCCACCTTCCCCGTCACTCTGGCCAGCGGGCAGGAGTCCTTCCTGGGCCAGCTACC

GCTCTATTCGTCGGGCTATGCGGACCCGCTGAGACATTACCCCGCGCCCTACGGGCCAGGGCCGGGCCAGGACAAGG

GCTTTGCCACTTCCTCCTATTACCCGCCGGCGGGCGGTGGCTACGGCCGAGCGGCGCCCTGCGACTACGGGCCGGLG

CCGGCCTTCTACCGCGAGAAAGAGTCGGCCTGCGCACTCTCCGGCGCCGACGAGCAGCCCCCGTTCCACCCCGAGCC

GCGGAAGTCGGACTGCGCGCAGGACAAGAGCGTGTTCGGCGAGACAGAAGAGCAGAAGTGCTCCACTCCGGTCTACC

CGTGGATGCAGCGGATGAATTCGTGCAACAGTTCCTCCTTTGGGCCCAGCGGCCGGCGAGGCCGCCAGACATACACA

CGTTACCAGACGCTGGAGCTGGAGAAGGAGTTTCACTACAATCGCTACCTGACGCGGCGGCGGCGCATCGAGATCGC

GCACGCCCTGTGCCTGACGGAGAGGCAGATCAAGATATGGTTCCAGAACCGACGCATGAAGTGGAAAAAGGAGAGCA

AACTGCTCAGCGCGTCTCAGCTCAGTGCCGAGGAGGAGGAAGAAAAACAGGCCGAG

KLF4

ATGGCTGTCAGCGACGCGCTGCTCCCATCTTTCTCCACGTTCGCGTCTGGCCCGGCGGGAAGGGAGAAGACACTGCG
TCAAGCAGGTGCCCCGAATAACCGCTGGCGGGAGGAGCTCTCCCACATGAAGCGACTTCCCCCAGTGCTTCCCGGLC
GCCCCTATGACCTGGCGGCGGCGACCGTGGCCACAGACCTGGAGAGCGGCGGAGCCGGTGCGGCTTGCGGCGGTAGC
AACCTGGCGCCCCTACCTCGGAGAGAGACCGAGGAGTTCAACGATCTCCTGGACCTGGACTTTATTCTCTCCAATTC
GCTGACCCATCCTCCGGAGTCAGTGGCCGCCACCGTGTCCTCGTCAGCGTCAGCCTCCTCTTCGTCGTCGCCGTCGA
GCAGCGGCCCTGCCAGCGCGCCCTCCACCTGCAGCTTCACCTATCCGATCCGGGCCGGGAACGACCCGGGCGTGGCG
CCGGGCGGCACGGGCGGAGGCCTCCTCTATGGCAGGGAGTCCGCTCCCCCTCCGACGGCTCCCTTCAACCTGGCGGA
CATCAACGACGTGAGCCCCTCGGGCGGCTTCGTGGCCGAGCTCCTGCGGCCAGAATTGGACCCGGTGTACATTCCGC
CGCAGCAGCCGCAGCCGCCAGGTGGCGGGCTGATGGGCAAGTTCGTGCTGAAGGCGTCGCTGAGCGCCCCTGGCAGC
GAGTACGGCAGCCCGTCGGTCATCAGCGTCAGCAAAGGCAGCCCTGACGGCAGCCACCCGGTGGTGGTGGCGCCCTA
CAACGGCGGGCCGCCGCGCACGTGCCCCAAGATCAAGCAGGAGGCGGTCTCTTCGTGCACCCACTTGGGCGCTGGAC
CCCCTCTCAGCAATGGCCACCGGCCGGCTGCACACGACTTCCCCCTGGGGCGGCAGCTCCCCAGCAGGACTACCCCG
ACCCTGGGTCTTGAGGAAGTGCTGAGCAGCAGGGACTGTCACCCTGCCCTGCCGCTTCCTCCCGGCTTCCATCCCCA
CCCGGGGCCCAATTACCCATCCTTCCTGCCCGATCAGATGCAGCCGCAAGTCCCGCCGCTCCATTACCAAGAGCTCA
TGCCACCCGGTTCCTGCATGCCAGAGGAGCCCAAGCCAAAGAGGGGAAGACGATCGTGGCCCCGGAAAAGGACCGLCC
ACCCACACTTGTGATTACGCGGGCTGCGGCAAAACCTACACAAAGAGTTCCCATCTCAAGGCACACCTGCGAACCCA

CACAGGTGAGAAACCTTACCACTGTGACTGGGACGGCTGTGGATGGAAATTCGCCCGCTCAGATGAACTGACCAGGC
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ACTACCGTAAACACACGGGGCACCGCCCGTTCCAGTGCCAAAAATGCGACCGAGCATTTTCCAGGTCGGACCACCTC

GCCTTACACATGAAGAGGCATTTT

LHX3

ATGGAGGCGCGCGGGGAGCTGGGCCCGGCCCGEGGAGTCGGCGGGAGGCGACCTGCTGCTAGCACTGCTGGCGCGGAG
GGCGGACCTGCGCCGAGAGATCCCGCTGTGCGCTGGCTGTGACCAGCACATCCTGGACCGCTTCATCCTCAAGGCTC
TGGACCGCCACTGGCACAGCAAGTGTCTCAAGTGCAGCGACTGCCACACGCCACTGGCCGAGCGCTGCTTCAGCCGA
GGGGAGAGCGTTTACTGCAAGGACGACTTTTTCAAGCGCTTCGGGACCAAGTGCGCCGCGTGCCAGCTGGGCATCCC
GCCCACGCAGGTGGTGCGCCGCGCCCAGGACTTCGTGTACCACCTGCACTGCTTTGCCTGCGTCGTGTGCAAGCGGC
AGCTGGCCACGGGCGACGAGTTCTACCTCATGGAGGACAGCCGGCTCGTGTGCAAGGCGGACTACGAAACCGCCAAG
CAGCGAGAGGCCGAGGCCACGGCCAAGCGGCCGCGCACGACCATCACCGCCAAGCAGCTGGAGACGCTGAAGAGCGC
TTACAACACCTCGCCCAAGCCGGCGCGCCACGTGCGCGAGCAGCTCTCGTCCGAGACGGGCCTGGACATGCGCGTGG
TGCAGGTTTGGTTCCAGAACCGCCGGGCCAAGGAGAAGAGGCTGAAGAAGGACGCCGGCCGGCAGCGCTGGGGGCAG
TATTTCCGCAACATGAAGCGCTCCCGCGGCGGCTCCAAGTCGGACAAGGACAGCGTTCAGGAGGGGCAGGACAGCGA
CGCTGAGGTCTCCTTCCCCGATGAGCCTTCCTTGGCGGAAATGGGCCCGGCCAATGGCCTCTACGGGAGCTTGGGGG
AACCCACCCAGGCCTTGGGCCGGCCCTCGGGAGCCCTGGGCAACTTCTCCCTGGAGCATGGAGGCCTGGCAGGCCCA
GAGCAGTACCGAGAGCTGCGTCCCGGCAGCCCCTACGGTGTCCCCCCATCCCCCGCCGCCCCGCAGAGCCTCCCTGG
CCCCCAGCCCCTCCTCTCCAGCCTGGTGTACCCAGACACCAGCTTGGGCCTTGTGCCCTCGGGAGCCCCCGGCGGGL
CCCCACCCATGAGGGTGCTGGCAGGGAACGGACCCAGTTCTGACCTATCCACGGGGAGCAGCGGGGGTTACCCCGAC
TTCCCTGCCAGCCCCGCCTCCTGGCTGGATGAGGTAGACCACGCTCAGTTCTCAGGCCTCATGGGCCCAGCTTTCTT

GTAC

LMX1A

ATGGAAGGAATCATGAACCCCTACACGGCTCTGCCCACCCCACAGCAGCTCCTGGCCATCGAGCAGAGTGTCTACAG
CTCAGATCCCTTCCGACAGGGTCTCACCCCACCCCAGATGCCTGGAGACCACATGCACCCTTATGGTGCCGAGCCCC
TTTTCCATGACCTGGATAGCGACGACACCTCCCTCAGTAACCTGGGTGACTGTTTCCTAGCAACCTCAGAAGCTGGG

CCTCTGCAGTCCAGAGTGGGAAACCCCATTGACCATCTGTACTCCATGCAGAATTCTTACTTCACATCT

MEF2C
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ATGGGGAGAAAAAAGATTCAGATTACGAGGATTATGGATGAACGTAACAGACAGGTGACATTTACAAAGAGGAAATT
TGGGTTGATGAAGAAGGCTTATGAGCTGAGCGTGCTGTGTGACTGTGAGATTGCGCTGATCATCTTCAACAGCACCA
ACAAGCTGTTCCAGTATGCCAGCACCGACATGGACAAAGTGCTTCTCAAGTACACGGAGTACAACGAGCCGCATGAG
AGCCGGACAAACTCAGACATCGTGGAGACGTTGAGAAAGAAGGGCCTTAATGGCTGTGACAGCCCAGACCCCGATGC
GGACGATTCCGTAGGTCACAGCCCTGAGTCTGAGGACAAGTACAGGAAAATTAACGAAGATATTGATCTAATGATCA
GCAGGCAAAGATTGTGTGCTGTTCCACCTCCCAACTTCGAGATGCCAGTCTCCATCCCAGTGTCCAGCCACAACAGT
TTGGTGTACAGCAACCCTGTCAGCTCACTGGGAAACCCCAACCTATTGCCACTGGCTCACCCTTCTCTGCAGAGGAA
TAGTATGTCTCCTGGTGTAACACATCGACCTCCAAGTGCAGGTAACACAGGTGGTCTGATGGGTGGAGACCTCACGT
CTGGTGCAGGCACCAGTGCAGGGAACGGGTATGGCAATCCCCGAAACTCACCAGGTCTGCTGGTCTCACCTGGTAAC
TTGAACAAGAATATGCAAGCAAAATCTCCTCCCCCAATGAATTTAGGAATGAATAACCGTAAACCAGATCTCCGAGT
TCTTATTCCACCAGGCAGCAAGAATACGATGCCATCAGTGTCTGAGGATGTCGACCTGCTTTTGAATCAAAGGATAA
ATAACTCCCAGTCGGCTCAGTCATTGGCTACCCCAGTGGTTTCCGTAGCAACTCCTACTTTACCAGGACAAGGAATG
GGAGGATATCCATCAGCCATTTCAACAACATATGGTACCGAGTACTCTCTGAGTAGTGCAGACCTGTCATCTCTGTC
TGGGTTTAACACCGCCAGCGCTCTTCACCTTGGTTCAGTAACTGGCTGGCAACAGCAACACCTACATAACATGCCAC
CATCTGCCCTCAGTCAGTTGGGAGCTTGCACTAGCACTCATTTATCTCAGAGTTCAAATCTCTCCCTGCCTTCTACT
CAAAGCCTCAACATCAAGTCAGAACCTGTTTCTCCTCCTAGAGACCGTACCACCACCCCTTCGAGATACCCACAACA
CACGCGCCACGAGGCGGGGAGATCTCCTGTTGACAGCTTGAGCAGCTGTAGCAGTTCGTACGACGGGAGCGACCGAG
AGGATCACCGGAACGAATTCCACTCCCCCATTGGACTCACCAGACCTTCGCCGGACGAAAGGGAAAGTCCCTCAGTC

AAGCGCATGCGACTTTCTGAAGGATGGGCAACA

MESP1

ATGGCCCAGCCCCTGTGCCCGCCGCTCTCCGAGTCCTGGATGCTCTCTGCGGCCTGGGGCCCAACTCGGCGGLCCGCC
GCCCTCCGACAAGGACTGCGGCCGCTCCCTCGTCTCGTCCCCAGACTCATGGGGCAGCACCCCAGCCGACAGCCCCG
TGGCGAGCCCCGCGCGGCCAGGCACCCTCCGGGACCCCCGCGCCCCCTCCGTAGGTAGGCGCGGCGCGCGCAGCAGC
CGCCTGGGCAGCGGGCAGAGGCAGAGCGCCAGTGAGCGGGAGAAACTGCGCATGCGCACGCTGGCCCGCGCCCTGCA
CGAGCTGCGCCGCTTTCTACCGCCGTCCGTGGCGCCCGCGGGCCAGAGCCTGACCAAGATCGAGACGCTGCGCCTGG
CTATCCGCTATATCGGCCACCTGTCGGCCGTGCTAGGCCTCAGCGAGGAGAGTCTCCAGCGCCGGTGCCGGCAGCGL

GGTGACGCGGGGTCCCCTCGGGGCTGCCCGCTGTGCCCCGACGACTGCCCCGCGCAGATGCAGACACGGACGCAGGC
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TGAGGGGCAGGGGCAGGGGCGCGGGCTGGGCCTGGTATCCGCCGTCCGCGCCGGGGCGTCCTGGGGATCCCCGCCTG

CCTGCCCCGGAGCCCGAGCTGCACCCGAGCCGCGCGACCCGCCTGCGCTGTTCGCCGAGGCGGCGTGCCCGGAAGGG

CAGGCGATGGAGCCAAGCCCACCGTCCCCGCTCCTTCCGGGCGACGTGCTGGCTCTGTTGGAGACCTGGATGCCCCT

CTCGCCTCTGGAGTGGCTGCCTGAGGAGCCCAAGTTG

MITF

ATGCTGGAAATGCTAGAATATAATCACTATCAGGTGCAGACCCACCTCGAAAACCCCACCAAGTACCACATACAGCA
AGCCCAACGGCAGCAGGTAAAGCAGTACCTTTCTACCACTTTAGCAAATAAACATGCCAACCAAGTCCTGAGCTTGC
CATGTCCAAACCAGCCTGGCGATCATGTCATGCCACCGGTGCCGGGGAGCAGCGCACCCAACAGCCCCATGGCTATG
CTTACGCTTAACTCCAACTGTGAAAAAGAGGGATTTTATAAGTTTGAAGAGCAAAACAGGGCAGAGAGCGAGTGCCC
AGGCATGAACACACATTCACGAGCGTCCTGTATGCAGATGGATGATGTAATCGATGACATCATTAGCCTAGAATCAA
GTTATAATGAGGAAATCTTGGGCTTGATGGATCCTGCTTTGCAAATGGCAAATACGTTGCCTGTCTCGGGAAACTTG
ATTGATCTTTATGGAAACCAAGGTCTGCCCCCACCAGGCCTCACCATCAGCAACTCCTGTCCAGCCAACCTTCCCAA
CATAAAAAGGGAGCTCACAGAGTCTGAAGCAAGAGCACTGGCCAAAGAGAGGCAGAAAAAGGACAATCACAACCTGA
TTGAACGAAGAAGAAGATTTAACATAAATGACCGCATTAAAGAACTAGGTACTTTGATTCCCAAGTCAAATGATCCA
GACATGCGCTGGAACAAGGGAACCATCTTAAAAGCATCCGTGGACTATATCCGAAAGTTGCAACGAGAACAGCAACG
CGCAAAAGAACTTGAAAACCGACAGAAGAAACTGGAGCACGCCAACCGGCATTTGTTGCTCAGAATACAGGAACTTG
AAATGCAGGCTCGAGCTCATGGACTTTCCCTTATTCCATCCACGGGTCTCTGCTCTCCAGATTTGGTGAATCGGATC
ATCAAGCAAGAACCCGTTCTTGAGAACTGCAGCCAAGACCTCCTTCAGCATCATGCAGACCTAACCTGTACAACAAC
TCTCGATCTCACGGATGGCACCATCACCTTCAACAACAACCTCGGAACTGGGACTGAGGCCAACCAAGCCTATAGTG
TCCCCACAAAAATGGGATCCAAACTGGAAGACATCCTGATGGACGACACCCTTTCTCCCGTCGGTGTCACTGATCCA
CTCCTTTCCTCAGTGTCCCCCGGAGCTTCCAAAACAAGCAGCCGGAGGAGCAGTATGAGCATGGAAGAGACGGAGCA

CACTTGT

MYC

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA

AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
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ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC

CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA

TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT

GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA

TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA

AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG

CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA

AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT

CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC

TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG

ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA

ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA

AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCA

AAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACT

CTTGTGCG

MYCL

ATGGACTACGACTCGTACCAGCACTATTTCTACGACTATGACTGCGGGGAGGATTTCTACCGCTCCACGGCGCCCAG

CGAGGACATCTGGAAGAAATTCGAGCTGGTGCCATCGCCCCCCACGTCGCCGCCCTGGGGCTTGGGTCCCGGCGCAG

GGGACCCGGCCCCCGGGATTGGTCCCCCGGAGCCGTGGCCCGGAGGGTGCACCGGAGACGAAGCGGAATCCLCGGGGEL

CACTCGAAAGGCTGGGGCAGGAACTACGCCTCCATCATACGCCGTGACTGCATGTGGAGCGGCTTCTCGGCCCGGGA

ACGGCTGGAGAGAGCTGTGAGCGACCGGCTCGCTCCTGGCGCGCCCCGGGGGAACCCGCCCAAGGLCGTCCGLLCGLCC

CGGACTGCACTCCCAGCCTCGAAGCCGGCAACCCGGCGCCCGCCGCCCCCTGTCCGCTGGGCGAACCCAAGACCCAG

GCCTGCTCCGGGTCCGAGAGCCCAAGCGACTCGGGTAAGGACCTCCCCGAGCCATCCAAGAGGGGGCCACCCCATGG

GTGGCCAAAGCTCTGCCCCTGCCTGAGGTCAGGCATTGGCTCTTCTCAAGCTCTTGGGCCATCTCCGCCTCTCTTTG

GC

MYCN
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ATGCCGAGTTGTTCCACGTCTACGATGCCAGGAATGATATGCAAGAACCCCGACTTGGAGTTTGACTCTTTGCAACC
ATGCTTTTATCCGGATGAAGACGACTTTTATTTCGGCGGCCCGGACAGCACCCCTCCTGGAGAGGACATCTGGAAAA
AATTCGAACTTTTGCCTACACCCCCACTCAGTCCCTCTCGAGGATTTGCGGAACACAGCAGTGAACCGCCGTCTTGG
GTGACAGAGATGCTCCTCGAGAACGAATTGTGGGGAAGCCCTGCGGAGGAAGACGCTTTCGGGCTCGGTGGACTCGG
AGGTCTCACGCCGAACCCAGTCATACTGCAGGATTGCATGTGGTCTGGATTCTCAGCTCGGGAGAAGCTGGAACGGG
CAGTTTCTGAGAAACTCCAACATGGCCGGGGCCCTCCAACAGCGGGTTCTACCGCACAGTCCCCTGGTGCTGGAGCC
GCTAGTCCCGCGGGGAGAGGCCATGGGGGCGCGGCAGGAGCGGGTAGGGCCGGCGCTGCGTTGCCTGCTGAGCTTGC
GCACCCCGCCGCTGAATGTGTAGATCCCGCGGTAGTGTTTCCGTTCCCCGTTAATAAGCGAGAACCGGCACCGGTGC
CAGCCGCTCCTGCGTCTGCACCCGCGGCAGGTCCTGCTGTCGCCTCAGGAGCAGGTATTGCCGCTCCTGCAGGGGCA
CCAGGAGTAGCCCCTCCAAGGCCCGGCGGTAGGCAAACCTCCGGCGGCGACCACAAAGCACTCTCAACGAGCGGAGA
GGATACACTGTCCGATAGTGATGACGAGGACGACGAAGAGGAGGACGAGGAGGAGGAGATAGATGTTGTCACGGTCG
AGAAGCGAAGGAGTTCTTCAAATACAAAAGCGGTAACGACATTCACGATAACAGTAAGACCTAAGAACGCAGCCCTC
GGTCCAGGGCGGGCCCAGTCCAGTGAGCTTATACTTAAGCGCTGCCTGCCGATTCACCAGCAGCATAACTACGCGGC
CCCTAGTCCCTACGTTGAGAGCGAGGATGCCCCCCCACAAAAAAAAATAAAGTCTGAAGCGTCCCCCCGCCCCCTGA
AATCCGTAATCCCCCCAAAGGCGAAGTCACTCAGTCCCAGGAATTCAGATTCCGAGGACTCCGAACGGCGGCGGAAT
CATAACATACTTGAGAGACAACGACGCAATGACCTGAGGTCTTCTTTTTTGACCCTCCGAGATCACGTCCCCGAGCT
GGTTAAGAATGAGAAAGCTGCGAAGGTAGTCATACTGAAAAAGGCCACCGAGTATGTCCATAGTTTGCAAGCTGAGG
AGCACCAGCTTCTCCTTGAAAAGGAGAAACTTCAGGCACGACAACAGCAATTGCTGAAAAAGATTGAGCATGCACGC

ACTTGT

MYOD1

ATGGAGCTACTGTCGCCACCGCTCCGCGACGTAGACCTGACGGCCCCCGACGGCTCTCTCTGCTCCTTTGCCACAAC
GGACGACTTCTATGACGACCCGTGTTTCGACTCCCCGGACCTGCGCTTCTTCGAAGACCTGGACCCGCGCCTGATGC
ACGTGGGCGCGCTCCTGAAACCCGAAGAGCACTCGCACTTCCCCGCGGCGGTGCACCCGGCCCCGGGCGCACGTGAG
GACGAGCATGTGCGCGCGCCCAGCGGGCACCACCAGGCGGGCCGCTGCCTACTGTGGGCCTGCAAGGCGTGCAAGCG
CAAGACCACCAACGCCGACCGCCGCAAGGCCGCCACCATGCGCGAGCGGCGCCGCCTGAGCAAAGTAAATGAGGCCT
TTGAGACACTCAAGCGCTGCACGTCGAGCAATCCAAACCAGCGGTTGCCCAAGGTGGAGATCCTGCGCAACGCCATC

CGCTATATCGAGGGCCTGCAGGCTCTGCTGCGCGACCAGGACGCCGCGCCCCCTGGCGCCGCAGCCGCCTTCTATGC

200



GCCGGGCCCGCTGCCCCCGGGCCGCGEGCGGCGAGCACTACAGCGGCGACTCCGACGCGTCCAGCCCGCGCTCCAACT

GCTCCGACGGCATGATGGACTACAGCGGCCCCCCGAGCGGCGCCCGGCGGCGGAACTGCTACGAAGGCGCCTACTAC

AACGAGGCGCCCAGCGAACCCAGGCCCGGGAAGAGTGCGGCGGTGTCGAGCCTAGACTGCCTGTCCAGCATCGTGGA

GCGCATCTCCACCGAGAGCCCTGCGGCGCCCGCCCTCCTGCTGGCGGACGTGCCTTCTGAGTCGCCTCCGCGCAGGC

AAGAGGCTGCCGCCCCCAGCGAGGGAGAGAGCAGCGGCGACCCCACCCAGTCACCGGACGCCGCCCCGCAGTGLCCT

GCGGGTGCGAACCCCAACCCGATATACCAGGTGCTC

MYOG

ATGGAGCTGTATGAGACATCCCCCTACTTCTACCAGGAACCCCGCTTCTATGATGGGGAAAACTACCTGCCTGTCCA
CCTCCAGGGCTTCGAACCACCAGGCTACGAGCGGACGGAGCTCACCCTGAGCCCCGAGGCCCCAGGGCCCCTTGAGG
ACAAGGGGCTGGGGACCCCCGAGCACTGTCCAGGCCAGTGCCTGCCGTGGGCGTGTAAGGTGTGTAAGAGGAAGTCG
GTGTCCGTGGACCGGCGGCGGGCGGCCACACTGAGGGAGAAGCGCAGGCTCAAGAAGGTGAATGAGGCCTTCGAGGC
CCTGAAGAGAAGCACCCTGCTCAACCCCAACCAGCGGCTGCCCAAGGTGGAGATCCTGCGCAGTGCCATCCAGTACA
TCGAGCGCCTCCAGGCCCTGCTCAGCTCCCTCAACCAGGAGGAGCGTGACCTCCGCTACCGGGGLCGGGGGLGGGLLL
CAGCCAGGGGTGCCCAGCGAATGCAGCTCTCACAGCGCCTCCTGCAGTCCAGAGTGGGGCAGTGCACTGGAGTTCAG
CGCCAACCCAGGGGATCATCTGCTCACGGCTGACCCTACAGATGCCCACAACCTGCACTCCCTCACCTCCATCGTGG

ACAGCATCACAGTGGAAGATGTGTCTGTGGCCTTCCCAGATGAAACCATGCCCAAC

NEUROD1

ATGACCAAATCGTACAGCGAGAGTGGGCTGATGGGCGAGCCTCAGCCCCAAGGTCCTCCAAGCTGGACAGACGAGTG
TCTCAGTTCTCAGGACGAGGAGCACGAGGCAGACAAGAAGGAGGACGACCTCGAAGCCATGAACGCAGAGGAGGACT
CACTGAGGAACGGGGGAGAGGAGGAGGACGAAGATGAGGACCTGGAAGAGGAGGAAGAAGAGGAAGAGGAGGATGAC
GATCAAAAGCCCAAGAGACGCGGCCCCAAAAAGAAGAAGATGACTAAGGCTCGCCTGGAGCGTTTTAAATTGAGACG
CATGAAGGCTAACGCCCGGGAGCGGAACCGCATGCACGGACTGAACGCGGCGCTAGACAACCTGCGCAAGGTGGTGC
CTTGCTATTCTAAGACGCAGAAGCTGTCCAAAATCGAGACTCTGCGCTTGGCCAAGAACTACATCTGGGCTCTGTCG
GAGATCCTGCGCTCAGGCAAAAGCCCAGACCTGGTCTCCTTCGTTCAGACGCTTTGCAAGGGCTTATCCCAACCCAC
CACCAACCTGGTTGCGGGCTGCCTGCAACTCAATCCTCGGACTTTTCTGCCTGAGCAGAACCAGGACATGCCCCCCC

ACCTGCCGACGGCCAGCGCTTCCTTCCCTGTACACCCCTACTCCTACCAGTCGCCTGGGCTGCCCAGTCCGCCTTAC

201



GGTACCATGGACAGCTCCCATGTCTTCCACGTTAAGCCTCCGCCGCACGCCTACAGCGCAGCGCTGGAGCCCTTCTT
TGAAAGCCCTCTGACTGATTGCACCAGCCCTTCCTTTGATGGACCCCTCAGCCCGCCGCTCAGCATCAATGGCAACT
TCTCTTTCAAACACGAACCGTCCGCCGAGTTTGAGAAAAATTATGCCTTTACCATGCACTATCCTGCAGCGACACTG
GCAGGGGCCCAAAGCCACGGATCAATCTTCTCAGGCACCGCTGCCCCTCGCTGCGAGATCCCCATAGACAATATTAT

GTCCTTCGATAGCCATTCACATCATGAGCGAGTCATGAGTGCCCAGCTCAATGCCATATTTCATGAT

NEUROG1

ATGCCAGCCCGCCTTGAGACCTGCATCTCCGACCTCGACTGCGCCAGCAGCAGCGGCAGTGACCTATCCGGCTTCCT
CACCGACGAGGAAGACTGTGCCAGACTCCAACAGGCAGCCTCCGCTTCGGGGCCGCCCGCGCCGGCCCGCAGGGGLG
CGCCCAATATCTCCCGGGCGTCTGAGGTTCCAGGGGCACAGGACGACGAGCAGGAGAGGCGGCGGLCGCCGLCGGLLCGG
ACGCGGGTCCGCTCCGAGGCGCTGCTGCACTCGCTGCGCAGGAGCCGGCGCGTCAAGGCCAACGATCGCGAGCGCAA
CCGCATGCACAACTTGAACGCGGCCCTGGACGCACTGCGCAGCGTGCTGCCCTCGTTCCCCGACGACACCAAGCTCA
CCAAAATCGAGACGCTGCGCTTCGCCTACAACTACATCTGGGCTCTGGCCGAGACACTGCGCCTGGCGGATCAAGGG
CTGCCCGGAGGCGGTGCCCGGGAGCGCCTCCTGCCGCCGCAGTGCGTCCCCTGCCTGCCCGGTCCCCCAAGCCCCGL
CAGCGACGCGGAGTCCTGGGGCTCAGGTGCCGCCGCCGCCTCCCCGCTCTCTGACCCCAGTAGCCCAGCCGCCTCCG
AAGACTTCACCTACCGCCCCGGCGACCCTGTTTTCTCCTTCCCAAGCCTGCCCAAAGACTTGCTCCACACAACGLCCC

TGTTTCATTCCTTACCAC

NEUROG3

ATGACACCACAACCATCTGGTGCTCCCACAGTCCAGGTGACGCGAGAGACTGAAAGATCATTCCCACGCGCGTCCGA
GGATGAGGTGACATGTCCAACTAGCGCACCCCCCTCTCCTACCCGGACCCGCGGGAATTGTGCTGAGGCCGAAGAGG
GAGGATGCAGAGGAGCACCAAGGAAACTTCGAGCCCGACGGGGTGGAAGAAGCCGCCCCAAGTCTGAGCTCGCCCTT
AGCAAGCAGCGCCGCAGTCGGAGGAAAAAGGCAAACGACCGGGAAAGGAATAGGATGCATAATCTTAATTCTGCTCT
GGACGCTCTGCGAGGCGTACTTCCTACTTTCCCGGATGACGCGAAATTGACCAAGATAGAGACTCTCCGGTTTGCAC
ATAATTACATCTGGGCTCTTACACAAACACTGAGAATTGCCGATCACAGTCTTTACGCTCTTGAGCCACCCGCCCCG
CACTGTGGCGAGCTGGGTAGCCCCGGCGGCTCTCCTGGAGACTGGGGGTCTTTGTATTCTCCTGTCAGCCAAGCGGG
ATCTTTGAGTCCGGCTGCCAGTCTCGAAGAAAGACCCGGACTCCTTGGAGCGACTTTTTCAGCATGTCTGTCCCCTG

GCTCATTGGCTTTCTCAGACTTTTTG

202



NRL

ATGGCCCTGCCTCCCAGCCCGCTGGCCATGGAATATGTCAATGACTTTGACTTGATGAAGTTTGAGGTAAAGCGGGA
ACCCTCTGAGGGCCGACCTGGCCCACCTACAGCCTCACTGGGATCCACACCTTACAGCTCAGTGCCTCCTTCACCCA
CCTTCAGTGAACCAGGCATGGTAGGGGCAACCGAGGGTACACGACCAGGTTTGGAGGAGCTGTACTGGCTTGCTACC
CTGCAGCAGCAGCTTGGGGCTGGGGAGGCATTGGGACTGAGTCCTGAAGAGGCCATGGAGCTACTGCAAGGTCAGGG
CCCAGTCCCTGTTGATGGACCCCATGGTTACTACCCAGGGAGCCCAGAGGAGACAGGAGCCCAGCACGTTCAGTTGG
CAGAGCGGTTTTCCGACGCGGCGCTTGTCTCGATGTCTGTGCGAGAACTAAACCGGCAGCTGCGGGGATGCGGGAGA
GACGAGGCTCTACGACTGAAGCAGAGGCGTCGAACGCTGAAGAACCGTGGCTATGCGCAAGCATGTCGTTCCAAGAG
GCTGCAACAGAGGCGAGGTCTTGAGGCCGAGCGCGCCCGTCTTGCAGCCCAGCTAGATGCGCTACGAGCTGAAGTAG
CACGTTTGGCAAGAGAGCGAGATCTCTACAAGGCTCGCTGTGACCGGCTAACCTCGAGTGGCCCCGGGTCCGGGGAT

CCCTCCCACCTTTTCCTCTGCCCAACTTTCTTGTACAAAGTTGTCCCC

ONECUT1

ATGAACGCGCAGCTGACCATGGAAGCGATCGGCGAGCTGCACGGGGTGAGCCATGAGCCGGTGCCCGCCCCTGCCGA
CCTGCTGGGCGGCAGCCCCCACGCGCGCAGCTCCGTGGCGCACCGCGGCAGCCACCTGCCCCCCGCGCACCCGCGLT
CCATGGGCATGGCGTCCCTGCTGGACGGCGGCAGCGGCGGCGGAGATTACCACCACCACCACCGGGCCCCTGAGCALC
AGCCTGGCCGGCCCCCTGCATCCCACCATGACCATGGCCTGCGAGACTCCCCCAGGTATGAGCATGCCCACCACCTA
CACCACCTTGACCCCTCTGCAGCCGCTGCCTCCCATCTCCACAGTCTCGGACAAGTTCCCCCACCATCACCACCACC
ACCATCACCACCACCACCCGCACCACCACCAGCGCCTGGCGGGCAACGTGAGCGGTAGCTTCACGCTCATGCGGGAT
GAGCGCGGGCTGGCCTCCATGAATAACCTCTATACCCCCTACCACAAGGACGTGGCCGGCATGGGCCAGAGCCTCTC
GCCCCTCTCCAGCTCCGGTCTGGGCAGCATCCACAACTCCCAGCAAGGGCTCCCCCACTATGCCCACCCGGGGGCCG
CCATGCCCACCGACAAGATGCTCACCCCCAACGGCTTCGAAGCCCACCACCCGGCCATGCTCGGCCGCCACGGGGAG
CAGCACCTCACGCCCACCTCGGCCGGCATGGTGCCCATCAACGGCCTTCCTCCGCACCATCCCCACGCCCACCTGAA
CGCCCAGGGCCACGGGCAACTCCTGGGCACAGCCCGGGAGCCCAACCCTTCGGTGACCGGCGCGCAGGTCAGCAATG
GAAGTAATTCAGGGCAGATGGAAGAGATCAATACCAAAGAGGTGGCGCAGCGTATCACCACCGAGCTCAAGCGCTAC
AGCATCCCACAGGCCATCTTCGCGCAGAGGGTGCTCTGCCGCTCCCAGGGGACCCTCTCGGACCTGCTGCGCAACCC
CAAACCCTGGAGCAAACTCAAATCCGGCCGGGAGACCTTCCGGAGGATGTGGAAGTGGCTGCAGGAGCCGGAGTTCC

AGCGCATGTCCGCGCTCCGCTTAGCAGCATGCAAAAGGAAAGAACAAGAACATGGGAAGGATAGAGGCAACACACCC

203



AAAAAGCCCAGGTTGGTCTTCACAGATGTCCAGCGTCGAACTCTACATGCAATATTCAAGGAAAATAAGCGTCCATC

CAAAGAATTGCAAATCACCATTTCCCAGCAGCTGGGGTTGGAGCTGAGCACTGTCAGCAACTTCTTCATGAACGCAA

GAAGGAGGAGTCTGGACAAGTGGCAGGACGAGGGCAGCTCCAATTCAGGCAACTCATCTTCTTCATCAAGCACTTGT

ACCAAAGCA

OTX2

ATGATGTCTTATCTTAAGCAACCGCCTTACGCAGTCAATGGGCTGAGTCTGACCACTTCGGGTATGGACTTGCTGCA

CCCCTCCGTGGGCTACCCGGGGCCCTGGGCTTCTTGTCCCGCAGCCACCCCCCGGAAACAGCGCCGGGAGAGGACGA

CGTTCACTCGGGCGCAGCTAGATGTGCTGGAAGCACTGTTTGCCAAGACCCGGTACCCAGACATCTTCATGCGAGAG

GAGGTGGCACTGAAAATCAACTTGCCCGAGTCGAGGGTGCAGGTATGGTTTAAGAATCGAAGAGCTAAGTGCCGCCA

ACAACAGCAACAACAGCAGAATGGAGGTCAAAACAAAGTGAGACCTGCCAAAAAGAAGACATCTCCAGCTCGGGAAG

TGAGTTCAGAGAGTGGAACAAGTGGCCAATTCACTCCCCCCTCTAGCACCTCAGTCCCGACCATTGCCAGCAGCAGT

GCTCCTGTGTCTATCTGGAGCCCAGCTTCCATCTCCCCACTGTCAGATCCCTTGTCCACCTCCTCTTCCTGCATGCA

GAGGTCCTATCCCATGACCTATACTCAGGCTTCAGGTTATAGTCAAGGATATGCTGGCTCAACTTCCTACTTTGGGG

GCATGGACTGTGGATCATATTTGACCCCTATGCATCACCAGCTTCCCGGACCAGGGGCCACACTCAGTCCCATGGGT

ACCAATGCAGTCACCAGCCATCTCAATCAGTCCCCAGCTTCTCTTTCCACCCAGGGATATGGAGCTTCAAGCTTGGG

TTTTAACTCAACCACTGATTGCTTGGATTATAAGGACCAAACTGCCTCCTGGAAGCTTAACTTCAATGCTGACTGCT

TGGATTATAAAGATCAGACATCCTCGTGGAAATTCCAGGTTTTG

PAX7

ATGGCGGCCCTTCCCGGCACGGTACCGAGAATGATGCGGCCGGCTCCGGGGCAGAACTACCCCCGCACGGGATTCCC
TTTGGAAGTGTCCACCCCGCTTGGCCAAGGCCGGGTCAATCAGCTGGGAGGGGTCTTCATCAATGGGCGACCCCTGC
CTAACCACATCCGCCACAAGATAGTGGAGATGGCCCACCATGGCATCCGGCCCTGTGTCATCTCCCGACAGCTGCGT
GTCTCCCACGGCTGCGTCTCCAAGATTCTTTGCCGCTACCAGGAGACCGGGTCCATCCGGCCTGGGGCCATCGGCGG
CAGCAAGCCCAGACAGGTGGCGACTCCGGATGTAGAGAAAAAGATTGAGGAGTACAAGAGGGAAAACCCAGGCATGT
TCAGCTGGGAGATCCGGGACAGGCTGCTGAAGGATGGGCACTGTGACCGAAGCACTGTGCCCTCAGTGAGTTCGATT
AGCCGCGTGCTCAGAATCAAGTTCGGGAAGAAAGAGGAGGAGGATGAAGCGGACAAGAAGGAGGACGACGGCGAAAA

GAAGGCCAAACACAGCATCGACGGCATCCTGGGCGACAAAGGGAACCGGCTGGACGAGGGCTCGGATGTGGAGTCGG

204



AACCTGACCTCCCACTGAAGCGCAAGCAGCGACGCAGTCGGACCACATTCACGGCCGAGCAGCTGGAGGAGCTGGAG
AAGGCCTTTGAGAGGACCCACTACCCAGACATATACACCCGCGAGGAGCTGGCGCAGAGGACCAAGCTGACAGAGGC
GCGTGTGCAGGTCTGGTTCAGTAACCGCCGCGCCCGTTGGCGTAAGCAGGCAGGAGCCAACCAGCTGGCGGCGTTCA
ACCACCTTCTGCCAGGAGGCTTCCCGCCCACCGGCATGCCCACGCTGCCCCCCTACCAGCTGCCGGACTCCACCTAC
CCCACCACCACCATCTCCCAAGATGGGGGCAGCACTGTGCACCGGCCTCAGCCCCTGCCACCGTCCACCATGCACCA
GGGCGGGCTGGCTGCAGCGGCTGCAGCCGCCGACACCAGCTCTGCCTACGGAGCCCGCCACAGCTTCTCCAGCTACT
CTGACAGCTTCATGAATCCGGCGGCGCCCTCCAACCACATGAACCCGGTCAGCAACGGCCTGTCTCCTCAGGTGATG
AGCATCTTGGGCAACCCCAGTGCGGTGCCCCCGCAGCCACAGGCTGACTTCTCCATCTCCCCGCTGCATGGCGGCCT
GGACTCGGCCACCTCCATCTCAGCCAGCTGCAGCCAGCGGGCCGACTCCATCAAGCCAGGAGACAGCCTGCCCACCT
CCCAGGCCTACTGCCCACCCACCTACAGCACCACCGGCTACAGCGTGGACCCCGTGGCCGGCTATCAGTACGGCCAG
TACGGCCAGAGTGAGTGCCTGGTGCCCTGGGCGTCCCCCGTCCCCATTCCTTCTCCCACCCCCAGGGCCTCCTGCTT
GTTTATGGAGAGCTACAAGGTGGTGTCAGGGTGGGGAATGTCCATTTCACAGATGGAAAAATTGAAGTCCAGCCAGA

TGGAACAGTTCACC

POU1F1

ATGAGTTGCCAAGCTTTTACTTCGGCTGATACCTTTATACCTCTGAATTCTGACGCCTCTGCAACTCTGCCTCTGAT
AATGCATCACAGTGCTGCCGAGTGTCTACCAGTCTCCAACCATGCCACCAATGTGATGTCTACAGCAACAGGACTTC
ATTATTCTGTTCCTTCCTGTCATTATGGAAACCAGCCATCAACCTATGGAGTGATGGCAGGTAGTTTAACCCCTTGT
CTTTATAAATTTCCTGACCACACCTTGAGTCATGGATTTCCTCCTATACACCAGCCTCTTCTGGCAGAGGACCCCAC
AGCTGCTGATTTCAAGCAGGAACTCAGGCGGAAAAGTAAATTGGTGGAAGAGCCAATAGACATGGATTCTCCAGAAA
TCAGAGAACTTGAAAAGTTTGCCAATGAATTTAAAGTGAGACGAATTAAATTAGGATACACCCAGACAAATGTTGGG
GAGGCCCTGGCAGCTGTGCATGGCTCTGAATTCAGTCAAACAACAATCTGCCGATTTGAAAATCTGCAGCTCAGCTT
TAAAAATGCATGCAAACTGAAAGCAATATTATCCAAATGGCTGGAGGAAGCTGAGCAAGTAGGAGCTTTGTACAATG
AAAAAGTGGGAGCAAATGAAAGGAAAAGAAAACGAAGAACAACTATAAGCATTGCTGCTAAAGATGCTCTGGAGAGA
CACTTTGGAGAACAGAATAAACCTTCTTCTCAAGAGATCATGAGGATGGCTGAAGAACTGAATCTGGAGAAAGAAGT
AGTAAGAGTTTGGTTTTGCAACCGGAGGCAGAGAGAAAAACGGGTGAAAACAAGTCTGAATCAGAGTTTATTTTCTA

TTTCTAAGGAACATCTTGAGTGCAGATCAGGCCTCATGGGCCCAGCTTTCTTGTAC

POUSF1

205



ATGGCGGGACACCTGGCTTCAGATTTTGCCTTCTCGCCCCCTCCAGGTGGTGGAGGTGATGGGCCAGGGGGGCCGGA
GCCGGGCTGGGTTGATCCTCGGACCTGGCTAAGCTTCCAAGGCCCTCCTGGAGGGCCAGGAATCGGGCCGGGGGTTG
GGCCAGGCTCTGAGGTGTGGGGGATTCCCCCATGCCCCCCGCCGTATGAGTTCTGTGGGGGGATGGCGTACTGTGGG
CCCCAGGTTGGAGTGGGGCTAGTGCCCCAAGGCGGCTTGGAGACCTCTCAGCCTGAGGGCGAAGCAGGAGTCGGGGT
GGAGAGCAACTCCGATGGGGCCTCCCCGGAGCCCTGCACCGTCACCCCTGGTGCCGTGAAGCTGGAGAAGGAGAAGC
TGGAGCAAAACCCGGAGGAGTCCCAGGACATCAAAGCTCTGCAGAAAGAACTCGAGCAATTTGCCAAGCTCCTGAAG
CAGAAGAGGATCACCCTGGGATATACACAGGCCGATGTGGGGCTCACCCTGGGGGTTCTATTTGGGAAGGTATTCAG
CCAAACGACCATCTGCCGCTTTGAGGCTCTGCAGCTTAGCTTCAAGAACATGTGTAAGCTGCGGCCCTTGCTGCAGA
AGTGGGTGGAGGAAGCTGACAACAATGAAAATCTTCAGGAGATATGCAAAGCAGAAACCCTCGTGCAGGCCCGAAAG
AGAAAGCGAACCAGTATCGAGAACCGAGTGAGAGGCAACCTGGAGAATTTGTTCCTGCAGTGCCCGAAACCCACACT
GCAGCAGATCAGCCACATCGCCCAGCAGCTTGGGCTCGAGAAGGATGTGGTCCGAGTGTGGTTCTGTAACCGGCGCC
AGAAGGGCAAGCGATCAAGCAGCGACTATGCACAACGAGAGGATTTTGAGGCTGCTGGGTCTCCTTTCTCAGGGGGA
CCAGTGTCCTTTCCTCTGGCCCCAGGGCCCCATTTTGGTACCCCAGGCTATGGGAGCCCTCACTTCACTGCACTGTA
CTCCTCGGTCCCTTTCCCTGAGGGGGAAGCCTTTCCCCCTGTCTCTGTCACCACTCTGGGCTCTCCCATGCATTCAA

AC

RUNX1

ATGGCTTCAGACAGCATATTTGAGTCATTTCCTTCGTACCCACAGTGCTTCATGAGAGAATGCATACTTGGAATGAA
TCCTTCTAGAGACGTCCACGATGCCAGCACGAGCCGCCGCTTCACGCCGCCTTCCACCGCGCTGAGCCCAGGCAAGA
TGAGCGAGGCGTTGCCGCTGGGCGCCCCGGACGCCGGCGCTGCCCTGGCCGGCAAGCTGAGGAGCGGCGACCGCAGC
ATGGTGGAGGTGCTGGCCGACCACCCGGGCGAGCTGGTGCGCACCGACAGCCCCAACTTCCTCTGCTCCGTGCTGCC
TACGCACTGGCGCTGCAACAAGACCCTGCCCATCGCTTTCAAGGTGGTGGCCCTAGGGGATGTTCCAGATGGCACTC
TGGTCACTGTGATGGCTGGCAATGATGAAAACTACTCGGCTGAGCTGAGAAATGCTACCGCAGCCATGAAGAACCAG
GTTGCAAGATTTAATGACCTCAGGTTTGTCGGTCGAAGTGGAAGAGGGAAAAGCTTCACTCTGACCATCACTGTCTT
CACAAACCCACCGCAAGTCGCCACCTACCACAGAGCCATCAAAATCACAGTGGATGGGCCCCGAGAACCTCGAAGAC
ATCGGCAGAAACTAGATGATCAGACCAAGCCCGGGAGCTTGTCCTTTTCCGAGCGGCTCAGTGAACTGGAGCAGCTG
CGGCGCACAGCCATGAGGGTCAGCCCACACCACCCAGCCCCCACGCCCAACCCTCGTGCCTCCCTGAACCACTCCAC

TGCCTTTAACCCTCAGCCTCAGAGTCAGATGCAGGATACAAGGCAGATCCAACCATCCCCACCGTGGTCCTACGATC

206



AGTCCTACCAATACCTGGGATCCATTGCCTCTCCTTCTGTGCACCCAGCAACGCCCATTTCACCTGGACGTGCCAGC

GGCATGACAACCCTCTCTGCAGAACTTTCCAGTCGACTCTCAACGGCACCCGACCTGACAGCGTTCAGCGACCCGCG

CCAGTTCCCCGCGCTGCCCTCCATCTCCGACCCCCGCATGCACTATCCAGGCGCCTTCACCTACTCCCCGACGCCGG

TCACCTCGGGCATCGGCATCGGCATGTCGGCCATGGGCTCGGCCACGCGCTACCACACCTACCTGCCGCCGCCCTAC

CCCGGCTCGTCGCAAGCGCAGGGAGGCCCGTTCCAAGCCAGCTCGCCCTCCTACCACCTGTACTACGGCGCCTCGGE

CGGCTCCTACCAGTTCTCCATGGTGGGCGGCGAGCGCTCGCCGCCGCGCATCCTGCCGCCCTGCACCAACGCCTCCA

CCGGCTCCGCGCTGCTCAACCCCAGCCTCCCGAACCAGAGCGACGTGGTGGAGGCCGAGGGCAGCCACAGCAACTCC

CCCACCAACATGGCGCCCTCCGCGCGCCTGGAGGAGGCCGTGTGGAGGCCCTAC

SIX1

ATGTCGATGCTGCCGTCGTTTGGCTTTACGCAGGAGCAAGTGGCGTGCGTGTGCGAGGTTCTGCAGCAAGGCGGAAA
CCTGGAGCGCCTGGGCAGGTTCCTGTGGTCACTGCCCGCCTGCGACCACCTGCACAAGAACGAGAGCGTACTCAAGG
CCAAGGCGGTGGTCGCCTTCCACCGCGGCAACTTCCGTGAGCTCTACAAGATCCTGGAGAGCCACCAGTTCTCGCCT
CACAACCACCCCAAACTGCAGCAACTGTGGCTGAAGGCGCATTACGTGGAGGCCGAGAAGCTGTGCGGCCGACCCCT
GGGCGCCGTGGGCAAATATCGGGTGCGCCGAAAATTTCCACTGCCGCGCACCATCTGGGACGGCGAGGAGACCAGCT
ACTGCTTCAAGGAGAAGTCGAGGGGTGTCCTGCGGGAGTGGTACGCGCACAATCCCTACCCATCGCCGCGTGAGAAG
CGGGAGCTGGCCGAGGCCACCGGCCTCACCACCACCCAGGTCAGCAACTGGTTTAAGAACCGGAGGCAAAGAGACCG
GGCCGCGGAGGCCAAGGAAAGGGAGAACACCGAAAACAATAACTCCTCCTCCAACAAGCAGAACCAACTCTCTCCTC
TGGAAGGGGGCAAGCCGCTCATGTCCAGCTCAGAAGAGGAATTCTCACCTCCCCAAAGTCCAGACCAGAACTCGGTC
CTTCTGCTGCAGGGCAATATGGGCCACGCCAGGAGCTCAAACTATTCTCTCCCGGGCTTAACAGCCTCGCAGCCCAG
TCACGGCCTGCAGACCCACCAGCATCAGCTCCAAGACTCTCTGCTCGGCCCCCTCACCTCCAGTCTGGTGGACTTGG

GGTCC

SIX2

ATGTCCATGCTGCCCACCTTCGGCTTCACGCAGGAGCAAGTGGCGTGCGTGTGCGAGGTGCTGCAGCAGGGCGGCAA
CATCGAGCGGCTGGGCCGCTTCCTGTGGTCGCTGCCCGCCTGCGAGCACCTTCACAAGAATGAAAGCGTGCTCAAGG
CCAAGGCCGTGGTGGCCTTCCACCGCGGCAACTTCCGCGAGCTCTACAAGATCCTGGAGAGCCACCAGTTCTCGCCG

CACAACCACGCCAAGCTGCAGCAGCTGTGGCTCAAGGCACACTACATCGAGGCGGAGAAGCTGCGCGGCCGACCCCT

207



GGGCGCCGTGGGCAAATACCGCGTGCGCCGCAAATTCCCGCTGCCGCGCTCCATCTGGGACGGCGAGGAGACCAGCT
ACTGCTTCAAGGAAAAGAGTCGCAGCGTGCTGCGCGAGTGGTACGCGCACAACCCCTACCCTTCACCCCGCGAGAAG
CGTGAGCTGACGGAGGCCACGGGCCTCACCACCACACAGGTCAGCAACTGGTTCAAGAACCGGCGGCAGCGCGACCG
GGCGGCCGAGGCCAAGGAAAGGGAGAACAACGAGAACTCCAATTCTAACAGCCACAACCCGCTGAATGGCAGCGGCA
AGTCGGTGTTAGGCAGCTCGGAGGATGAGAAGACTCCATCGGGGACGCCAGACCACTCATCATCCAGCCCCGCACTG
CTCCTCAGCCCGCCGCCCCCTGGGCTGCCGTCCCTGCACAGCCTGGGCCACCCTCCGGGCCCCAGCGCAGTGCCAGT
GCCGGTGCCAGGCGGAGGTGGAGCGGACCCACTGCAACACCACCATGGCCTGCAGGACTCCATCCTCAACCCCATGT

CAGCCAACCTCGTGGACCTGGGCTCC

SNAI2

ATGCCGCGCTCCTTCCTGGTCAAGAAGCATTTCAACGCCTCCAAAAAGCCAAACTACAGCGAACTGGACACACATAC
AGTGATTATTTCCCCGTATCTCTATGAGAGTTACTCCATGCCTGTCATACCACAACCAGAGATCCTCAGCTCAGGAG
CATACAGCCCCATCACTGTGTGGACTACCGCTGCTCCATTCCACGCCCAGCTACCCAATGGCCTCTCTCCTCTTTCC
GGATACTCCTCATCTTTGGGGCGAGTGAGTCCCCCTCCTCCATCTGACACCTCCTCCAAGGACCACAGTGGCTCAGA
AAGCCCCATTAGTGATGAAGAGGAAAGACTACAGTCCAAGCTTTCAGACCCCCATGCCATTGAAGCTGAAAAGTTTC
AGTGCAATTTATGCAATAAGACCTATTCAACTTTTTCTGGGCTGGCCAAACATAAGCAGCTGCACTGCGATGCCCAG
TCTAGAAAATCTTTCAGCTGTAAATACTGTGACAAGGAATATGTGAGCCTGGGCGCCCTGAAGATGCATATTCGGAC
CCACACATTACCTTGTGTTTGCAAGATCTGCGGCAAGGCGTTTTCCAGACCCTGGTTGCTTCAAGGACACATTAGAA
CTCACACGGGGGAGAAGCCTTTTTCTTGCCCTCACTGCAACAGAGCATTTGCAGACAGGTCAAATCTGAGGGCTCAT
CTGCAGACCCATTCTGATGTAAAGAAATACCAGTGCAAAAACTGCTCCAAAACCTTCTCCAGAATGTCTCTCCTGCA

CAAACATGAGGAATCTGGCTGCTGTGTAGCACAC

S0X10

ATGGCGGAGGAGCAGGACCTATCGGAGGTGGAGCTGAGCCCCGTGGGCTCGGAGGAGCCCCGCTGCCTGTCCCCGGG
GAGCGCGCCCTCGCTAGGGCCCGACGGCGGCGGCGEGCGEATCGGGCCTGCGAGCCAGCCCGGGGCCAGGCGAGLCTGG
GCAAGGTCAAGAAGGAGCAGCAGGACGGCGAGGCGGACGATGACAAGTTCCCCGTGTGCATCCGCGAGGCCGTCAGC
CAGGTGCTCAGCGGCTACGACTGGACGCTGGTGCCCATGCCCGTGCGCGTCAACGGCGCCAGCAAAAGCAAGCCGCA

CGTCAAGCGGCCCATGAACGCCTTCATGGTGTGGGCTCAGGCAGCGCGCAGGAAGCTCGCGGACCAGTACCCGCACC

208



TGCACAACGCTGAGCTCAGCAAGACGCTGGGCAAGCTCTGGAGGCTGCTGAACGAAAGTGACAAGCGCCCCTTCATC

GAGGAGGCTGAGCGGCTCCGTATGCAGCACAAGAAAGACCACCCGGACTACAAGTACCAGCCCAGGCGGCGGAAGAA

CGGGAAGGCCGCCCAGGGCGAGGCGGAGTGCCCCGGTGGGGAGGCCGAGCAAGGTGGGACCGCCGCCATCCAGGCCC

ACTACAAGAGCGCCCACTTGGACCACCGGCACCCAGGAGAGGGCTCCCCCATGTCAGATGGGAACCCCGAGCALCCCC

TCAGGCCAGAGCCATGGCCCACCCACCCCTCCAACCACCCCGAAGACAGAGCTGCAGTCGGGCAAGGCAGACCCGAA

GCGGGACGGGCGCTCCATGGGGGAGGGCGGGAAGCCTCACATCGACTTCGGCAACGTGGACATTGGTGAGATCAGCC

ACGAGGTAATGTCCAACATGGAGACCTTTGATGTGGCTGAGTTGGACCAGTACCTGCCGCCCAATGGGCACCCAGGC

CATGTGAGCAGCTACTCAGCAGCCGGCTATGGGCTGGGCAGTGCCCTGGCCGTGGCCAGTGGACACTCCGCCTGGAT

CTCCAAGCCACCAGGCGTGGCTCTGCCCACGGTCTCACCACCTGGTGTGGATGCCAAAGCCCAGGTGAAGACAGAGA

CCGCGGGGCCCCAGGGGCCCCCACACTACACCGACCAGCCATCCACCTCACAGATCGCCTACACCTCCCTCAGCCTG

CCCCACTATGGCTCAGCCTTCCCCTCCATCTCCCGCCCCCAGTTTGACTACTCTGACCATCAGCCCTCAGGACCCTA

TTATGGCCACTCGGGCCAGGCCTCTGGCCTCTACTCGGCCTTCTCCTATATGGGGCCCTCGCAGCGGCCCCTCTACA

CGGCCATCTCTGACCCCAGCCCCTCAGGGCCCCAGTCCCACAGCCCCACACACTGGGAGCAGCCAGTATATACGACA

CTGTCCCGGCCC

SOX2

ATGTACAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAACTTCGGGGGGCGGCGGCGGCAACTCCAC
CGCGGCGGCGGCCGGCGGCAACCAGAAAAACAGCCCGGACCGCGTCAAGCGGCCCATGAATGCCTTCATGGTGTGGT
CCCGCGGGCAGCGGCGCAAGATGGCCCAGGAGAACCCCAAGATGCACAACTCGGAGATCAGCAAGCGCCTGGGCGCC
GAGTGGAAACTTTTGTCGGAGACGGAGAAGCGGCCGTTCATCGACGAGGCTAAGCGGCTGCGAGCGCTGCACATGAA
GGAGCACCCGGATTATAAATACCGGCCCCGGCGGAAAACCAAGACGCTCATGAAGAAGGATAAGTACACGCTGCCCG
GCGGGCTGCTGGCCCCCGGCGGCAATAGCATGGCGAGCGGGGTCGGGGTGGGCGCCGGCCTGGGCGCGGGCGTGAAC
CAGCGCATGGACAGTTACGCGCACATGAACGGCTGGAGCAACGGCAGCTACAGCATGATGCAGGACCAGCTGGGCTA
CCCGCAGCACCCGGGCCTCAATGCGCACGGCGCAGCGCAGATGCAGCCCATGCACCGCTACGACGTGAGCGCCCTGC
AGTACAACTCCATGACCAGCTCGCAGACCTACATGAACGGCTCGCCCACCTACAGCATGTCCTACTCGCAGCAGGGC
ACCCCTGGCATGGCTCTTGGCTCCATGGGTTCGGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCTGTGGTTACCTC

TTCCTCCCACTCCAGGGCGCCCTGCCAGGCCGGGGACCTCCGGGACATGATCAGCATGTATCTCCCCGGCGCCGAGG
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TGCCGGAACCCGCCGCCCCCAGCAGACTTCACATGTCCCAGCACTACCAGAGCGGCCCGGTGCCCGGCACGGCCATT

AACGGCACACTGCCCCTCTCACACATG

SOX3

ATGCGACCTGTTCGAGAGAACTCATCAGGTGCGAGAAGCCCGCGGGTTCCTGCTGATTTGGCGCGGAGCATTTTGAT
AAGCCTACCCTTCCCGCCGGACTCGCTGGCCCACAGGCCCCCAAGCTCCGCTCCGACGGAGTCCCAGGGCCTTTTCA
CCGTGGCCGCTCCAGCCCCGGGAGCGCCTTCTCCTCCCGCCACGCTGGCGCACCTTCTTCCCGCCCCGGCAATGTAC
AGCCTTCTGGAGACTGAACTCAAGAACCCCGTAGGGACACCCACACAAGCGGCGGGCALCCGGLGGLCCCGLCAGLLCL
GGGAGGCGCAGGCAAGAGTAGTGCGAACGCAGCCGGCGGCGCGAACTCGGGCGGCGGCAGCAGCGGTGGTGCGAGLCG
GAGGTGGCGGGGGTACAGACCAGGACCGTGTGAAACGGCCCATGAACGCCTTCATGGTATGGTCCCGCGGGCAGCGG
CGCAAAATGGCCCTGGAGAACCCCAAGATGCACAATTCTGAGATCAGCAAGCGCTTGGGCGCCGACTGGAAACTGCT
GACCGACGCCGAGAAGCGACCATTCATCGACGAGGCCAAGCGACTTCGCGCCGTGCACATGAAGGAGTATCCGGACT
ACAAGTACCGACCGCGCCGCAAGACCAAGACGCTGCTCAAGAAAGATAAGTACTCCCTGCCCAGCGGCCTCCTGCCT
CCCGGTGCCGCGGCCGCCGLCCGCCGCTGCCGCGGCCGCAGCCGCTGCCGCCAGCAGTCCGGTGGGCGTGGGCCAGLCG
CCTGGACACGTACACGCACGTGAACGGCTGGGCCAACGGCGCGTACTCGCTGGTGCAGGAGCAGCTGGGCTACGCGC
AGCCCCCGAGCATGAGCAGCCCGCCGCCGCCGCCCGCGCTGCCGCCGATGCACCGCTACGACATGGCCGGCCTGCAG
TACAGCCCAATGATGCCGCCCGGCGCTCAGAGCTACATGAACGTCGCTGCCGCGGCCGCCGCCGCCTCGGGCTACGG
GGGCATGGCGCCCTCAGCCACAGCAGCCGCGGCCGCCGCCTACGGGCAGCAGCCCGCCACCGCCGCGGCCGCAGCTG
CGGCCGCAGCCGCCATGAGCCTGGGCCCCATGGGCTCGGTAGTGAAGTCTGAGCCCAGCTCGCCGCCGCCCGCCATC
GCATCGCACTCTCAGCGCGCGTGCCTCGGCGACCTGCGCGACATGATCAGCATGTACCTGCCACCCGGCGGGGACGC
GGCCGACGCCGCCTCTCCGCTGCCCGGCGGTCGCCTGCACGGCGTGCACCAGCACTACCAGGGCGCCGGGACTGCAG

TCAACGGAACGGTGCCGCTGACCCACATC

SPI1

ATGTTACAGGCGTGCAAAATGGAAGGGTTTCCCCTCGTCCCCCCTCAGCCATCAGAAGACCTGGTGCCCTATGACAC
GGATCTATACCAACGCCAAACGCACGAGTATTACCCCTATCTCAGCAGTGATGGGGAGAGCCATAGCGACCATTACT
GGGACTTCCACCCCCACCACGTGCACAGCGAGTTCGAGAGCTTCGCCGAGAACAACTTCACGGAGCTCCAGAGCGTG

CAGCCCCCGCAGCTGCAGCAGCTCTACCGCCACATGGAGCTGGAGCAGATGCACGTCCTCGATACCCCCATGGTGCC

210



ACCCCATCCCAGTCTTGGCCACCAGGTCTCCTACCTGCCCCGGATGTGCCTCCAGTACCCATCCCTGTCCCCAGCCC

AGCCCAGCTCAGATGAGGAGGAGGGCGAGCGGCAGAGCCCCCCACTGGAGGTGTCTGACGGCGAGGCGGATGGCCTG

GAGCCCGGGCCTGGGCTCCTGCCTGGGGAGACAGGCAGCAAGAAGAAGATCCGCCTGTACCAGTTCCTGTTGGACCT

GCTCCGCAGCGGCGACATGAAGGACAGCATCTGGTGGGTGGACAAGGACAAGGGCACCTTCCAGTTCTCGTCCAAGC

ACAAGGAGGCGCTGGCGCACCGCTGGGGCATCCAGAAGGGCAACCGCAAGAAGATGACCTACCAGAAGATGGLCGLGC

GCGCTGCGCAACTACGGCAAGACGGGCGAGGTCAAGAAGGTGAAGAAGAAGCTCACCTACCAGTTCAGCGGCGAAGT

GCTGGGCCGCGGGGGCCTGGCCGAGCGGCGCCACCCGCCCCAC

SPIB

ATGCTCGCCCTGGAGGCTGCACAGCTCGACGGGCCACACTTCAGCTGTCTGTACCCAGATGGCGTCTTCTATGACCT
GGACAGCTGCAAGCATTCCAGCTACCCTGATTCAGAGGGGGCTCCTGACTCCCTGTGGGACTGGACTGTGGCCCCAC
CTGTCCCAGCCACCCCCTATGAAGCCTTCGACCCGGCAGCAGCCGCTTTTAGCCACCCCCAGGCTGCCCAGCTCTGC
TACGAACCCCCCACCTACAGCCCTGCAGGGAACCTCGAACTGGCCCCCAGCCTGGAGGCCCCGGGGCCTGGLCTCCC
CGCATACCCCACGGAGAACTTCGCTAGCCAGACCCTGGTTCCCCCGGCATATGCCCCGTACCCCAGCCCTGTGCTAT
CAGAGGAGGAAGACTTACCGTTGGACAGCCCTGCCCTGGAGGTCTCGGACAGCGAGTCGGATGAGGCCCTCGTGGCT
GGCCCCGAGGGGAAGGGATCCGAGGCAGGGACTCGCAAGAAGCTGCGCCTGTACCAGTTCCTGCTGGGGCTACTGAC
GCGCGGGGACATGCGTGAGTGCGTGTGGTGGGTGGAGCCAGGCGCCGGCGTCTTCCAGTTCTCCTCCAAGCACAAGG
AACTCCTGGCGCGCCGCTGGGGCCAGCAGAAGGGGAACCGCAAGCGCATGACCTACCAGAAGCTGGCGCGLCGLCCCTC
CGAAACTACGCCAAGACCGGCGAGATCCGCAAGGTCAAGCGCAAGCTCACCTACCAGTTCGACAGCGCGCTGCTGCC

TGCAGTCCGCCGGGCCTTG

SPIC

ATGACGTGTGTTGAACAAGACAAGCTGGGTCAAGCATTTGAAGATGCTTTTGAGGTTCTGAGGCAACATTCAACTGG
AGATCTTCAGTACTCGCCAGATTACAGAAATTACCTGGCTTTAATCAACCATCGTCCTCATGTCAAAGGAAATTCCA
GCTGCTATGGAGTGTTGCCTACAGAGGAGCCTGTCTATAATTGGAGAACGGTAATTAACAGTGCTGCGGACTTCTAT
TTTGAAGGAAATATTCATCAATCTCTGCAGAACATAACTGAAAACCAGCTGGTACAACCCACTCTTCTCCAGCAAAA
GGGGGGAAAAGGCAGGAAGAAGCTCCGACTGTTTGAATACCTTCACGAATCCCTGTATAATCCGGAGATGGCATCTT

GTATTCAGTGGGTAGATAAAACCAAAGGCATCTTTCAGTTTGTATCAAAAAACAAAGAAAAACTTGCCGAGCTTTGG
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GGGAAAAGAAAAGGCAACAGGAAGACCATGACTTACCAGAAAATGGCCAGGGCACTCAGAAATTACGGAAGAAGTGG
GGAAATTACCAAAATCCGGAGGAAGCTGACTTACCAGTTCAGTGAGGCCATTCTCCAAAGACTCTCTCCATCCTATT
TCCTGGGGAAAGAGATCTTCTATTCACAGTGTGTTCAACCTGATCAAGAATATCTCAGTTTAAATAACTGGAATGCA

AATTATAATTATACATATGCCAATTACCATGAGCTAAATCACCATGATTGC

SRY

ATGCAATCATATGCTTCTGCTATGTTAAGCGTATTCAACAGCGATGATTACAGTCCAGCTGTGCAAGAGAATATTCC
CGCTCTCCGGAGAAGCTCTTCCTTCCTTTGCACTGAAAGCTGTAACTCTAAGTATCAGTGTGAAACGGGAGAAAACA
GTAAAGGCAACGTCCAGGATAGAGTGAAGCGACCCATGAACGCATTCATCGTGTGGTCTCGCGATCAGAGGCGCAAG
ATGGCTCTAGAGAATCCCAGAATGCGAAACTCAGAGATCAGCAAGCAGCTGGGATACCAGTGGAAAATGCTTACTGA
AGCCGAAAAATGGCCATTCTTCCAGGAGGCACAGAAATTACAGGCCATGCACAGAGAGAAATACCCGAATTATAAGT
ATCGACCTCGTCGGAAGGCGAAGATGCTGCCGAAGAATTGCAGTTTGCTTCCCGCAGATCCCGCTTCGGTACTCTGC
AGCGAAGTGCAACTGGACAACAGGTTGTACAGGGATGACTGTACGAAAGCCACACACTCAAGAATGGAGCACCAGCT

AGGCCACTTACCGCCCATCAACGCAGCCAGCTCACCGCAGCAACGGGACCGCTACAGCCACTGGACAAAGCTG

TBX5

ATGGCCGACGCAGACGAGGGCTTTGGCCTGGCGCACACGCCTCTGGAGCCTGACGCAAAAGACCTGCCCTGCGATTC
GAAACCCGAGAGCGCGCTCGGGGCCCCCAGCAAGTCCCCGTCGTCCCCGCAGGCCGCCTTCACCCAGCAGGGCATGG
AGGGAATCAAAGTGTTTCTCCATGAAAGAGAACTGTGGCTAAAATTCCACGAAGTGGGCACGGAAATGATCATAACC
AAGGCTGGAAGGCGGATGTTTCCCAGTTACAAAGTGAAGGTGACGGGCCTTAATCCCAAAACGAAGTACATTCTTCT
CATGGACATTGTACCTGCCGACGATCACAGATACAAATTCGCAGATAATAAATGGTCTGTGACGGGCAAAGCTGAGC
CCGCCATGCCTGGCCGCCTGTACGTGCACCCAGACTCCCCCGCCACCGGGGCGCATTGGATGAGGCAGCTCGTCTCC
TTCCAGAAACTCAAGCTCACCAACAACCACCTGGACCCATTTGGGCATATTATTCTAAATTCCATGCACAAATACCA
GCCTAGATTACACATCGTGAAAGCGGATGAAAATAATGGATTTGGCTCAAAAAATACAGCGTTCTGCACTCACGTCT
TTCCTGAGACTGCGTTTATAGCAGTGACTTCCTACCAGAACCACAAGATCACGCAATTAAAGATTGAGAATAATCCC
TTTGCCAAAGGATTTCGGGGCAGTGATGACATGGAGCTGCACAGAATGTCAAGAATGCAAAGTAAAGAATATCCCGT
GGTCCCCAGGAGCACCGTGAGGCAAAAAGTGGCCTCCAACCACAGTCCTTTCAGCAGCGAGTCTCGAGCTCTCTCCA

CCTCATCCAATTTGGGGTCCCAATACCAGTGTGAGAATGGTGTTTCCGGCCCCTCCCAGGACCTCCTGCCTCCACCC
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AACCCATACCCACTGCCCCAGGAGCATAGCCAAATTTACCATTGTACCAAGAGGAAAGAGGAAGAATGTTCCACCAC
AGACCATCCCTATAAGAAGCCCTACATGGAGACATCACCCAGTGAAGAAGATTCCTTCTACCGCTCTAGCTATCCAC
AGCAGCAGGGCCTGGGTGCCTCCTACAGGACAGAGTCGGCACAGCGGCAAGCTTGCATGTATGCCAGCTCTGCGCCC
CCCAGCGAGCCTGTGCCCAGCCTAGAGGACATCAGCTGCAACACGTGGCCAAGCATGCCTTCCTACAGCAGCTGCAC
CGTCACCACCGTGCAGCCCATGGACAGGCTACCCTACCAGCACTTCTCCGCTCACTTCACCTCGGGGCCCCTGGTCC
CTCGGCTGGCTGGCATGGCCAACCATGGCTCCCCACAGCTGGGAGAGGGAATGTTCCAGCACCAGACCTCCGTGGCC
CACCAGCCTGTGGTCAGGCAGTGTGGGCCTCAGACTGGCCTGCAGTCCCCTGGCACCCTTCAGCCCCCTGAGTTCCT
CTACTCTCATGGCGTGCCAAGGACTCTATCCCCTCATCAGTACCACTCTGTGCACGGAGTTGGCATGGTGCCAGAGT

GGAGCGACAATAGCTTG

TFAP2C

ATGTTGTGGAAAATAACCGATAATGTCAAGTACGAAGAGGACTGCGAGGATCGCCACGACGGGAGCAGCAATGGGAA
TCCGCGGGTCCCCCACCTCTCCTCCGCCGGGCAGCACCTCTACAGCCCCGCGCCACCCCTCTCCCACACTGGAGTCG
CCGAATATCAGCCGCCACCCTACTTTCCCCCTCCCTACCAGCAGCTGGCCTACTCCCAGTCGGCCGACCCCTACTCG
CATCTGGGGGAAGCGTACGCCGCCGCCATCAACCCCCTGCACCAGCCGGCGCCCACAGGCAGCCAGCAGCAGGCCTG
GCCCGGCCGCCAGAGCCAGGAGGGAGCGGGGCTGCCCTCGCACCACGGGCGCCCGGCCGGCCTACTGCCCCACCTCT
CCGGGCTGGAGGCGGGCGCGGTGAGCGCCCGCAGGGATGCCTACCGCCGCTCCGACCTGCTGCTGCCCCACGCACAC
GCCCTGGATGCCGCGGGCCTGGCCGAGAACCTGGGGCTCCACGACATGCCTCACCAGATGGACGAGGTGCAGAATGT
CGACGACCAGCACCTGTTGCTGCACGATCAGACAGTCATTCGCAAAGGTCCCATTTCCATGACCAAGAACCCTCTGA
ACCTCCCCTGTCAGAAGGAGCTGGTGGGGGCCGTAATGAACCCCACTGAGGTCTTCTGCTCAGTCCCTGGAAGATTG
TCGCTCCTCAGCTCTACGTCTAAATACAAAGTGACAGTGGCTGAAGTACAGAGGCGACTGTCCCCACCTGAATGCTT
AAATGCCTCGTTACTGGGAGGTGTTCTCAGAAGAGCCAAATCGAAAAATGGAGGCCGGTCCTTGCGGGAGAAGTTGG
ACAAGATTGGGTTGAATCTTCCGGCCGGGAGGCGGAAAGCCGCTCATGTGACTCTCCTGACATCCTTAGTAGAAGGT
GAAGCTGTTCATTTGGCTAGGGACTTTGCCTATGTCTGTGAAGCCGAATTTCCTAGTAAACCAGTGGCAGAATATTT
AACCAGACCTCATCTTGGAGGACGAAATGAGATGGCAGCTAGGAAGAACATGCTATTGGCGGCCCAGCAACTGTGTA
AAGAATTCACAGAACTTCTCAGCCAAGACCGGACACCCCATGGGACCAGCAGGCTCGCCCCAGTCTTGGAGACGAALC

ATACAGAACTGCTTGTCTCATTTCAGCCTGATTACCCACGGGTTTGGCAGCCAGGCCATCTGTGCCGCGGTGTCTGC
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CCTGCAGAACTACATCAAAGAAGCCCTGATTGTCATAGACAAATCCTACATGAACCCTGGAGACCAGAGTCCAGCTG

ATTCTAACAAAACCCTGGAGAAAATGGAGAAACACAGGAAA

KLF1

ATGGCGACTGCGGAGACAGCACTTCCATCAATCTCAACACTCACTGCACTGGGGCCATTTCCAGATACCCAGGACGA

TTTCCTTAAGTGGTGGCGGTCCGAAGAGGCTCAAGACATGGGACCTGGTCCGCCGGATCCCACCGAACCTCCTCTGC

ATGTCAAAAGTGAAGATCAGCCTGGCGAGGAAGAGGATGACGAAAGGGGTGCCGACGCCACTTGGGACTTGGATCTT

CTCCTTACCAATTTCTCTGGTCCGGAACCTGGCGGGGCACCACAGACGTGCGCTCTCGCTCCCTCAGAAGCGAGCGG

GGCTCAGTACCCACCCCCTCCCGAAACTCTGGGAGCCTATGCTGGGGGTCCTGGACTGGTGGCTGGGTTGCTTGGTA

GTGAGGACCATTCTGGCTGGGTACGCCCCGCTTTGAGGGCCCGCGCTCCGGACGCCTTTGTGGGACCGGCGCTCGCT

CCTGCACCGGCTCCGGAACCAAAAGCCCTCGCGCTGCAGCCCGTGTACCCCGGACCCGGAGCCGGATCCTCAGGGGG

ATACTTCCCACGGACCGGACTCAGCGTTCCAGCGGCTTCCGGGGCGCCATACGGATTGTTGAGCGGCTACCCGGCTA

TGTATCCCGCTCCCCAGTACCAAGGACACTTCCAATTGTTCCGGGGTCTTCAAGGGCCTGCGCCCGGGCCTGCTACC

AGTCCCAGTTTCCTCAGTTGTCTGGGACCGGGAACTGTTGGCACTGGACTTGGCGGGACTGCAGAGGACCCAGGCGT

TATAGCAGAGACAGCGCCAAGTAAAAGGGGCCGACGAAGCTGGGCCAGGAAACGCCAAGCTGCGCACACTTGTGCCC

ATCCAGGTTGCGGTAAATCCTACACGAAGAGCAGTCATCTTAAAGCACATCTTCGCACACACACGGGCGAGAAGCCC

TACGCCTGTACTTGGGAAGGTTGCGGCTGGAGATTCGCTAGATCTGACGAGCTCACCCGGCATTATCGAAAACACAC

TGGCCAGCGACCGTTCCGGTGCCAACTCTGCCCAAGGGCGTTCAGTCGCTCAGATCATCTGGCTTTGCATATGAAGC

GACACCTT

KLF2

ATGGCCCTTAGTGAACCCATTCTTCCCAGCTTTTCCACGTTCGCGTCTCCTTGCCGAGAGAGAGGCCTTCAGGAAAG
GTGGCCGAGGGCTGAACCCGAGTCTGGAGGTACGGATGATGATCTTAACAGTGTGCTCGATTTCATACTCTCAATGG
GACTGGACGGGCTGGGAGCGGAGGCAGCTCCTGAACCACCACCACCCCCTCCGCCCCCAGCGTTTTACTACCCGGAG
CCAGGTGCGCCGCCGCCATATTCAGCCCCGGCGGGTGGCTTGGTGTCCGAGCTCCTCCGGCCTGAATTGGATGCCCC
GCTCGGCCCGGCGCTGCATGGTAGATTTCTGCTCGCGCCTCCGGGTCGACTCGTTAAGGCTGAACCTCCTGAGGCTG
ATGGTGGAGGTGGCTACGGATGTGCCCCCGGGCTTACCCGAGGACCGAGAGGTCTTAAGCGGGAAGGGGCACCTGGC

CCGGCTGCAAGCTGTATGCGGGGGCCCGGTGGGAGGCCTCCCCCGCCCCCTGATACACCCCCCCTTAGTCCAGATGG
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ACCAGCTCGACTTCCCGCACCTGGCCCCAGAGCGAGTTTCCCCCCTCCATTTGGAGGACCGGGGTTTGGCGCCCCAG

GTCCTGGACTTCACTACGCCCCTCCTGCCCCCCCAGCTTTTGGTCTTTTCGACGATGCTGCTGCTGCCGCAGCAGCC

TTGGGCCTTGCGCCGCCCGCAGCCAGGGGACTGCTCACGCCACCGGCAAGCCCCCTGGAGCTCCTTGAAGCCAAGCC

GAAGCGAGGACGCAGATCATGGCCGCGCAAGCGGACAGCTACGCATACCTGCTCATATGCGGGCTGCGGAAAAACCT

ACACAAAGAGTTCACACCTTAAAGCGCACCTTCGCACACACACAGGCGAGAAACCATATCATTGTAACTGGGACGGA

TGTGGATGGAAATTTGCTCGGTCTGATGAGCTTACGAGACATTATCGAAAGCATACCGGACATCGGCCCTTTCAATG

CCATCTTTGTGACAGAGCTTTTTCCCGGTCTGACCACCTCGCTCTGCACATGAAGAGGCACATG

KLF3

ATGCTCATGTTTGACCCAGTTCCTGTCAAGCAAGAGGCCATGGACCCTGTCTCAGTGTCATACCCATCTAATTACAT

GGAATCCATGAAGCCTAACAAGTATGGGGTCATCTACTCCACACCATTGCCTGAGAAGTTCTTTCAGACCCCAGAAG

GTCTGTCGCACGGAATACAGATGGAGCCAGTGGACCTCACGGTGAACAAGCGGAGTTCACCCCCTTCGGCTGGGAAT

TCGCCCTCCTCTCTGAAGTTCCCGTCCTCACACCGGAGAGCCTCGCCTGGGTTGAGCATGCCTTCTTCCAGCCCACC

GATAAAAAAATACTCACCCCCTTCTCCAGGCGTGCAGCCCTTCGGCGTGCCGCTGTCCATGCCACCAGTGATGGCAG

CTGCCCTCTCGCGGCATGGAATACGGAGCCCGGGGATCCTGCCCGTCATCCAGCCGGTGGTGGTGCAGCCCGTCCCC

TTTATGTACACAAGTCACCTCCAGCAGCCTCTCATGGTCTCCTTATCGGAGGAGATGGAAAATTCCAGTAGTAGCAT

GCAAGTACCTGTAATTGAATCATATGAGAAGCCTATATCACAGAAAAAAATTAAAATAGAACCTGGGATCGAACCAC

AGAGGACAGATTATTATCCTGAAGAAATGTCACCCCCCTTAATGAACTCAGTGTCCCCCCCGCAAGCATTGTTGCAA

GAGAATCACCCTTCGGTCATCGTGCAGCCTGGGAAGAGACCTTTACCTGTGGAATCCCCGGATACTCAAAGGAAGCG

GAGGATACACAGATGTGATTATGATGGATGCAACAAAGTGTACACTAAAAGCTCCCACTTGAAAGCACACAGAAGAA

CACACACAGGAGAAAAACCCTACAAATGTACATGGGAAGGGTGCACATGGAAGTTTGCTCGGTCTGATGAACTAACA

AGACATTTCCGAAAACATACTGGAATCAAACCTTTCCAGTGCCCGGACTGTGACCGCAGCTTCTCCCGTTCTGACCA

TCTTGCCCTCCATAGGAAACGCCACATGCTAGTC

KLES

ATGGCTACAAGGGTGCTGAGCATGAGCGCCCGCCTGGGACCCGTGCCCCAGCCGCCGGCGCCGCAGGACGAGLCLCGGT
GTTCGCGCAGCTCAAGCCGGTGCTGGGCGCCGCGAATCCGGCCCGCGACGCGGCGCTCTTCCCCGGCGAGGAGCTGA

AGCACGCGCACCACCGCCCGCAGGCGCAGCCCGCGCCCGLCGCAGGCCCCGCAGLCCGGLCLCCAGLCCGLLCLGLCALCCGGL
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CCGCGGCTGCCTCCAGAGGACCTGGTCCAGACAAGATGTGAAATGGAGAAGTATCTGACACCTCAGCTTCCTCCAGT

TCCTATAATTCCAGAGCATAAAAAGTATAGACGAGACAGTGCCTCAGTCGTAGACCAGTTCTTCACTGACACTGAAG

GGTTACCTTACAGTATCAACATGAACGTCTTCCTCCCTGACATCACTCACCTGAGAACTGGCCTCTACAAATCCCAG

AGACCGTGCGTAACACACATCAAGACAGAACCTGTTGCCATTTTCAGCCACCAGAGTGAAACGACTGCCCCTCCTCC

GGCCCCGACCCAGGCCCTCCCTGAGTTCACCAGTATATTCAGCTCACACCAGACCGCAGCTCCAGAGGTGAACAATA

TTTTCATCAAACAAGAACTTCCTACACCAGATCTTCATCTTTCTGTCCCTACCCAGCAGGGCCACCTGTACCAGCTA

CTGAATACACCGGATCTAGATATGCCCAGTTCTACAAATCAGACAGCAGCAATGGACACTCTTAATGTTTCTATGTC

AGCTGCCATGGCAGGCCTTAACACACACACCTCTGCTGTTCCGCAGACTGCAGTGAAACAATTCCAGGGCATGCCCC

CTTGCACATACACAATGCCAAGTCAGTTTCTTCCACAACAGGCCACTTACTTTCCCCCGTCACCACCAAGCTCAGAG

CCTGGAAGTCCAGATAGACAAGCAGAGATGCTCCAGAATTTAACCCCACCTCCATCCTATGCTGCTACAATTGCTTC

TAAACTGGCAATTCACAATCCAAATTTACCCACCACCCTGCCAGTTAACTCACAAAACATCCAACCTGTCAGATACA

ATAGAAGGAGTAACCCCGATTTGGAGAAACGACGCATCCACTACTGCGATTACCCTGGTTGCACAAAAGTTTATACC

AAGTCTTCTCATTTAAAAGCTCACCTGAGGACTCACACTGGTGAAAAGCCATACAAGTGTACCTGGGAAGGCTGCGA

CTGGAGGTTCGCGCGATCGGATGAGCTGACCCGCCACTACCGGAAGCACACAGGCGCCAAGCCCTTCCAGTGCGGGG

TGTGCAACCGCAGCTTCTCGCGCTCTGACCACCTGGCCCTGCATATGAAGAGGCACCAGAAC

KLF6

ATGGACGTGCTCCCCATGTGCAGCATCTTCCAGGAGCTCCAGATCGTGCACGAGACCGGCTACTTCTCGGCGCTGCC
GTCTCTGGAGGAGTACTGGCAACAGACCTGCCTAGAGCTGGAACGTTACCTCCAGAGCGAGCCCTGCTATGTTTCAG
CCTCAGAAATCAAATTTGACAGCCAGGAAGATCTGTGGACCAAAATCATTCTGGCTCGGGAGAAAAAGGAGGAATCC
GAACTGAAGATATCTTCCAGTCCTCCAGAGGACACTCTCATCAGCCCGAGCTTTTGTTACAACTTAGAGACCAACAG
CCTGAACTCAGATGTCAGCAGCGAATCCTCTGACAGCTCCGAGGAACTTTCTCCCACGGCCAAGTTTACCTCCGACC
CCATTGGCGAAGTTTTGGTCAGCTCGGGAAAATTGAGCTCCTCTGTCACCTCCACGCCTCCATCTTCTCCGGAACTG
AGCAGGGAACCTTCTCAACTGTGGGGTTGCGTGCCCGGGGAGCTGCCCTCGCCAGGGAAGGTGCGCAGCGGGACTTC
GGGGAAGCCAGGTGACAAGGGAAATGGCGATGCCTCCCCCGACGGCAGGAGGAGGGTGCACCGGTGCCACTTTAACG
GCTGCAGGAAAGTTTACACCAAAAGCTCCCACTTGAAAGCACACCAGCGGACGCACACAGGAGAAAAGCCTTACAGA

TGCTCATGGGAAGGGTGTGAGTGGCGTTTTGCAAGAAGTGATGAGTTAACCAGGCACTTCCGAAAGCACACCGGGGL

216



CAAGCCTTTTAAATGCTCCCACTGTGACAGGTGTTTTTCCAGGTCTGACCACCTGGCCCTGCACATGAAGAGGCACC

TC

KLFE7

ATGGACGTGTTGGCTAGTTATAGTATATTCCAGGAGCTACAACTTGTCCACGACACCGGCTACTTCTCAGCTTTACC

ATCCCTGGAGGAGACCTGGCAGCAGACATGCCTTGAATTGGAACGCTACCTACAGACGGAGCCCCGGAGGATCTCAG

AGACCTTTGGTGAGGACTTGGACTGTTTCCTCCACGCTTCCCCTCCCCCGTGCATTGAGGAAAGCTTCCGTCGCTTA

GACCCCCTGCTGCTCCCCGTGGAAGCGGCCATCTGTGAGAAGAGCTCGGCAGTGGACATCTTGCTCTCTCGGGACAA

GTTGCTATCTGAGACCTGCCTCAGCCTCCAGCCGGCCAGCTCTTCTCTAGACAGCTACACAGCCGTCAACCAGGCCC

AGCTCAACGCAGTGACCTCATTAACGCCCCCATCGTCCCCTGAGCTCAGCCGCCATCTGGTCAAAACCTCACAAACT

CTCTCTGCCGTGGATGGCACGGTGACGTTGAAACTGGTGGCCAAGAAGGCTGCTCTCAGCTCCGTAAAGGTGGGAGG

GGTCGCAACAGCTGCAGCAGCCGTGACGGCTGCGGGGGCCGTTAAGAGTGGACAGAGCGACAGTGACCAAGGAGGGC

TAGGGGCTGAAGCATGTCCCGAAAACAAGAAGAGGGTTCACCGCTGTCAGTTTAACGGGTGCCGGAAAGTTTATACA

AAAAGCTCCCACTTAAAGGCCCACCAGAGGACTCACACAGGTGAGAAGCCTTATAAGTGCTCATGGGAGGGATGTGA

GTGGCGTTTTGCACGAAGCGATGAGCTCACGAGGCACTACAGGAAACACACAGGTGCAAAGCCCTTCAAATGCAACC

ACTGCGACAGGTGTTTTTCCAGGTCTGACCATCTTGCCCTCCACATGAAGAGACATATC

KLF8

ATGGTCGATATGGATAAACTCATAAACAACTTGGAGGTCCAACTTAATTCAGAAGGTGGCTCAATGCAGGTATTCAA
GCAGGTCACTGCTTCTGTTCGGAACAGAGATCCCCCTGAGATAGAATACAGAAGTAATATGACTTCTCCAACACTCC
TGGATGCCAACCCCATGGAGAACCCAGCACTGTTTAATGACATCAAGATTGAGCCCCCAGAAGAACTTTTGGCTAGT
GATTTCAGCCTGCCCCAAGTGGAACCAGTTGACCTCTCCTTTCACAAGCCCAAGGCTCCTCTCCAGCCTGCTAGCAT
GCTACAAGCTCCAATACGTCCCCCCAAGCCACAGTCTTCTCCCCAGACCCTTGTGGTGTCCACGTCAACATCTGACA
TGAGCACTTCAGCAAACATTCCTACTGTTCTGACCCCAGGCTCTGTCCTGACCTCCTCTCAGAGCACTGGTAGCCAG
CAGATCTTACATGTCATTCACACTATCCCCTCAGTCAGTCTGCCAAATAAGATGGGTGGCCTGAAGACCATCCCAGT
GGTAGTGCAGTCTCTGCCCATGGTGTATACTACTTTGCCTGCAGATGGGGGCCCTGCAGCCATTACAGTCCCACTCA
TTGGAGGAGATGGTAAAAATGCTGGATCAGTGAAAGTTGACCCCACCTCCATGTCTCCACTGGAAATTCCAAGTGAC

AGTGAGGAGAGTACAATTGAGAGTGGATCCTCAGCCTTGCAGAGTCTGCAGGGACTACAGCAAGAACCAGCAGCAAT
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GGCCCAAATGCAGGGAGAAGAGTCGCTTGACTTGAAGAGAAGACGGATTCACCAATGTGACTTTGCAGGATGCAGCA

AAGTGTACACCAAAAGCTCTCACCTGAAAGCTCACCGCAGAATCCATACAGGAGAGAAGCCTTATAAATGCACCTGG

GATGGCTGCTCCTGGAAATTTGCTCGCTCAGATGAGCTCACTCGCCATTTCCGCAAGCACACAGGCATCAAGCCTTT

TCGGTGCACAGACTGCAACCGCAGCTTTTCTCGTTCTGACCACCTGTCCCTGCATCGCCGTCGCCATGACACCATG

KLF9

ATGTCCGCGGCCGCCTACATGGACTTCGTGGCTGCCCAGTGTCTGGTTTCCATTTCGAACCGCGCTGCGGTGCCGGA

GCATGGGGTCGCTCCGGACGCCGAGCGGCTGCGACTACCTGAGCGCGAGGTGACCAAGGAGCACGGTGACCCGGGGEG

ACACCTGGAAGGATTACTGCACACTGGTCACCATCGCCAAGAGCTTGTTGGACCTGAACAAGTACCGACCCATCCAG

ACCCCCTCCGTGTGCAGCGACAGTCTGGAAAGTCCAGATGAGGATATGGGATCCGACAGCGACGTGACCACCGAATC

TGGGTCGAGTCCTTCCCACAGCCCGGAGGAGAGACAGGATCCTGGCAGCGCGCCCAGCCCGCTCTCCCTCCTCCATC

CTGGAGTGGCTGCGAAGGGGAAACACGCCTCCGAAAAGAGGCACAAGTGCCCCTACAGTGGCTGTGGGAAAGTCTAT

GGAAAATCCTCCCATCTCAAAGCCCATTACAGAGTGCATACAGGTGAACGGCCCTTTCCCTGCACGTGGCCAGACTG

CCTTAAAAAGTTCTCCCGCTCAGACGAGCTGACCCGCCACTACCGGACCCACACTGGGGAAAAGCAGTTCCGCTGTC

CGCTGTGTGAGAAGCGCTTCATGAGGAGTGACCACCTCACAAAGCACGCCCGGCGGCACACCGAGTTCCACCCCAGC

ATGATCAAGCGATCGAAAAAGGCGCTGGCCAACGCTTTG

KLF10

ATGCTCAACTTCGGTGCCTCTCTCCAGCAGACTGCGGAGGAAAGAATGGAAATGATTTCTGAAAGGCCAAAAGAGAG
TATGTATTCCTGGAACAAAACTGCAGAGAAAAGTGATTTTGAAGCTGTAGAAGCACTTATGTCAATGAGCTGCAGTT
GGAAGTCTGATTTTAAGAAATACGTTGAAAACAGACCTGTTACACCAGTATCTGATTTGTCAGAGGAAGAGAATCTG
CTTCCGGGAACACCTGATTTTCATACAATCCCAGCATTTTGTTTGACTCCACCTTACAGTCCTTCTGACTTTGAACC
CTCTCAAGTGTCAAATCTGATGGCACCAGCGCCATCTACTGTACACTTCAAGTCACTCTCAGATACTGCCAAACCTC
ACATTGCCGCACCTTTCAAAGAGGAAGAAAAGAGCCCAGTATCTGCCCCCAAACTCCCCAAAGCTCAGGCAACAAGT
GTGATTCGTCATACAGCTGATGCCCAGCTATGTAACCACCAGACCTGCCCAATGAAAGCAGCCAGCATCCTCAACTA
TCAGAACAATTCTTTTAGAAGAAGAACCCACCTAAATGTTGAGGCTGCAAGAAAGAACATACCATGTGCCGCTGTGT
CACCAAACAGATCCAAATGTGAGAGAAACACAGTGGCAGATGTTGATGAGAAAGCAAGTGCTGCACTTTATGACTTT

TCTGTGCCTTCCTCAGAGACGGTCATCTGCAGGTCTCAGCCAGCCCCTGTGTCCCCACAACAGAAGTCAGTGTTGGT
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CTCTCCACCTGCAGTATCTGCAGGGGGAGTGCCACCTATGCCGGTCATCTGCCAGATGGTTCCCCTTCCTGCCAACA
ACCCTGTTGTGACAACAGTCGTTCCCAGCACTCCTCCCAGCCAGCCACCAGCCGTTTGCCCCCCTGTTGTGTTCATG
GGCACACAAGTCCCCAAAGGCGCTGTCATGTTTGTGGTACCCCAGCCCGTTGTGCAGAGTTCAAAGCCTCCGGTGGT
GAGCCCGAATGGCACCAGACTCTCTCCCATTGCCCCTGCTCCTGGGTTTTCCCCTTCAGCAGCAAAAGTCACTCCTC
AGATTGATTCATCAAGGATAAGGAGTCACATCTGTAGCCACCCAGGATGTGGCAAGACATACTTTAAAAGTTCCCAT
CTGAAGGCCCACACGAGGACGCACACAGGAGAAAAGCCTTTCAGCTGTAGCTGGAAAGGTTGTGAAAGGAGGTTTGC
CCGTTCTGATGAACTGTCCAGACACAGGCGAACCCACACGGGTGAGAAGAAATTTGCGTGCCCCATGTGTGACCGGC
GGTTCATGAGGAGTGACCATTTGACCAAGCATGCCCGGCGCCATCTATCAGCCAAGAAGCTACCAAACTGGCAGATG

GAAGTGAGCAAGCTAAATGACATTGCTCTACCTCCAACCCCTGCTCCCACACAG

KLF11

ATGCATACTCCTGATTTCGCTGGACCTGACGACGCCCGAGCCGTGGACATTATGGACATTTGTGAATCTATACTCGA
AAGAAAGAGACATGATTCAGAGCGAAGTACATGCTCTATCCTCGAGCAAACAGACATGGAGGCGGTAGAAGCTCTGG
TGTGCATGTCCAGTTGGGGTCAGAGATCCCAGAAGGGGGACTTGCTTAGAATCCGACCGCTTACTCCAGTTTCCGAT
AGCGGCGACGTAACAACTACTGTTCATATGGACGCAGCCACGCCTGAGCTGCCCAAAGACTTTCACAGCCTCTCAAC
TCTTTGCATCACTCCACCACAGTCCCCCGATCTTGTCGAACCATCAACCCGGACCCCTGTTAGCCCGCAAGTTACAG
ATTCAAAGGCGTGTACCGCGACCGATGTTCTGCAGAGTTCAGCGGTTGTAGCGCGGGCATTGAGCGGAGGGGCTGAA
CGAGGTCTGTTGGGTCTTGAACCCGTACCGAGTTCTCCTTGTAGAGCCAAGGGTACTAGTGTTATTCGGCATACCGG
CGAGAGTCCGGCAGCTTGTTTCCCCACCATACAAACCCCAGACTGTCGCCTTAGTGATTCCCGGGAAGGGGAGGAAC
AGCTGTTGGGCCACTTCGAGACACTTCAAGATACACACTTGACAGATAGCTTGCTGTCCACCAACCTGGTGTCATGT
CAACCTTGTTTGCACAAGTCCGGGGGTCTCCTTCTGACTGACAAAGGTCAACAAGCGGGATGGCCTGGCGCTGTCCA
AACATGCAGTCCTAAAAACTACGAAAATGATTTGCCTAGGAAAACCACGCCGCTTATCAGTGTGAGTGTTCCCGCTC
CACCTGTCCTGTGCCAGATGATCCCTGTAACCGGGCAATCATCTATGTTGCCTGCGTTCTTGAAGCCCCCCCCACAA
CTGTCCGTTGGTACTGTTCGCCCGATCCTTGCGCAAGCAGCGCCCGCCCCGCAACCCGTGTTCGTGGGGCCCGCTGT
CCCGCAGGGTGCAGTCATGTTGGTTCTTCCCCAGGGGGCCCTCCCGCCACCAGCTCCGTGTGCAGCGAATGTCATGG
CTGCCGGAAACACGAAATTGTTGCCCCTTGCACCCGCTCCAGTTTTCATAACGAGCTCACAGAATTGTGTGCCACAA
GTCGACTTCTCACGAAGACGGAACTATGTGTGCTCTTTCCCAGGTTGCAGAAAAACATATTTCAAATCCTCTCATCT

GAAAGCACATCTTCGGACCCATACAGGAGAGAAGCCTTTTAATTGTAGCTGGGATGGCTGTGATAAAAAATTCGCAA
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GAAGTGATGAGCTCAGTCGACATCGCAGGACGCATACCGGGGAAAAAAAATTCGTTTGTCCAGTTTGTGACAGAAGA

TTTATGAGGTCCGACCATCTCACCAAGCACGCGCGACGCCACATGACTACAAAGAAAATTCCTGGCTGGCAAGCCGA

GGTGGGAAAACTCAACCGAATCGCTTCCGCTGAATCCCCCGGCAGCCCGCTGGTAAGTATGCCTGCCAGTGCC

KLF12

ATGAACATTCACATGAAGCGCAAGACGATAAAGAACATCAATACATTCGAGAACCGAATGTTGATGTTGGATGGCAT
GCCCGCTGTACGGGTAAAAACCGAGCTCCTGGAGTCTGAACAAGGATCCCCAAACGTCCACAACTACCCGGATATGG
AGGCAGTGCCGCTCTTGCTCAACAATGTGAAGGGAGAGCCGCCTGAGGACTCTCTCTCCGTAGATCATTTCCAGACA
CAGACTGAGCCCGTAGATCTTTCAATTAACAAAGCCAGAACATCTCCTACTGCGGTAAGTTCTTCTCCCGTAAGTAT
GACAGCAAGTGCATCTAGTCCAAGTTCTACGAGCACTAGCAGTTCTTCATCTAGTAGACTTGCTAGTTCACCAACGG
TGATCACAAGTGTTTCTAGCGCCAGCAGCAGCTCAACGGTACTGACTCCCGGTCCACTCGTGGCAAGCGCTAGTGGC
GTGGGTGGCCAACAATTTCTCCATATTATTCACCCCGTGCCTCCGTCTAGTCCGATGAATCTCCAGAGCAACAAGCT
TAGTCACGTACATAGGATCCCCGTCGTCGTCCAGTCAGTTCCCGTCGTCTACACAGCTGTGCGATCCCCTGGGAATG
TCAATAATACTATAGTTGTTCCTTTGCTTGAGGATGGTAGGGGCCATGGGAAAGCACAGATGGACCCCCGCGGCTTG
TCACCGAGACAGTCTAAATCCGATAGTGACGACGATGATTTGCCTAACGTAACACTGGACTCTGTGAACGAGACCGG
GAGTACCGCTCTGTCAATCGCTAGGGCCGTACAGGAGGTCCACCCAAGCCCTGTGTCACGAGTCCGAGGTAACAGGA
TGAATAATCAGAAATTTCCCTGTAGCATCAGCCCATTTTCTATAGAGTCCACTCGGAGACAGCGACGAAGTGAATCA
CCCGACTCCAGAAAAAGGAGGATACATCGCTGTGACTTTGAGGGCTGTAACAAGGTCTACACAAAAAGTTCACACCT
CAAGGCGCATCGACGGACGCATACTGGGGAAAAACCGTACAAATGCACCTGGGAGGGATGCACGTGGAAATTTGCAC
GCTCTGACGAGTTGACACGCCACTATCGAAAGCATACGGGCGTAAAGCCGTTTAAATGCGCTGATTGCGACAGGAGT

TTTAGCCGCTCTGATCACCTTGCTCTTCACCGGAGGCGACACATGCTTGTT

KLF13

ATGGCTGCGGCTGCATATGTGGATCATTTTGCGGCTGAGTGCCTGGTGTCAATGTCTAGTAGAGCGGTGGTACACGG
TCCCAGAGAAGGCCCAGAATCACGCCCAGAGGGCGCCGCCGTCGCTGCAACACCGACGCTGCCTCGGGTCGAGGAGC
GCCGCGACGGGAAGGACAGTGCGTCACTTTTCGTAGTAGCGAGAATATTGGCAGATCTGAATCAACAGGCTCCAGCA
CCTGCGCCCGCTGAACGCCGGGAGGGCGCCGCTGCCAGAAAGGCCAGAACACCATGCCGCTTGCCGCCACCTGCGEC

AGAACCCACAAGTCCAGGTGCCGAAGGTGCGGCGGCTGCCCCTCCTTCACCGGCCTGGTCTGAACCAGAACCAGAGG
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CAGGTCTTGAACCTGAGCGCGAACCCGGCCCTGCAGGCTCTGGGGAACCTGGCCTGAGGCAGCGGGTGAGGCGCGGL
CGGAGCAGGGCCGACCTGGAATCACCGCAAAGGAAACATAAATGCCATTATGCTGGTTGCGAAAAGGTTTATGGAAA
GTCATCCCACCTGAAAGCACACCTCCGCACTCACACGGGTGAGCGACCTTTTGCGTGTTCCTGGCAAGACTGCAATA
AAAAGTTTGCTAGATCTGATGAACTTGCACGGCATTATCGAACTCATACCGGTGAAAAGAAGTTCTCATGCCCTATA
TGTGAGAAACGGTTCATGCGCTCTGACCACTTGACGAAACATGCAAGACGACATGCTAATTTTCATCCGGGGATGTT
GCAGAGACGGGGAGGGGGAAGTAGGACTGGAAGTCTCTCCGACTATTCCCGATCCGACGCTTCCTCACCAACGATTA

GCCCCGCAAGCAGTCCC

KLF14

ATGTCAGCCGCAGTCGCATGCCTTGATTACTTCGCGGCCGAGTGTCTTGTTTCCATGTCAGCGGGGGCTGTCGTTCA
CAGAAGACCACCAGACCCGGAGGGAGCGGGAGGGGCAGCTGGATCTGAAGTCGGCGCGGCTCCACCTGAATCAGCGC
TTCCCGGCCCTGGTCCTCCAGGTCCCGCTAGCGTGCCCCAACTCCCACAAGTGCCTGCTCCGAGTCCTGGAGCGGGC
GGAGCAGCCCCGCATCTCCTTGCAGCATCAGTGTGGGCCGATCTTCGCGGAAGCTCCGGGGAGGGCTCCTGGGAAAA
CAGCGGAGAGGCCCCGCGAGCTTCAAGCGGCTTTTCCGATCCAATCCCTTGCAGTGTTCAAACCCCATGCTCCGAGC
TCGCGCCCGCGTCCGGAGCTGCGGCAGTGTGCGCACCTGAAAGCTCATCCGATGCGCCGGCCGTTCCATCTGCGCCA
GCTGCTCCCGGTGCACCCGCAGCATCTGGCGGCTTTAGTGGTGGAGCTCTTGGGGCGGGTCCCGCCCCTGCGGCGGA
TCAAGCTCCTCGCAGGCGCAGTGTTACGCCCGCAGCAAAACGGCATCAATGCCCCTTTCCTGGTTGTACAAAAGCAT
ACTATAAGTCATCCCATCTCAAGAGTCACCAGAGGACGCATACAGGTGAGAGACCTTTTAGCTGTGACTGGCTCGAT
TGCGACAAGAAATTTACGCGGAGCGACGAACTTGCGCGGCACTACCGCACTCACACTGGAGAAAAGAGGTTCTCTTG
TCCCCTGTGTCCCAAGCAGTTCTCACGCAGTGATCACTTGACAAAACATGCTAGGAGACATCCAACATACCATCCCG
ACATGATAGAGTATCGAGGTAGGCGACGCACACCTAGAATTGATCCTCCGCTGACTAGTGAAGTCGAGTCAAGTGCC

AGTGGAAGCGGACCGGGTCCCGCGCCCTCATTTACAACCTGTCTT

KLF15

ATGGTGGACCACTTACTTCCAGTGGACGAGAACTTCTCGTCGCCAAAATGCCCAGTTGGGTATCTGGGTGATAGGCT
GGTTGGCCGGCGGGCATATCACATGCTGCCCTCACCCGTCTCTGAAGATGACAGCGATGCCTCCAGCCCCTGCTCCT
GTTCCAGTCCCGACTCTCAAGCCCTCTGCTCCTGCTATGGTGGAGGCCTGGGCACCGAGAGCCAGGACAGCATCTTG

GACTTCCTATTGTCCCAGGCCACGCTGGGCAGTGGCGGGGGCAGCGGCAGTAGCATTGGGGCCAGCAGTGGCCCCGT
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GGCCTGGGGGCCCTGGCGAAGGGCAGCGGCCCCTGTGAAGGGGGAGCATTTCTGCTTGCCCGAGTTTCCTTTGGGTG
ATCCTGATGACGTCCCACGGCCCTTCCAGCCTACCCTGGAGGAGATTGAAGAGTTTCTGGAGGAGAACATGGAGCCT
GGAGTCAAGGAGGTCCCTGAGGGCAACAGCAAGGACTTGGATGCCTGCAGCCAGCTCTCAGCTGGGCCACACAAGAG
CCACCTCCATCCTGGGTCCAGCGGGAGAGAGCGCTGTTCCCCTCCACCAGGTGGTGCCAGTGCAGGAGGTGCCCAGG
GCCCAGGTGGGGGCCCCACGCCTGATGGCCCCATCCCAGTGTTGCTGCAGATCCAGCCCGTGCCTGTGAAGCAGGAA
TCGGGCACAGGGCCTGCCTCCCCTGGGCAAGCCCCAGAGAATGTCAAGGTTGCCCAGCTCCTGGTCAACATCCAGGG
GCAGACCTTCGCACTCGTGCCCCAGGTGGTACCCTCCTCCAACTTGAACCTGCCCTCCAAGTTTGTGCGCATTGCCC
CTGTGCCCATTGCCGCCAAGCCTGTTGGATCGGGACCCCTGGGGCCTGGCCCTGCCGGTCTCCTCATGGGCCAGAAG
TTCCCCAAGAACCCAGCCGCAGAACTCATCAAAATGCACAAATGTACTTTCCCTGGCTGCAGCAAGATGTACACCAA
AAGCAGCCACCTCAAGGCCCACCTGCGCCGGCACACGGGTGAGAAGCCCTTCGCCTGCACCTGGCCAGGCTGCGGLT
GGAGGTTCTCGCGCTCTGACGAGCTGTCGCGGCACAGGCGCTCGCACTCAGGTGTGAAGCCGTACCAGTGTCCTGTG
TGCGAGAAGAAGTTCGCGCGGAGCGACCACCTCTCCAAGCACATCAAGGTGCACCGCTTCCCGCGGAGCAGCCGCTC

CGTGCGCTCCGTGAAC

KLF16

ATGTCAGCCGCGGTCGCGTGCGTGGATTATTTTGCAGCAGATGTGCTGATGGCAATTTCATCCGGTGCAGTAGTTCA
TCGCGGAAGACCAGGTCCTGAGGGTGCGGGGCCTGCGGCCGGGTTGGATGTTCGCGCCGCGCGCAGGGAAGCCGCTT
CTCCCGGAACACCTGGCCCTCCTCCTCCTCCGCCGGCGGCATCAGGCCCGGGTCCTGGTGCAGCTGCGGCTCCTCAC
CTGTTGGCAGCCTCCATACTGGCTGACCTGCGAGGGGGGCCAGGCGCTGCACCTGGTGGCGCGAGTCCAGCAAGTTC
CAGCTCCGCGGCGTCCTCCCCGAGTAGTGGGCGAGCTCCGGGCGCGGCACCTTCTGCTGCCGCTAAATCACACCGAT
GCCCTTTCCCAGACTGCGCGAAGGCGTATTATAAGTCCAGTCATTTGAAATCACACTTGAGGACACATACCGGCGAG
AGACCTTTTGCGTGCGACTGGCAGGGTTGTGATAAGAAATTTGCGAGAAGCGACGAACTGGCCCGCCATCACCGCAC
CCACACAGGGGAAAAAAGATTCTCATGCCCACTCTGTTCTAAGCGCTTCACGCGAAGCGACCATCTTGCAAAGCACG
CTAGGAGACACCCTGGGTTCCACCCCGACCTCTTGCGACGACCTGGCGCCCGGTCTACTAGCCCGTCTGACTCATTG

CCGTGCTCTCTCGCAGGGTCCCCTGCTCCGAGCCCCGCACCGTCCCCAGCTCCTGCCGGGCTT

KLF17
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ATGTACGGCCGACCGCAGGCTGAGATGGAACAGGAGGCTGGGGAGCTGAGCCGGTGGCAGGCGGCGCACCAGGCTGC
CCAGGATAACGAGAACTCAGCGCCCATCTTGAACATGTCTTCATCTTCTGGAAGCTCTGGAGTGCACACCTCTTGGA
ACCAAGGCCTACCAAGCATTCAGCACTTTCCTCACAGCGCAGAGATGCTGGGGTCCCCTTTGGTGTCTGTTGAGGCG
CCGGGGCAGAATGTGAATGAAGGGGGGCCACAGTTCAGTATGCCACTGCCTGAGCGTGGTATGAGCTACTGCCCCCA
AGCGACTCTCACTCCTTCCCGGATGATTTACTGTCAGAGAATGTCTCCCCCTCAGCAAGAGATGACGATTTTCAGTG
GGCCCCAACTAATGCCCGTAGGAGAGCCCAATATTCCAAGGGTAGCCAGGCCCTTCGGTGGGAATCTAAGGATGCCC
CCCAATGGGCTGCCAGTCTCGGCTTCCACTGGAATCCCAATAATGTCCCACACTGGGAACCCTCCAGTGCCTTACCC
TGGCCTCTCGACAGTACCTTCTGACGAAACATTGTTGGGCCCGACTGTGCCTTCCACTGAGGCCCAGGCAGTGCTCC
CCTCCATGGCTCAGATGTTGCCCCCGCAAGATGCCCATGACCTTGGGATGCCCCCAGCTGAGTCCCAGTCATTGCTG
GTTTTAGGATCTCAGGACTCTCTTGTCAGTCAGCCAGACTCTCAAGAAGGCCCATTTCTACCAGAGCAGCCCGGACC
TGCTCCACAGACAGTAGAGAAGAACTCCAGGCCTCAGGAAGGGACTGGTAGAAGGGGCTCCTCAGAGGCAAGGCCTT
ACTGCTGCAACTACGAGAACTGCGGAAAAGCTTATACCAAACGCTCCCACCTCGTGAGCCACCAGCGCAAGCACACA
GGTGAGAGGCCATATTCTTGCAACTGGGAAAGTTGTTCATGGTCTTTCTTCCGTTCTGATGAGCTTAGACGACATAT
GCGGGTACACACCAGATATCGACCATATAAATGTGATCAGTGCAGCCGGGAGTTCATGAGGTCTGACCATCTCAAGC
AACACCAGAAGACTCATCGGCCGGGACCCTCAGACCCACAGGCCAACAACAACAATGGAGAGCAGGACAGTCCTCCT

GCTGCTGGTCCT

MYC AMBI

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGGGATCAGGTAGCGGTAGCCGLCC
GCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTCACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGG
AGCTTCTCCACGGCCGACCAGCTGGAGATGGTGACCGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTG
CGACCCGGACGACGAGACCTTCATCAAAAACATCATCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCA
AGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCTGCGCGCAAAGACAGCGGCAGCCCGAACCCCGLCLCLCGLGGLLAL
AGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGATCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGT
CTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCAAGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCT
CGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCGCAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCG

CCCACCACCAGCAGCGACTCTGAGGAGGAACAAGAAGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCA

223



GGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTTCTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCC
TCAAGAGGTGCCACGTCTCCACACATCAGCACAACTACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCC
AAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAGACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTC
GGACACCGAGGAGAATGTCAAGAGGCGAACACACAACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCT
TTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCC
ACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGA

ACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC AMBII

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCG
GATCAGGTAGCGGTCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCTGCGCGCAAAGACAGCGGCAGCCCGAACCCC
GCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGATCTGAGCGCCGCCGCCTCAGAGTGCATCGA
CCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCAAGTCCTGCGCCTCGCAAGACTCCAGCGCCT
TCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCGCAGGGCAGCCCCGAGCCCCTGGTGCTCCAT
GAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGAAGATGAGGAAGAAATCGATGTTGTTTCTGT
GGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTTCTGCTGGAGGCCACAGCAAACCTCCTCACA
GCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAACTACGCAGCGCCTCCCTCCACTCGGAAGGAC
TATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAGACAGATCAGCAACAACCGAAAATGCACCAG
CCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACAACGTCTTGGAGCGCCAGAGGAGGAACGAGC
TAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAACAATGAAAAGGCCCCCAAGGTAGTTATC
CTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTTCTGAAGAGGACTTGTTGCG

GAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC ANLS
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ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATGGATCAGGTAGCGGTAGTGTCAGAGTCCTGAGACAGATCAGCAA
CAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACAACGTCTTGGAGC
GCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAACAATGAAAAG
GCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTTC

TGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC Ab

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA

AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
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CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCGGATCAGGTAGCGGTG
AGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAACAATGAAAAGGCCCCCAAGGTAGTT
ATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTTCTGAAGAGGACTTGTT

GCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC AHLH

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA
ACGTCTTGGAGCGCCAGAGGAGGAACGGATCAGGTAGCGGTCAAAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAA

CGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC ALZ
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ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA
ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA

AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAG

MYC ANTD

ATGGGATCAGGTAGCGGTCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCTGCGCGCAAAGACAGCGGCAGCCCGAA
CCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGATCTGAGCGCCGCCGCCTCAGAGTGCA
TCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCAAGTCCTGCGCCTCGCAAGACTCCAGC
GCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCGCAGGGCAGCCCCGAGCCCCTGGTGCT
CCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGAAGATGAGGAAGAAATCGATGTTGTTT
CTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTTCTGCTGGAGGCCACAGCAAACCTCCT
CACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAACTACGCAGCGCCTCCCTCCACTCGGAA
GGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAGACAGATCAGCAACAACCGAAAATGCA
CCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACAACGTCTTGGAGCGCCAGAGGAGGAAC

GAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAAAACAATGAAAAGGCCCCCAAGGTAGT
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TATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCAAAAGCTCATTTCTGAAGAGGACTTGT

TGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACTCTTGTGCG

MYC ACTD

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG

ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTC

MYC Glu39Ala

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGCGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA

TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
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AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA
ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA
AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCA
AAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACT

CTTGTGCG

MYC Thr58Ala

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCGCCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA
ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA

AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCA
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AAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACT

CTTGTGCG

MYC Ser62Ala

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA
AATTCGAGCTGCTGCCCACCCCGCCCCTGGCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC
ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC
CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA
TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT
GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA
TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA
AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG
CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA
AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT
CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC
TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG
ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA
ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA
AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCA
AAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACT

CTTGTGCG

Barcode Sequences

Gene Barcode Sequence

mCherry TTCTCATTTTGGAATATAAA
ASCL1 TTCGTGATAAAACTATCTGC
ASCL3 GTATATTAACTTGTACGCAG
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ASCL4 GCGAATTATTACAGGCCTCT
ASCL5 TATCATGTTCTATTCAAACA
ATE7 CTTGTTCCACATTTTACTTT
CDX2 ATTGATTCGTTTTGAGAACT
CRX GTTTTTCTCGAACTGACACA
ERG CTCTGGTGAGTTCCACGCGA
ESRRG CCTACAGACTTCTAAACGAT
ETV2 CACTGCCATTAGTCTTTTGT
FLT1 TTCGACGAGTTCGTAGCATG
FOXAl GTTTTTTGAAGCGCCCCTTA
FOXA2 CTTTTTTAGCCGTCTTTAAC
FOXA3 AACGCGCGTTTTCAGCGCTA
FOXP1 GGGATGATTACTCTAGATCC
GATAl TGTTACTTGCACCTCATTTC
GATA2 GCCACCCTTTTTCCTAAATC
GATA4 CAGTTCTTAGTATGATCTGA
GATAb6 TCACTATTTGGAGTAATATA
GLI1 GTTTAGAAATTTAATACGAG
HAND2 ATGTTTTTTCTTAACAATTG
HNF1A GCGTTTGGCGCTAATGTGAT
HNF1B AAAGTTATAGATTAATGTAA
HNF4A ACACTCTATATATATT

HOXA1 TCTCAACCCTTTTAATACGT
HOXA10 ACCTTCTGTCGAGTCTCACG
HOXA1l1l TTAGGGATAGCCGACGCACT
HOXB6 CTTTTAAAATTTGCGTAAAA
KLF4 AAGACTCTCATAATTACCTG
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LHX3 CATGTCGGACGACAGCATCG
LMX1A TATAAGAATAAAGTTATTTT
MEF2C AAGTCTGCATCGCATTTATG
MESP1 AGGGCGTAAATTCTGCCTTT
MITF TCCATAAAGCCACACTTTTC
MYC CGACATACATGTAGCTTGCG
MYCL AACCGTTAGTTAATCCCAA
MYCN AACCATGGTTATTCTAGGCT
MYOD1 TTTCAAGGATAGTGTAACTG
MYOG TTGTCTAAGTATAGTTAAGG
NEUROD1 AGGCTTATTTTATTGATATT
NEUROG1 AAACTTTTCCGGTCAGGTTC
NEUROG3 TGGCCTATTATAATCGGTGA
NRL TATTATAGTCTTTCTTAAAT
ONECUT1 CCATTCATTTATTTTTAATA
OTX2 AGTTTTCCTCATAATTCATCA
PAX7 AACACTAAAGTCACACGTTA
POU1F1 TATTCTCCATCATTTTTGGA
POUSF1 CAGACAGTGCGGCCTGCTCG
RUNX1 CTACCGTGTCCAACTCTTAG
SIX1 ACTGCGACCCATGTCCACTA
SIX2 ACTGTCACCTATCGCAGCAC
SNAI2 TCATAGTATTTAATTGAGAA
SO0X10 AATCAATCCTCATATAGCAA
SOX2 CCTGTTGACACAAATGTGCT
SOX3 TGAGTCACCCTTTATAAAAA
SPT1 GTTTACTATTTCACTCCCGC
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SPIB GATCTTTAGTAACAGATCAA
SPIC GTTGGCCACGGAGCTTAAGG
SRY AGGGAGAACGGTGAGGGGAG
TBX5 AGTTTGCTCTAGGAATTTTC
TFAP2C GGGGGGGGCGGGGGAGGCTG
KLF1 TAGAATGTTAACGCAACCTT
KLF2 AGACATTTTGGGTAAAGTCA
KLF3 TCGCAGAGTCCACACAAGTC
KLF5 CAACGTCTACCCGCTACGTT
KLF6 ATCCATCAGATACGATCAAT
KLF7 TTCCGATGCGTACGGTCGGA
KLF8 TTAACACAGTACCGAATGAC
KLF9 GGTTAAAAATAGTTTATATT
KLF10 TTTTGGGGAGGTGTTGGGGT
KLF11 TGTGATGGGAGGGTGGGGCG
KLF12 ATTGAGGGGGCGTGCCGGGT
KLF13 AAGTACATTTCATTTTACCA
KLF14 CTCTTATTTCTCCCGTATCT
KLF15 TTGTTGACCCGAATTATTCG
KLF16 AAGTACTGTTTTAAACAAGT
KLF17 GTAACGATAGCATCTTCTGA
MYC AMBI CTCCGCGAATCGGTTTCGTT
c-MYC AMBII ACATTCACTACTCGTTTATT

MYC ANLS ATTAATTCTTTACATTTGAT
MYC Ab GCTATACTATTGCGGGAGTG
MYC AHLH TTCAACCGTTCTATTGCTGC
MYC ALZ TGTGTTTTTTGACCACAAAG
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MYC ANTD TCGAAACTCAAAACCTTGGA
MYC ACTD GTCGAGGATATCTTCTAATT
MYC Glu39Ala AATTATTATTTGACTTAAAA
MYC Thr58Ala CTGCGAACGTTTACCGAATT
MYC Ser62Ala TGTTAGTTGGGGAGGGTCTT
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DNA sequences from Chapter 3

EFla + Kozak Sequence + mCherry + P2A + Hygromycin Resistance + Barcode

cgtgaggctccggtgcccgtcagtgggcagagcgcacatcgcecccacagtececccgagaagttggggggaggggtcecgge
aattgaaccggtgcctagagaaggtggcgcggggtaaactgggaaagtgatgtcgtgtactggectcececgectttttee
cgagggtgggggagaaccgtatataagtgcagtagtcgccgtgaacgttctttttecgcaacgggtttgeccgeccagaa
cacaggtaagtgccgtgtgtggttcccgecgggcecctggectectttacgggttatggececcttgegtgecttgaattact
tccacctggctgcagtacgtgattcttgatcccgagettecgggttggaagtgggtgggagagttcgaggecttgege
ttaaggagccccttecgectegtgecttgagttgaggectggectgggecgetggggecgecgegtgecgaatectggtgge
accttcgcgcctgtctcgectgectttcgataagtctctageccatttaaaatttttgatgacctgectgecgacgettttt
ttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggeccgecgggecggcga
cggggcccgtgcgtcccagcgcacatgttcggcgaggcggggecctgcgagecgecggccaccgagaatcggacgggggt
agtctcaagctggccggcctgctctggtgecctggectecgegecgecgtgtatecgecccecgecctgggecggcaaggetyg
gcccggtcecggcaccagttgegtgagecggaaagatggceccgcectteeccggecctgetgcagggagcectcaaaatggaggac
gcggcgctcgggagagcgggcgggtgagtcacccacacaaaggaaaagggcectttcececgtectcageecgtegetteat
gtgactccacggagtaccgggcgccgtccaggcacctcgattagttctecgagettttggagtacgtecgtectttaggt
tggggggaggggttttatgcgatggagtttccccacactgagtgggtggagactgaagttaggccagecttggecactt
gatgtaattctccttggaatttgcecctttttgagtttggatcttggttcattctcaagectcagacagtggttcaaa
gtttttttcttccatttcaggtgtcgtgaggaattagcttggtactaatacgactcactatagggagacccaagctg
gctagttaagcttgatatcgaattcctgcagcccgggggatccaccggtcgeccaccatggtgagcaagggcgaggag
gataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacgagttcga
gatcgagggcgagggcgagggccgcecccctacgagggcacccagaccgecaagectgaaggtgaccaagggtggecccece
tgcccttcecgectgggacatcectgtcecccecctcagttcatgtacggctccaaggectacgtgaagcacccececgecgacate
cccgactacttgaagctgtceccttcececccgagggecttcaagtgggagecgecgtgatgaacttcgaggacggeggegtggt
gaccgtgacccaggactcctceccctgcaggacggcgagttcatctacaaggtgaagctgecgecggcaccaacttecect
ccgacggccccgtaatgcagaagaagaccatgggctgggaggectcecctceccgagecggatgtaccccgaggacggcgcece
ctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaa
ggccaagaagcccgtgcagctgceccggecgcectacaacgtcaacatcaagttggacatcacctcecccacaacgaggact

acaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggeggcatggacgagectgtacaagGGATCC
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GGCGCAACAAACTTCTCTCTGCTGAAACAAGCCGGAGATGTCGAAGAGAATCCTGGACCGATGAAAAAGCCTGAACT
CACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGAGGGCG
AAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTC
TACAAAGATCGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAATT
CAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGCCTGAAACCGAACTGC
CCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGC
CCATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTA
TCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCG
AGGACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATA
ACAGCGGTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCC
GTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTGCAGGATCGCCGCGGCTCC
GGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGG
GCGCAGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCGC
GGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAA
AGGAATAAGTTAGAACTATTTCCTGGCTGTTACGCGNNNNNNNNNNNNNNNNNNNNCTACTGACGGGCTTGTTAAAC

AGTG

KRAS (G1l2V)

atgactgaatataaacttgtggtagttggagctgttggcgtaggcaagagtgccttgacgatacagctaattcagaa
tcattttgtggacgaatatgatccaacaatagaggattcctacaggaagcaagtagtaattgatggagaaacctgtc
tcttggatattctcgacacagcaggtcaagaggagtacagtgcaatgagggaccagtacatgaggactggggagggce
tttctttgtgtatttgccataaataatactaaatcatttgaagatattcaccattatagagaacaaattaaaagagt
taaggactctgaagatgtacctatggtcctagtaggaaataaatgtgatttgceccttccagaacagtagacacaaaac
aggctcaggacttagcaagaagttatggaattccttttattgaaacatcagcaaagacaagacagggtgttgatgat
gccttctatacattagttcgagaaattcgaaaacataaagaaaagatgagcaaagatggtaaaaagaagaaaaagaa

gtcaaagacaaagtgtgtaattatg

HRAS (G12V)
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atgacggaatataagctggtggtggtgggcgccgtcggtgtgggcaagagtgecgectgaccatccagectgatccagaa
ccattttgtggacgaatacgaccccactatagaggattcctaccggaagcaggtggtcattgatggggagacgtgcec
tgttggacatcctggataccgccggccaggaggagtacagcgccatgcgggaccagtacatgecgcaccggggagggce
ttcctgtgtgtgtttgccatcaacaacaccaagtcttttgaggacatccaccagtacagggagcagatcaaacgggt
gaaggactcggatgacgtgcccatggtgctggtggggaacaagtgtgacctggctgcacgcactgtggaatctecgge
aggctcaggacctcgcccgaagctacggcatcccecctacatcgagacctecggeccaagacccggcagggagtggaggat
gccttctacacgttggtgcgtgagatccggcagcacaagctgcggaagctgaaccctectgatgagagtggeccecgg

ctgcatgagctgcaagtgtgtgctctcecc

MEK1 (S218D, S222D)

atgcccaagaagaagccgacgcccatccagctgaacccggeccceccgacggectetgcagttaacgggaccagcectetge
ggagaccaacttggaggccttgcagaagaagctggaggagctagagcttgatgagcagcagcgaaagecgecttgagg
cctttcttacccagaagcagaaggtgggagaactgaaggatgacgactttgagaagatcagtgagctgggggectgge
aatggcggtgtggtgttcaaggtctcccacaagceccttctggectggtcatggccagaaagctaattcatctggagat
caaacccgcaatccggaaccagatcataagggagctgcaggttctgcatgagtgcaactcteccgtacatecgtggget
tctatggtgcgttctacagcgatggcgagatcagtatctgcatggagcacatggatggaggttctcectggatcaagtce
ctgaagaaagctggaagaattcctgaacaaattttaggaaaagttagcattgctgtaataaaaggcctgacatatct
gagggagaagcacaagatcatgcacagagatgtcaagccctccaacatcctagtcaactccecgtggggagatcaage
tctgtgactttggggtcagcgggcagctcatcgacgacatggccaacgacttecgtgggcacaaggtcecctacatgteg
ccagaaagactccaggggactcattactctgtgcagtcagacatctggagcatgggactgtctctggtagagatggce
ggttgggaggtatcccatccctecctccagatgccaaggagectggagetgatgtttgggtgeccaggtggaaggagatg
cggctgagaccccacccaggccaaggacccccgggaggecccttagectecatacggaatggacagecgacctececatg
gcaatttttgagttgttggattacatagtcaacgagcctcctccaaaactgecccagtggagtgttcagtctggaatt
tcaagattttgtgaataaatgcttaataaaaaaccccgcagagagagcagatttgaagcaactcatggttcatgett
ttatcaagagatctgatgctgaggaagtggattttgcaggttggctctgctccaccatcggecttaaccagecccagce

acaccaacccatgctgctggegtc

myr-FLAG-PIK3CA
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atggggtcttcaaaatctaaaccaaaggaccccagccagcgceccggecgcaggateccgaggttaccttgactacaaaga
cgatgacgacaagcaattgagcgacgagatccgaacaatgcctccaagaccatcatcaggtgaactgtggggcatcce
acttgatgcccccaagaatcctagtagaatgtttactaccaaatgggatgatagtgactttagaatgecctcececgtgag
gctacgttaataacgataaagcatgaactatttaaagaagcaagaaaataccctctccatcaacttcttcaagatga
atcttcttacattttcgtaagtgttacccaagaagcagaaagggaagaattttttgatgaaacaagacgactttgtg
accttcggctttttcaaccctttttaaaagtaattgaaccagtaggcaaccgtgaagaaaagatcctcaatcgagaa
attggttttgctatcggcatgccagtgtgtgaattcgatatggttaaagatccagaagtacaggacttccgaagaaa
tattctcaatgtttgtaaagaagctgtggatcttagggatcttaattcacctcatagtagagcaatgtatgtttatc
ctccaaatgtagaatcttcaccagaactgccaaagcacatatataataaattggataaagggcaaataatagtggtyg
atttgggtaatagtttctccaaataatgacaaacagaagtatactctgaaaatcaaccatgactgtgtgccagaaca
agtaattgctgaagcaatcaggaaaaaaactcgaagtatgttgctatcatctgaacaactaaaactctgtgttttag
aatatcagggcaagtatattttaaaagtgtgtggatgtgatgaatacttcctagaaaaatatcctctgagtcagtat
aagtatataagaagctgtataatgcttgggaggatgcccaatttgatgctgatggctaaagaaagcctctattctca
actgccaatggactgttttacaatgccatcatattccagacgcatctccacagctacgccatatatgaatggagaaa
catctacaaaatccctttgggttataaatagtgcactcagaataaaaattctttgtgcaacctatgtgaatgtaaat
attcgagacattgacaagatttatgttcgaacaggtatctaccatggaggagaacccttatgtgataatgtgaacac
tcaaagagtaccttgttccaatcccaggtggaatgaatggctgaattacgatatatacattcctgatcttecctegtyg
ctgctcgactttgcctttccatttgttctgttaaaggccgaaagggtgctaaagaggaacactgtccattggectgg
ggaaatataaacttgtttgattacacagatactctagtatctggaaaaatggctttgaatctttggccagtacctca
tggactagaagatttgctgaaccctattggtgttactggatcaaatccaaataaagaaactccatgtttagagttgg
agtttgactggttcagcagtgtggtaaagtttccagatatgtcagtgattgaagagcatgccaattggtctgtatcce
cgtgaagcaggatttagttattcccatgcaggactgagtaacagactagctagagacaatgaattaagagaaaatga
taaagaacagctccgagcaatttgtacacgagatcctctatctgaaatcactgagcaagagaaagattttctgtgga
gccacagacactattgtgtaactatccccgaaattctacccaaattgecttctgtctgttaaatggaactctagagat
gaagtagctcagatgtactgcttggtaaaagattggcctccaatcaagcctgaacaggctatggagecttcectggactg
caattacccagatcctatggttcgaggttttgctgttcggtgcttagaaaaatatttaacagatgacaaactttcte
agtacctaattcagctagtacaggtactaaaatatgaacagtatttggataacctgcttgtgagatttttactcaaa

aaagcgttaactaatcaaaggatcggtcactttttcttttggcatttaaaatctgagatgcacaataaaacagttag
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tcagaggtttggcctgcttttggagtcctattgeccgtgcatgtgggatgtatctgaagcaccttaataggcaagttg
aggctatggaaaagctcattaacttgactgacattctcaaacaagagaagaaggatgaaacacaaaaggtacagatg
aagtttttagttgagcaaatgcggcgaccagatttcatggatgctctccagggetttectgtctecctectaaaccctge
tcatcagctgggaaatctcaggcttgaagagtgtcgaattatgtcttctgcaaaaaggccactgtggttgaattggg
agaacccagacatcatgtcagaattactctttcagaacaatgagatcatctttaaaaatggggatgatttacggcaa
gatatgctaacccttcagattattcgcattatggaaaatatctggcaaaatcaaggtcttgatcttcgaatgttacce
ttatggatgtctgtcaatcggtgactgtgtgggacttatcgaggtggtgagaaattctcacactataatgcagattc
agtgtaaaggaggcctgaaaggtgcactgcagtttaacagccacacactccatcagtggctcaaagacaagaacaag
ggggaaatatatgatgcggccatcgatttgtttacacgatcatgtgctggatattgtgttgccaccttcattttggg
aattggagatcgtcacaatagtaatatcatggttaaagatgatggacaactgtttcatatagattttggacactttt
tggatcacaagaagaaaaaatttggttataaacgagagcgcgtgccgtttgttttgacacaagatttcttaatagtyg
attagtaaaggagcccaagaatgcacaaagacaagagaatttgagaggtttcaggagatgtgttacaaggcttatct
agctattcggcagcatgccaatctcttcataaatcttttctcaatgatgecttggectctggaatgeccagaactgcaat
cttttgatgatattgcatacattcgaaagaccctagctttagataaaactgagcaagaggctttggagtatttcatyg
aaacaaatgaatgatgcacaccatggtggctggacaacaaaaatggattggatcttccacacaattaagcagcatgce

tttgaac

myr-FLAG-AKT1

atggggtcttcaaaatctaaaccaaaggaccccagccagcgeccggecgcaggateccgaggttaccttgactacaaaga
cgatgacgacaagcaattgacaagtttgtacaaaaaagttggcatgagcgacgtggctattgtgaaggagggttggce
tgcacaaacgaggggagtacatcaagacctggcggccacgctacttcecctcectcaagaatgatggcaccttcattgge
tacaaggagcggccgcaggatgtggaccaacgtgaggctcccecctcaacaacttctectgtggegcagtgeccagetgat
gaagacggagcggccccggcccaacaccttecatcatececgetgectgecagtggaccactgtcatcgaacgcaccttee
atgtggagactcctgaggagcgggaggagtggacaaccgccatccagactgtggctgacggectcaagaagcaggag
gaggaggagatggacttccggtcgggctcacccagtgacaactcaggggctgaagagatggaggtgtcecctggeccaa
gcccaagcaccgcgtgaccatgaacgagtttgagtacctgaagctgectgggcaagggcactttecggcaaggtgatce
tggtgaaggagaaggccacaggccgctactacgccatgaagatcctcaagaaggaagtcatcgtggccaaggacgag

gtggcccacacactcaccgagaaccgcgtcecctgcagaactccaggcaccecttectcacagecctgaagtactettt
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ccagacccacgaccgcctctgcectttgtcatggagtacgccaacgggggcgagctgttectteccacctgtecececgggage
gtgtgttctccgaggaccgggcceccgcttectatggcecgectgagattgtgtcagecctggactacctgcactcggagaag
aacgtggtgtaccgggacctcaagctggagaacctcatgctggacaaggacgggcacattaagatcacagacttcgg
gctgtgcaaggaggggatcaaggacggtgccaccatgaagaccttttgcggcacacctgagtacctggeccececcgagg
tgctggaggacaatgactacggccgtgcagtggactggtgggggctgggcgtggtcatgtacgagatgatgtgecggt
cgcctgceccecttctacaaccaggaccatgagaagctttttgagectcatecctcatggaggagatcecgettecececgegeac
gcttggtcccgaggccaagtceccttgectttcagggectgctcaagaaggaccccaagcagaggecttggecgggggctecg
aggacgccaaggagatcatgcagcatcgcttcectttgccggtatecgtgtggcagcacgtgtacgagaagaagctcagce
ccacccttcaagccccaggtcacgtcggagactgacaccaggtattttgatgaggagttcacggecccagatgatcac
catcacaccacctgaccaagatgacagcatggagtgtgtggacagcgagcgcaggccccacttceccececccagttetect

actcggccagcggcacggcec

FLAG-Rheb (Q64L)

atggactacaaagacgatgacaaggcggccgcgccgcagtccaagtceccggaagatecgegatectgggetacecggte
tgtggggaaatcctcattgacgattcaatttgttgaaggccaatttgtggactcctacgatccaaccatagaaaaca
cttttacaaagttgatcacagtaaatggacaagaatatcatcttcaacttgtagacacagccgggctagatgaatat
tctatctttcctcagacatactccatagatattaatggctatattcttgtgtattctgttacatcaatcaaaagttt
tgaagtgattaaagttatccatggcaaattgttggatatggtggggaaagtacaaatacctattatgttggttggga
ataagaaagacctgcatatggaaagggtgatcagttatgaagaagggaaagctttggcagaatcttggaatgcagcect
tttttggaatcttctgctaaagaaaatcagactgctgtggatgtttttcgaaggataattttggaggcagaaaaaat

ggacggggcagcttcacaaggcaagtcttcatgctcggtgatyg

IKKa (S176E, S180E)

atggagcggcccccggggcetgeggecgggegecgggcegggcecctgggagatgecgggageggetgggcaccggeggett
cgggaacgtctgtctgtaccagcatcgggaacttgatctcaaaatagcaattaagtcttgtcgectagagctaagta
ccaaaaacagagaacgatggtgccatgaaatccagattatgaagaagttgaaccatgccaatgttgtaaaggecctgt
gatgttcctgaagaattgaatattttgattcatgatgtgcctcttctagcaatggaatactgttctggaggagatct

ccgaaagctgctcaacaaaccagaaaattgttgtggacttaaagaaagccagatactttctttactaagtgatatag
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ggtctgggattcgatatttgcatgaaaacaaaattatacatcgagatctaaaacctgaaaacatagttcttcaggat
gttggtggaaagataatacataaaataattgatctgggatatgccaaagatgttgatcaaggagaactgtgtacaga
atttgtgggaacactgcagtatctggccccagagctctttgagaataagccttacacagccactgttgattattgga
gctttgggaccatggtatttgaatgtattgctggatataggccttttttgcatcatctgcageccatttacctggecat
gagaagattaagaagaaggatccaaagtgtatatttgcatgtgaagagatgtcaggagaagttcggtttagtagcca
tttacctcaaccaaatagcctttgtagtttagtagtagaacccatggaaaactggctacagttgatgttgaattggg
accctcagcagagaggaggacctgttgaccttactttgaagcagccaagatgttttgtattaatggatcacattttyg
aatttgaagatagtacacatcctaaatatgacttctgcaaagataatttcttttctgttaccacctgatgaaagtct
tcattcactacagtctcgtattgagcgtgaaactggaataaatactggttctcaagaacttctttcagagacaggaa
tttctctggatcctcggaaaccagectctcaatgtgttctagatggagttagaggctgtgatagectatatggtttat
ttgtttgataaaagtaaaactgtatatgaagggccatttgcttccagaagtttatctgattgtgtaaattatattgt
acaggacagcaaaatacagcttccaattatacagctgcgtaaagtgtgggctgaagcagtgcactatgtgtctggac
taaaagaagactatagcaggctctttcagggacaaagggcagcaatgttaagtcttcttagatataatgctaactta
acaaaaatgaagaacactttgatctcagcatcacaacaactgaaagctaaattggagttttttcacaaaagcattca
gcttgacttggagagatacagcgagcagatgacgtatgggatatcttcagaaaaaatgctaaaagcatggaaagaaa
tggaagaaaaggccatccactatgctgaggttggtgtcattggatacctggaggatcagattatgtctttgcatget
gaaatcatggagctacagaagagcccctatggaagacgtcagggagacttgatggaatctctggaacagecgtgcecat
tgatctatataagcagttaaaacacagaccttcagatcactcctacagtgacagcacagagatggtgaaaatcattg
tgcacactgtgcagagtcaggaccgtgtgctcaaggagctgtttggtcatttgagcaagttgttgggctgtaagcag
aagattattgatctactccctaaggtggaagtggccctcagtaatatcaaagaagctgacaatactgtcatgttcat
gcagggaaaaaggcagaaagaaatatggcatctccttaaaattgcctgtacacagagttctgeccecggteccttgtag
gatccagtctagaaggtgcagtaacccctcagacatcagcatggctgecccceccgacttcagcagaacatgatcattet
ctgtcatgtgtggtaactcctcaagatggggagacttcagcacaaatgatagaagaaaatttgaactgccttggeca
tttaagcactattattcatgaggcaaatgaggaacagggcaatagtatgatgaatcttgattggagttggttaacag

aa

FLAG-IKKR (S177E, S181E)
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atggactacaaagacgatgacgacaagcttgcggccgcaatgagctggtcacctteccctgacaacgcagacatgtgg
ggcctgggaaatgaaagagcgccttgggacagggggatttggaaatgtcatccgatggcacaatcaggaaacaggtyg
agcagattgccatcaagcagtgccggcaggagctcagecccccggaaccgagagecggtggtgectggagatccagate
atgagaaggctgacccaccccaatgtggtggctgcccgagatgtcecctgaggggatgcagaacttggecgeccaatga
cctgcccecctgctggccatggagtactgccaaggaggagatcteccggaagtacctgaaccagtttgagaactgetgtg
gtctgcgggaaggtgccatcctcaccttgctgagtgacattgecctctgegecttagataccttcatgaaaacagaatce
atccatcgggatctaaagccagaaaacatcgtcecctgcagcaaggagaacagaggttaatacacaaaattattgacct
aggatatgccaaggagctggatcagggcgaactttgcacagaattcgtggggaccctgcagtacctggccccagagce
tactggagcagcagaagtacacagtgaccgtcgactactggagcttcggcaccctggectttgagtgcatcacgggce
ttccggceccecttectecccaactggcagececgtgcagtggecattcaaaagtgecggcagaagagtgaggtggacattgt
tgttagcgaagacttgaatggaacggtgaagttttcaagctctttaccctaccccaataatcttaacagtgtcecctgg
ctgagcgactggagaagtggctgcaactgatgctgatgtggcacccccgacagaggggcacggatcccacgtatggg
cccaatggctgcttcaaggccctggatgacatcttaaacttaaagctggttcatatcttgaacatggtcacgggcecac
catccacacctaccctgtgacagaggatgagagtctgcagagcttgaaggccagaatccaacaggacacgggcatcce
cagaggaggaccaggagctgctgcaggaagcgggcctggcgttgatccccgataagectgecactcagtgtatttea
gacggcaagttaaatgagggccacacattggacatggatcttgtttttctctttgacaacagtaaaatcacctatga
gactcagatctccccacggccccaacctgaaagtgtcagectgtateccttcaagagecccaagaggaatctegecttet
tccagctgaggaaggtgtggggccaggtctggcacagcatccagaccctgaaggaagattgcaaccggectgcagecag
ggacagcgagccgccatgatgaatctcctccgaaacaacagctgcectctccaaaatgaagaattccatggettceccecat
gtctcagcagctcaaggccaagttggatttcttcaaaaccagcatccagattgacctggagaagtacagcgagcaaa
ccgagtttgggatcacatcagataaactgctgctggcctggagggaaatggagcaggctgtggagectectgtgggegg
gagaacgaagtgaaactcctggtagaacggatgatggctctgcagaccgacattgtggacttacagaggagccccat
gggccggaagcaggggggaacgctggacgacctagaggagcaagcaagggagctgtacaggagactaagggaaaaac
ctcgagaccagcgaactgagggtgacagtcaggaaatggtacggctgctgcttcaggcaattcagagcttcgagaag
aaagtgcgagtgatctatacgcagctcagtaaaactgtggtttgcaagcagaaggcgctggaactgttgecccaaggt
ggaagaggtggtgagcttaatgaatgaggatgagaagactgttgtccggctgcaggagaagcggcagaaggagctct
ggaatctcctgaagattgcttgtagcaaggtccgtggtcecctgtcagtggaagececcggatagcatgaatgectetega

cttagccagcctgggcagctgatgtctcagececctccacggectceccaacagecttacctgageccageccaagaagagtga
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agaactggtggctgaagcacataacctctgcaccctgctagaaaatgccatacaggacactgtgagggaacaagacc

agagtttcacggccctagactggagctggttacagacggaagaagaagagcacagctgcecctggagcaggectceca

STAT3 (A662C, N664C, V667L)

atggcccaatggaatcagctacagcagcttgacacacggtacctggagcagctccatcagectctacagtgacagett
cccaatggagctgcggcagtttctggeccceccttggattgagagtcaagattgggcatatgcggccagcaaagaatcac
atgccactttggtgtttcataatctcctgggagagattgaccagcagtatagccgecttecctgcaagagtcgaatgtt
ctctatcagcacaatctacgaagaatcaagcagtttcttcagagcaggtatcttgagaagccaatggagattgcceg
gattgtggcccggtgcctgtgggaagaatcacgceccttctacagactgcagccactgecggeccagcaagggggceccagyg
ccaaccaccccacagcagccgtggtgacggagaagcagcagatgectggagcagcaccttcaggatgtccggaagaga
gtgcaggatctagaacagaaaatgaaagtggtagagaatctccaggatgactttgatttcaactataaaaccctcaa
gagtcaaggagacatgcaagatctgaatggaaacaaccagtcagtgaccaggcagaagatgcagcagctggaacaga
tgctcactgcgctggaccagatgcggagaagcatcgtgagtgagectggecggggettttgtcagegatggagtacgtyg
cagaaaactctcacggacgaggagctggctgactggaagaggcggcaacagattgcctgcattggaggeccecgeccaa
catctgcctagatcggctagaaaactggataacgtcattagcagaatctcaacttcagacccgtcaacaaattaaga
aactggaggagttgcagcaaaaagtttcctacaaaggggaccccattgtacagcaccggeccgatgctggaggagaga
atcgtggagctgtttagaaacttaatgaaaagtgcctttgtggtggagcggcageccctgcatgecccatgcatecctga
ccggcccctcegtcatcaagaccggcecgtccagttcactactaaagtcaggttgetggtcaaatteccctgagttgaatt
atcagcttaaaattaaagtgtgcattgacaaagactctggggacgttgcagctctcagaggatcccggaaatttaac
attctgggcacaaacacaaaagtgatgaacatggaagaatccaacaacggcagcctctctgcagaattcaaacactt
gaccctgagggagcagagatgtgggaatgggggccgagccaattgtgatgecttececctgattgtgactgaggagectge
acctgatcacctttgagaccgaggtgtatcaccaaggcctcaagattgacctagagacccactceccttgceccagttgtyg
gtgatctccaacatctgtcagatgccaaatgcctgggecgtccatecctgtggtacaacatgcectgaccaacaatcccaa
gaatgtaaacttttttaccaagcccccaattggaacctgggatcaagtggccgaggtecctgagectggcagttetect
ccaccaccaagcgaggactgagcatcgagcagctgactacactggcagagaaactcttgggacctggtgtgaattat
tcagggtgtcagatcacatgggctaaattttgcaaagaaaacatggctggcaagggcttctecttectgggtectgget
ggacaatatcattgaccttgtgaaaaagtacatcctggccctttggaacgaagggtacatcatgggctttatcagta

aggagcgggagcgggccatcttgagcactaagcctccaggcaccttecctgectaagattcagtgaaagcagcaaagaa
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ggaggcgtcactttcacttgggtggagaaggacatcagcggtaagacccagatccagtccgtggaaccatacacaaa
gcagcagctgaacaacatgtcatttgctgaaatcatcatgggctataagatcatggattgtacctgtatcctgttgt
ctccactggtctatctctatcctgacattcccaaggaggaggcattcggaaagtattgtcggeccagagageccaggag
catcctgaagctgacccaggtagcgctgccccatacctgaagaccaagtttatctgtgtgacaccaacgacctgecag
caataccattgacctgccgatgtcccecceccecgcactttagattcattgatgcagtttggaaataatggtgaaggtgectg

aaccctcagcaggagggcagtttgagtccctcacctttgacatggagttgacctcggagtgecgctacctcecccecccatg

R-catenin (S33A, S37A, T41A, S45A)

atggctactcaagctgacctgatggagttggacatggccatggagccggacagaaaagctgctgtcageccactggceca
gcagcagtcttacttggatgctggaatccatgctggtgccaccgccacagctcecctgeecctgagtggcaagggcaacce
ctgaggaagaagatgttgacacctcccaagtcctttatgaatgggagcaaggcttttcccagteccttcacgcaagag
caagtagctgatattgacgggcagtatgcaatgactagggctcagagggtccgagctgceccatgttccctgagacget
agatgagggcatgcagatcccatccacgcagtttgacgctgctcatcccactaatgtccagecgettggectgaaccat
cacagatgttgaaacatgcagttgtcaatttgattaactatcaggatgacgcggaacttgccacacgtgcaattcect
gagctgacaaaactgctaaacgatgaggaccaggtggtagttaataaagctgctgttatggtccatcagctttccaa
aaaggaagcttccagacatgccatcatgcgctccececctcagatggtgtcectgeccattgtacgcaccatgcagaatacaa
atgatgtagagacagctcgttgtactgctgggactctgcacaacctttctcaccaccgcgagggecttgectggecate
tttaagtctggtggcatcccagcgctggtgaaaatgcttgggtcaccagtggattctgtactgttctacgeccatcac
gacactgcataatctcctgctccatcaggaaggagctaaaatggcagtgcgectagectggtggactgcagaaaatgg
ttgctttgctcaacaaaacaaacgtgaaattcttggctattacaacagactgccttcagatcttagecttatggcaat
caagagagcaagctcatcattctggccagtggtggaccccaageccttagtaaacataatgaggacctacacttatga
gaagcttctgtggaccacaagcagagtgctgaaagtgctgtctgtctgctctagcaacaageccggccattgtagaag
ctggtgggatgcaggcactggggcttcatctgacagacccaagtcagcgacttgttcaaaactgtctttggactcecte
agaaacctttcagatgcagcgactaagcaggaagggatggaaggcctceccttgggactctagtgcagecttectgggtte
cgatgatataaatgtggtcacctgtgcagctggaattctctctaacctcacttgcaataattacaaaaacaagatga
tggtgtgccaagtgggtggcatagaggctcttgtacgcaccgtcecttegtgectggtgacagggaagacatcactgag
cctgccatctgtgctcecttegtcatctgaccagecggcatcaggaageccgagatggeccagaatgecgttegecttea

ttatggactgcctgttgtggttaaactcctgcacccaccatcccactggectcectgataaaggcaactgttggattga
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ttcgaaaccttgccecctttgecccagcaaatcatgecgectttgegggaacagggtgectatteccacgactagttcagetg
cttgtacgagcacatcaggacacccaacggcgcacctccatgggtggaacgcagcagcagtttgtggagggecgtgeg
catggaggagatagtagaagggtgtactggagctctccacatccttgctcgggacgttcacaaccggattgtaatcecce
gaggactcaataccattccattgtttgtgcagttgctttattctcccattgaaaatatccaaagagtagctgcaggg
gtcctctgtgaacttgctcaggacaaggaggctgcagaggccattgaagctgagggageccacagctceccecctgacaga
gttactccactccaggaatgaaggcgtggcaacatacgcagctgctgtcecctattccgaatgtctgaggacaagccac
aggattacaagaagcggctttcagtcgagctgaccagttccecctcecttcaggacagagccaatggecttggaatgagact
gcagatcttggactggacattggtgcccagggagaagcccttggatatcgccaggatgatcccagctacecgttettt
tcactctggtggatacggccaggatgccttggggatggaccctatgatggagcatgagatgggtggccaccaccctg
gtgctgactatccagttgatgggctgcctgatctgggacacgcccaggacctcatggatgggectgececccaggtgat

agcaatcagctggcctggtttgatactgacctg

GSK3R (K85A)

atgtcagggcggcccagaaccacctcectttgecggagagectgcaageccggtgcagcagecttcagettttggecageat
gaaagttagcagagacaaggacggcagcaaggtgacaacagtggtggcaactcctgggcagggtccagacaggccac
aagaagtcagctatacagacactaaagtgattggaaatggatcatttggtgtggtatatcaagccaaactttgtgat
tcaggagaactggtcgccatcgcgaaagtattgcaggacaagagatttaagaatcgagagctccagatcatgagaaa
gctagatcactgtaacatagtccgattgcgttatttcttctactccagtggtgagaagaaagatgaggtctatctta
atctggtgctggactatgttccggaaacagtatacagagttgccagacactatagtcgagccaaacagacgctcecect
gtgatttatgtcaagttgtatatgtatcagctgttccgaagtttagcctatatccattcectttggaatctgecatecg
ggatattaaaccgcagaacctcttgttggatcctgatactgctgtattaaaactctgtgactttggaagtgcaaage
agctggtccgaggagaacccaatgtttcgtatatctgttctcggtactatagggcaccagagttgatctttggagece
actgattatacctctagtatagatgtatggtctgctggctgtgtgttggctgagectgttactaggacaaccaatatt
tccaggggatagtggtgtggatcagttggtagaaataatcaaggtcctgggaactccaacaagggagcaaatcagag
aaatgaacccaaactacacagaatttaaattccctcaaattaaggcacatccttggactaaggtcttccgaccccga
actccaccggaggcaattgcactgtgtagccgtctgectggagtatacaccaactgecccgactaacaccactggaagce
ttgtgcacattcattttttgatgaattacgggacccaaatgtcaaactaccaaatgggcgagacacacctgcactct

tcaacttcaccactcaagaactgtcaagtaatccacctctggctaccatceccttattcecctectcatgectecggattcaa

245



gcagctgcttcaacccccacaaatgccacagcagcgtcagatgctaatactggagaccgtggacagaccaataatge

tgcttctgcatcagcttccaactccacc

f-catenin (S33Y)

atggctactcaagctgatttgatggagttggacatggccatggaaccagacagaaaagcggctgttagtcactggceca
gcaacagtcttacctggactatggaatccattctggtgccactaccacagctceccttcectctgagtggtaaaggcaatce
ctgaggaagaggatgtggatacctcccaagtcctgtatgagtgggaacagggattttctcagtccttcactcaagaa
caagtagctgatattgatggacagtatgcaatgactcgagctcagagggtacgagctgctatgttcecctgagacatt
agatgagggcatgcagatcccatctacacagtttgatgctgctcatcccactaatgtccagegtttggectgaaccat
cacagatgctgaaacatgcagttgtaaacttgattaactatcaagatgatgcagaacttgccacacgtgcaatccect
gaactgacaaaactgctaaatgacgaggaccaggtggtggttaataaggctgcagttatggtccatcagctttctaa
aaaggaagcttccagacacgctatcatgcgttctcctcagatggtgtctgctattgtacgtaccatgcagaatacaa
atgatgtagaaacagctcgttgtaccgctgggaccttgcataacctttcecccatcatecgtgagggecttactggecatce
tttaagtctggaggcattcctgccctggtgaaaatgecttggttcaccagtggattctgtgttgttttatgeccattac
aactctccacaaccttttattacatcaagaaggagctaaaatggcagtgcgtttagctggtgggctgcagaaaatgg
ttgccttgctcaacaaaacaaatgttaaattcttggctattacgacagactgeccttcaaattttagettatggcaac
caagaaagcaagctcatcatactggctagtggtggaccccaagctttagtaaatataatgaggacctatacttacga
aaaactactgtggaccacaagcagagtgctgaaggtgctatctgtctgctctagtaataagccggctattgtagaag
ctggtggaatgcaagctttaggacttcacctgacagatccaagtcaacgtcttgttcagaactgtctttggactctce
aggaatctttcagatgctgcaactaaacaggaagggatggaaggtctccttgggactcttgttcagecttctgggtte
agatgatataaatgtggtcacctgtgcagctggaattctttctaacctcacttgcaataattataagaacaagatga
tggtctgccaagtgggtggtatagaggctcttgtgecgtactgtccttcgggectggtgacagggaagacatcactgag
cctgccatctgtgctcecttecgtcatctgaccageccgacaccaagaagcagagatggecccagaatgcagttegecttcea
ctatggactaccagttgtggttaagctcttacacccaccatcccactggectctgataaaggctactgttggattga
ttcgaaatcttgccctttgtccecgcaaatcatgcacctttgecgtgagcagggtgeccattccacgactagttcagttyg
cttgttcgtgcacatcaggatacccagcgeccgtacgtccatgggtgggacacagcagcaatttgtggagggggteccecg
catggaagaaatagttgaaggttgtaccggagcccttcacatcctagctcgggatgttcacaaccgaattgttatca

gaggactaaataccattccattgtttgtgcagctgctttattctcccattgaaaacatccaaagagtagctgcaggg
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gtcctctgtgaacttgctcaggacaaggaagctgcagaagctattgaagctgagggagccacagctcecctectgacaga
gttacttcactctaggaatgaaggtgtggcgacatatgcagctgctgttttgttccgaatgtctgaggacaagccac
aagattacaagaaacggctttcagttgagctgaccagctctctcttcagaacagagccaatggcttggaatgagact
gctgatcttggacttgatattggtgcccagggagaaccccttggatatcgccaggatgatcctagectatecgttettt
tcactctggtggatatggccaggatgccttgggtatggaccccatgatggaacatgagatgggtggccaccaccctg
gtgctgactatccagttgatgggctgccagatctggggcatgcccaggacctcatggatgggctgectccaggtgac

agcaatcagctggcctggtttgatactgacctg

MAPK9

atgagcgacagtaaatgtgacagtcagttttatagtgtgcaagtggcagactcaaccttcactgtcctaaaacgtta
ccagcagctgaaaccaattggctctggggcccaagggattgtttgtgctgcatttgatacagttcttgggataaatg
ttgcagtcaagaaactaagccgtccttttcagaaccaaactcatgcaaagagagcttatcgtgaacttgtectectta
aaatgtgtcaatcataaaaatataattagtttgttaaatgtgtttacaccacaaaaaactctagaagaatttcaaga
tgtgtatttggttatggaattaatggatgctaacttatgtcaggttattcacatggagctggatcatgaaagaatgt
cctaccttctttaccagatgctttgtggtattaaacatctgcattcagctggtataattcatagagatttgaagect
agcaacattgttgtgaaatcagactgcaccctgaagatccttgactttggecctggecccggacagecgtgcactaactt
catgatgaccccttacgtggtgacacggtactaccgggcgcccgaagtcatecctgggtatgggctacaaagagaacg
ttgatatctggtcagtgggttgcatcatgggagagctggtgaaaggttgtgtgatattccaaggcactgaccatatt
gatcagtggaataaagttattgagcagctgggaacaccatcagcagagttcatgaagaaacttcagccaactgtgag
gaattatgtcgaaaacagaccaaagtatcctggaatcaaatttgaagaactctttccagattggatattcccatcag
aatctgagcgagacaaaataaaaacaagtcaagccagagatctgttatcaaaaatgttagtgattgatcctgacaag
cggatctctgtagacgaagctctgcgtcacccatacatcactgtttggtatgaccccgeccgaagcagaagccccace
acctcaaatttatgatgcccagttggaagaaagagaacatgcaattgaagaatggaaagagctaatttacaaagaag
tcatggattgggaagaaagaagcaagaatggtgttgtaaaagatcagccttcagatgcagcagtaagtagcaacgcc
actccttctcagtcttcatcgatcaatgacatttcatccatgtccactgagcagacgctggecctcagacacagacag

cagtcttgatgcctcgacgggaccccttgaaggctgtcga

FLAG-MKK7-JNK2
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atggactacaaagacgatgatgacaaaatggcggcgtcctcecctggagcagaagctgtceccgectggaageccaagcet
gaagcaggagaaccgtgaggcccgcaggaggatcgacctcaacttggatatcagecccacagecggecccaggecccacce
tgcaactcccactggccaacgatgggggcagccgctcaccatcecctcagagagctceccccacagcaccctacaccccece
acccggccccgccacatgectggggectcecccatcaaccttgttcacaccgecgcagtatggagagcatcgagattgacca
gaagctgcaggagatcatgaagcagacagggtacctgactatcgggggccagcgttatcaggcagaaatcaatgact
tggagaacttgggtgagatgggcagtggtacctgtggtcaggtgtggaagatgcggttccggaagacaggccacatc
attgctgttaagcaaatgcggcgctctgggaacaaggaagagaataagcgcattttgatggacctggatgtagtact
caagagccatgactgcccttacatcgttcagtgectttggcaccttcatcaccaacacagacgtctttattgeccatgg
agctcatgggcacatgtgcagagaagctgaagaaacgaatgcagggccccattccagagcgaatcctgggcaagatyg
actgtggcgattgtgaaagcactgtactatctgaaggagaagcatggcgtcatccatcgcgatgtcaaaccctceccaa
catcctgctagatgagcggggccagatcaagctctgtgactttggcatcagtggececgecttgttgactccaaageca
aaacacggagtgctggctgtgctgecctatatggctcccgagecgecatcgaccctceccagatcccaccaagectgactat
gacatccgagctgatgtgtggagcctgggcatctcactggtggagctggcaacaggacagttccecctataagaactg
caagacggactttgaggtcctcaccaaagtcctacaggaagagcccccactcecctgectggtcacatgggecttcectcag
gggacttccagtcatttgtcaaagactgccttactaaagatcacaggaagagaccaaagtataataagctacttgaa
cacagcttcatcaagcactatgagatactcgaggtggatgtcgcgtcctggtttaaggatgtcatggcgaagaccga
gtccccaaggactagtggagtcctgagtcagcaccatctgececcttettcagtgggagtctggaggagtcecteccactt
ccccaccttcectcecccaagtcectteccecctetgtcaccageccateccectcacgaaattctgageecgtegtecgagttacegt
aaaggatccatgagcgacagtaaatgtgacagtcagttttatagtgtgcaagtggcagactcaaccttcactgtcect
aaaacgttaccagcagctgaaaccaattggctctggggcccaagggattgtttgtgectgcatttgatacagttecttg
ggataaatgttgcagtcaagaaactaagccgtccttttcagaaccaaactcatgcaaagagagcttatcgtgaactt
gtcctcttaaaatgtgtcaatcataaaaatataattagtttgttaaatgtgtttacaccacaaaaaactctagaaga
atttcaagatgtgtatttggttatggaattaatggatgctaacttatgtcaggttattcacatggagctggatcatg
aaagaatgtcctaccttctttaccagatgctttgtggtattaaacatctgcattcagctggtataattcatagagat
ttgaagcctagcaacattgttgtgaaatcagactgcaccctgaagatccttgactttggectggecccggacagegtg
cactaacttcatgatgaccccttacgtggtgacacggtactaccgggcgcccgaagtcatecctgggtatgggctaca
aagagaacgttgatatctggtcagtgggttgcatcatgggagagctggtgaaaggttgtgtgatattccaaggcact

gaccatattgatcagtggaataaagttattgagcagctgggaacaccatcagcagagttcatgaagaaacttcagcc
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aactgtgaggaattatgtcgaaaacagaccaaagtatcctggaatcaaatttgaagaactctttccagattggatat
tcccatcagaatctgagcgagacaaaataaaaacaagtcaagccagagatctgttatcaaaaatgttagtgattgat

cctgacaagcggatctctgtagacgaagctctgcgtcacccatacatcactgtttggtatgaccccgecgaagcag

MEKS5 DD (S311D, T315D)

atgctgtggctagcccttggceccectttectgeccatggagaaccaggtgectggtaattcgcatcaagatcccaaatag
tggcgcggtggactggacagtgcactccgggeccgcagttactcecttcagggatgtgectggatgtgataggeccaggtte
tgcctgaagcaacaactacagcatttgaatatgaagatgaagatggtgatcgaattacagtgagaagtgatgaggaa
atgaaggcaatgctgtcatattattattccacagtaatggaacagcaagtaaatggacagttaatagagcctctgca
gatatttccaagagcctgcgagcctcecctggggaacggaacatacgtggectgaaggtgaatactcgggeccggaccect
ctcaacacagcagcccagcagtctcagattcacttccaagcaatagcttaaagaagtcttctgctgaactgaaaaaa
atactagccaatggccagatgaatgaacaagacatacgatatcgggacactcttggtcatggcaacggaggcacagt
ctacaaagcatatcatgtcccgagtgggaaaatattagctgtaaaggtcatactactagatattacactggaacttce
agaagcaaattatgtctgaattggaaattctttataagtgcgattcatcatatatcattggattttatggagcattt
tttgtagaaaacaggatttcaatatgtacagaattcatggatgggggatctttggatgtatataggaaaatgccaga
acatgtccttggaagaattgcagtagcagttgttaaaggccttacttatttgtggagtttaaagattttacatagag
acgtgaagccctccaatatgctagtaaacacaagaggacaggttaagctgtgtgattttggagttagcactcagcetyg
gtgaatgatatagccaaggattatgttggaacaaatgcttatatggcgcctgaaaggatttcaggggagcagtatgg
aattcattctgatgtctggagcttaggaatctcttttatggagcttgectcttgggaggtttccatatcctcagatte
agaaaaaccagggatctttaatgcctctccagecttctgcagtgcattgttgatgaggattcgeccegtectteccaatt
ggagagttctcggagccatttgtacatttcatcactcagtgtatgcgaaaacagccaaaagaaaggccagcacctga

agaattgatgggccacccgttcatcgtgcagttcaatgatggaaatgccgeccgtggtgtccatgtgggtgtgecggg

cgctggaggagaggcggagccagcaggggcccccyg

myr-FLAG-MEKS

atggggtcttcaaaatctaaaccaaaggaccccagccagcgceccggegcaggatccgaggttaccttgactacaaaga
cgatgacgacaagcaattgacaagtttgtacaaaaaagttggatgctgtggctagcccttggececcecctttectgecat

ggagaaccaggtgctggtaattcgcatcaagatcccaaatagtggcgcggtggactggacagtgcactceccgggecgce
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agttactcttcagggatgtgctggatgtgataggccaggttctgcctgaagcaacaactacagcatttgaatatgaa
gatgaagatggtgatcgaattacagtgagaagtgatgaggaaatgaaggcaatgctgtcatattattattccacagt
aatggaacagcaagtaaatggacagttaatagagcctctgcagatatttccaagagcctgcaagecctecctggggaac
ggaacatacatggcctgaaggtgaatactcgggccggaccctctcaacacagcagecccagcagtctcagattcactt
ccaagcaatagcttaaagaagtcttctgctgaactgaaaaaaatactagccaatggccagatgaatgaacaagacat
acgatatcgggacactcttggtcatggcaacggaggcacagtctacaaagcatatcatgtcccgagtgggaaaatat
tagctgtaaaggtcatactactagatattacactggaacttcagaagcaaattatgtctgaattggaaattctttat
aagtgcgattcatcatatatcattggattttatggagcattttttgtagaaaacaggatttcaatatgtacagaatt
catggatgggggatctttggatgtatataggaaaatgccagaacatgtccttggaagaattgcagtagcagttgtta
aaggccttacttatttgtggagtttaaagattttacatagagacgtgaagccctccaatatgctagtaaacacaaga
ggacaggttaagctgtgtgattttggagttagcactcagctggtgaattctatagccaagacgtatgttggaacaaa
tgcttatatggcgcctgaaaggatttcaggggagcagtatggaattcattctgatgtctggagecttaggaatctett
ttatggagcttgctcttgggaggtttccatatcctcagattcagaaaaaccagggatctttaatgectecteccagett
ctgcagtgcattgttgatgaggattcgcccgtcecttccagttggagagttctcggageccatttgtacatttcatcac

tcagtgtatgcgaaaacagccaaaagaaaggccagcacctgaagaattgatgggccacccgttcatecgtgecagttceca

atgatggaaatgccgccgtggtgtccatgtgggtgtgeccgggecgectggaggagaggcggagccagcaggggecccccg

Notchl ICD

atgcggcggcagcatggccagctctggttcececctgagggecttcaaagtgtctgaggeccagcaagaagaagcggcggga
gcccctcecggcgaggactcececgtgggectcaageccctgaagaacgcttcagacggtgecctcatggacgacaaccaga
atgagtggggggacgaggacctggagaccaagaagttccggttcgaggagecececgtggttectgectgacctggacgac
cagacagaccaccggcagtggactcagcagcacctggatgccgctgacctgecgcatgtctgeccatggeccccacacce
gccccagggtgaggttgacgccgactgcatggacgtcaatgtccgegggectgatggettcaccececgectcecatgateg
cctcecctgcagecgggggcggectggagacgggcaacagcgaggaagaggaggacgcgceccggecgtcatectecgactte
atctaccagggcgccagcctgcacaaccagacagaccgcacgggcgagaccgcecttgcacctggecgeccgctacte
acgctctgattccgccaagecgectgectggaggccagcgcagatgccaacatccaggacaacatgggeccgecaccccge
tgcatgcggctgtgtctgccgacgcacaaggtgtcttccagatcctgatccggaaccgagccacagacctggatgee

cgcatgcatgatggcacgacgccactgatcctggctgeccecgectggeccgtggagggcatgectggaggacctcatcaa
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ctcacacgccgacgtcaacgccgtagatgacctgggcaagtceccgecctgecactgggeccgecgecgtgaacaatgtgg
atgccgcagttgtgctcctgaagaacggggctaacaaagatatgcagaacaacagggaggagacacccecctgtttetg
gccgcccgggagggcagctacgagaccgccaaggtgctgctggaccactttgeccaaccgggacatcacggatcatat
ggaccgcctgccgcgcgacatcgcacaggagcgcatgcatcacgacatcgtgaggectgectggacgagtacaacctgg
tgcgcagcccgcagctgcacggageccccgctggggggcacgecccaccctgtegececeecgectetgetegeccaacggce
tacctgggcagcctcaagcccggecgtgcagggcaagaaggtccgcaagecccagcagcaaaggcecctggectgtggaag
caaggaggccaaggacctcaaggcacggaggaagaagtcccaggatggcaagggctgcectgctggacagectccggcea
tgctctcgcceccgtggactceccecccggagtcaccccatggectacctgtcagacgtggectecgecgeccactgectgecctece
ccgttccagcagtctcecgteccgtgecccctcaaccacctgectgggatgecccgacacccacctgggecatcgggecacct
gaacgtggcggccaagcccgagatggecggegetgggtgggggecggecggectggecattgagactggeccacctegte
tctcccacctgectgtggectcectggcaccagcaccgtecctgggcteccagcagecggaggggecctgaatttcactgtyg
ggcgggtccaccagtttgaatggtcaatgcgagtggctgtcececggectgcagagecggcatggtgeccgaaccaatacaa
ccctectgcgggggagtgtggcaccaggccccctgagcacacaggcecccctececctgcagecatggcatggtaggececge
tgcacagtagccttgctgccagcgceccecctgtcecccagatgatgagctaccagggcecctgecccagcacccggctggecacce
cagcctcacctggtgcagacccagcaggtgcagccacaaaacttacagatgcagcagcagaacctgcagccagcaaa
catccagcagcagcaaagcctgcagccgceccaccaccaccaccacagecgcaccttggegtgagetcagecagecageg
gccacctgggccggagcttectgagtggagagccgageccaggcagacgtgcageccactgggecccagcagectggeg
gtgcacactattctgccccaggagagccccgcecctgeccacgtecgetgecatectegetggteccaccecgtgacege
agcccagttcctgacgcecccceccecctcgcagcacagctactectegectgtggacaacaccecccageccaccagectacagg
tgcctgagcaccceccttectcaccecegteccecctgagtecececctgaccagtggteccagetegteeccecgecattecaacgte

tccgactggtccgagggcgtctccagecctcecccaccagcatgcagtcecccagatcgececgcatteccggaggecttcecaa

g

Notch3 ICD

atggtggcccggcgcaagcgcgagcacagcaccctectggtteecctgagggettectcactgcacaaggacgtggecte
tggtcacaagggccggcgggaacccgtgggccaggacgcgctgggcatgaagaacatggeccaagggtgagagectga
tgggggaggtggccacagactggatggacacagagtgcccagaggccaagcggctaaaggtagaggagccaggecatyg

ggggctgaggaggctgtggattgccgtcagtggactcaacaccatctggttactgctgacatccgegtggcaccage
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catggcactgacaccaccacagggcgacgcagatgctgatggcatggatgtcaatgtgecgtggecccagatggecttca
ccccecgctaatgcectggecttecttectgtgggggggectctggageccaatgeccaactgaagaggatgaggcagatgacaca
tcagctagcatcatctccgacctgatctgccagggggctcagecttggggcacggactgaccgtactggcgagactgce
tttgcacctggctgccecgttatgeccecgtgectgatgcageccaagecggectgectggatgectggggcagacaccaatgecce
aggaccactcaggccgcactccectgcacacagctgtcacageccgatgeccagggtgtectteccagattcectecateccga
aaccgctctacagacttggatgcccgcatggcagatggctcaacggcactgatcctggecggeccgectggcagtaga
gggcatggtggaagagctcatcgccagccatgctgatgtcaatgctgtggatgagcttgggaaatcagecttacact
gggctgcggctgtgaacaacgtggaagccactttggccctgctcaaaaatggagccaataaggacatgcaggatagce
aaggaggagacccccctattcecctggeccgeccgecgagggcagectatgaggctgceccaagetgectgttggaccactttge
caaccgtgagatcaccgaccacctggacaggctgccgcgggacgtagecccaggagagactgcaccaggacategtge
gcttgctggatcaacccagtgggccccgcagcccceccggtecccacggectggggectetgectetgtectecaggg
gccttectececctggectcaaagecggcacagtecggggtceccaagaagagcaggaggcccecccgggaaggeggggcetggg
gccgcaggggccccgggggcecggggcaagaagctgacgectggectgececgggecccecctggectgacageteggtecacge
tgtcgcccgtggactcgectggactccececgeggectttecggtgggeccectgettecececctggtggettecececttgag
gggccctatgcagctgccactgccactgcagtgtcectectggcacagecttggtggeccaggecgggecgggtectagggeg
ccagccccctggaggatgtgtactcagectgggectgectgaaccectgtggetgtgececctecgattgggececggetge
ccccacctgcecccecctceccaggceccecctegttectgetgeccactggecgecgggaccccagectgectcaacccagggacccce
gtctccececgcaggagecggceccceccgecttacctggcagtecccaggacatggecgaggagtacccggecggectggggecaca
cagcagccccccaaaggceccgcettectgegggttecccagtgagcacccttacctgacceccatcecececccgaatecectg
agcactgggccagcccctcacctcecectecectectcagactggteccgaatccacgectageccagecactgecactggg
gccatggccaccaccactggggcactgcctgecccagceccactteeccttgtcectgttecccageteccttgetcaggecca

gacccagctggggccccagccggaagttaccecccaagaggcaagtgttggece

MAPK14

atgtctcaggagaggcccacgttctaccggcaggagctgaacaagacaatctgggaggtgcccgagcgttaccagaa
cctgtctccagtgggctctggecgectatggectcectgtgtgtgetgettttgacacaaaaacggggttacgtgtggecag
tgaagaagctctccagaccatttcagtccatcattcatgcgaaaagaacctacagagaactgcggttacttaaacat

atgaaacatgaaaatgtgattggtctgttggacgtttttacacctgcaaggtctctggaggaattcaatgatgtgta
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tctggtgacccatctcatgggggcagatctgaacaacattgtgaaatgtcagaagcttacagatgaccatgttcagt
tccttatctaccaaattctccgaggtctaaagtatatacattcagctgacataattcacagggacctaaaacctagt
aatctagctgtgaatgaagactgtgagctgaagattctggattttggactggctcggcacacagatgatgaaatgac
aggctacgtggccactaggtggtacagggctcctgagatcatgctgaactggatgcattacaaccagacagttgata
tttggtcagtgggatgcataatggccgagctgttgactggaagaacattgtttcctggtacagaccatattgatcag
ttgaagctcattttaagactcgttggaaccccaggggctgagecttttgaagaaaatctcecctcagagtctgcaagaaa
ctatattcagtctttgactcagatgccgaagatgaactttgcgaatgtatttattggtgccaatccecctggetgteg
acttgctggagaagatgcttgtattggactcagataagagaattacagcggcccaagcccttgcacatgectacttt
gctcagtaccacgatcctgatgatgaaccagtggccgatccttatgatcagtecctttgaaagcagggacctecttat
agatgagtggaaaagcctgacctatgatgaagtcatcagctttgtgccaccaccceccttgaccaagaagagatggagt

cc

FLAG-MKK6 (S207E, T211E)

atggactacaaagacgatgatgacaaatctcagtcgaaaggcaagaagcgaaaccctggccttaaaattccaaaaga
agcatttgaacaacctcagaccagttccacaccacctagagatttagactccaaggcttgcatttctattggaaatc
agaactttgaggtgaaggcagatgacctggagcctataatggaactgggacgaggtgcgtacggggtggtggagaag
atgcggcacgtgcccagcgggcagatcatggcagtgaagcggatccgagccacagtaaatagccaggaacagaaacyg
gctactgatggatttggatatttccatgaggacggtggactgtccattcactgtcaccttttatggcgcactgttte
gggagggtgatgtgtggatctgcatggagctcatggatacatcactagataaattctacaaacaagttattgataaa
ggccagacaattccagaggacatcttagggaaaatagcagtttctattgtaaaagcattagaacatttacatagtaa
gctgtctgtcattcacagagacgtcaagccttctaatgtactcatcaatgctctecggtcaagtgaagatgtgecgatt
ttggaatcagtggctacttggtggacgaggttgctaaagaaattgatgcaggttgcaaaccatacatggcccecctgaa
agaataaacccagagctcaaccagaagggatacagtgtgaagtctgacatttggagtctgggcatcacgatgattga
gttggccatccttcgatttcecctatgattcatggggaactccatttcagcagectcaaacaggtggtagaggageccat
cgccacaactcccagcagacaagttctctgcagagtttgttgactttacctcacagtgcttaaagaagaattccaaa
gaacggcctacatacccagagctaatgcaacatccatttttcaccctacatgaatccaaaggaacagatgtggcatce

ttttgtaaaactgattcttggagac

GLI2 Truncation
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atggccctcacctccatcaatgccacgcecccacccagctcagcagcagcagcaactgtctgagtgacaccaaccagaa
caagcagagcagtgagtcggccgtcagcagcaccgtcaaccctgtcgceccattcacaagcgcagcaaggtcaagaccg
agcctgagggcctgcggceccggcctecceccecctcectggegetgacgcagggccaggtgtectggacacggectcatgtgggtgt
gcccttceccecectcectecccaggagcagetggectgacctcaaggaagatctggacagggatgactgtaagcaggaggctga
ggtggtcatctatgagaccaactgccactgggaagactgcaccaaggagtacgacacccaggagcagctggtgcatce
acatcaacaacgagcacatccacggggagaagaaggagtttgtgtgccgctggcaggecctgcacgcgggagcagaag
cccttcaaggcgcagtacatgctggtggtgcacatgcggcgacacacgggcgagaagccccacaagtgcacgttecga
gggctgctcgaaggcctactcccgecctggagaacctgaagacacacctgcggtcecccacaccggggagaagccatatg
tgtgtgagcacgagggctgcaacaaagccttctccaacgcctcggaccgcgccaagcaccagaatcgcacccactee
aacgagaaaccctacatctgcaagatcccaggctgcaccaagagatacacagaccccagctcectcectecggaagecatgt
gaaaacggtccacggcccagatgcccacgtcaccaagaagcagcgcaatgacgtgcacctceccgcacaccgectgectca
aagagaatggggacagtgaggccggcacggagcctggcggcccagagagcaccgaggccagcagcaccagccaggcec
gtggaggactgcctgcacgtcagagccatcaagaccgagagctceccgggcectgtgtcagtccageeccecggggeccagte
gtcctgcagcagcgagcecctctectectgggcagtgeccceccaacaatgacagtggecgtggagatgeccggggacggggce
ccgggagcctgggagacctgacggcactggatgacacacccccaggggceccgacacctcagecctggetgeccectece
gctggtggcctccagctgcgcaaacacatgaccaccatgcaccggttcgagcagctcaagaaggagaagctcaagte
actcaaggattcctgctcatgggccgggccgactccacacacgcggaacaccaagctgectececteeccgggaagtg
gctccatcctggaaaacttcagtggcagtgggggcggcgggeccgecggggctgetgecgaaccecgeggetgteggag
ctgtccgcgagcgaggtgaccatgctgagccagctgcaggagcgceccgcgacagctceccaccagcacggtcagetegge
ctacaccgtgagccgccgctcecctcececggcatctecceccecctacttecteccagecgecgecteccagecgaggectegececctgg
gcgccggccgcecccgcacaacgcgagcectcececgectgactectacgacceccatcteccacggacgegtecgecggegetcgagce
gaggccagccagtgcagcggcggctceccgggcectgctcaacctcacgecggecgcagcagtacagectgegggeccaagta
cgcggcagccactggcggceccccccgeccactececgetgeccgggectggagecgcatgagectgecggaccaggetggege
tgctggacgcgcccgagcgcacgctgeccgecggctgeccacgeccactggggecgcggecgtggcagcgacgggcecg
acctatggccacggccacgcgggggctgcecgecccgecttececcecccacgaggecteccaggecggecggageccaggecgggecag
cgaccctgtgcggcggcccgatgeccecctgteccecctgecgegggtgcagecgcttceccacagcacccacaacgtgaaccccg
gcccgctgceccgecctgtgeccgacaggcgaggectcececgectgcagagccacccgagecaccgacggecggectggeeccge

ggcgcctactcgecceccecggeccgcectagcatcagecgagaacgtggecgatggaggeccgtggecggcaggagtggacggege
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ggggcccgaggccgacctggggctgeccggaggacgacctggtgetteccagacgacgtggtgcagtacatcaaggege
acgccagtggcgctctggacgagggcaccgggcaggtgtatcccacggaaagcactggcttcectectgacaaccccaga
ctacccagcccggggctgcacggccagcecgcaggatggtggectgecggactccaacgtgggecccteecgeccctatget
gggaggatgccagttaggctttggggcgccctccagecctgaacaaaaataacatgecctgtgcagtggaatgaggtga
gctccggcaccgtagacgccctggeccagceccaggtgaagectceccacectttectcagggcaacctggeggtggtgecag
cagaagcctgcctttggccagtacccgggctacagtccgcaaggecctacaggctageecctgggggectggacageac
gcagccacacctgcagccccgcagcggagceccccecteccagggcatecccagggtaaactacatgcagcagetgecgac
agccagtggcaggcagccagtgtcctggcatgactaccactatgagcccecccatgectgcectatggeccaagtccaccece
cagctgagccccagcaccatcagtggggccctcaaccagttcccccaatecctgcagcaacatgeccageccaageccagg
gcatctggggcaccctcagcagacagaagtggcacctgaccccaccacgatgggcaatcgeccacagggaacttgggg
tccceccgattcagecctggectggagtgccaccacctcacccagtccagagctacccacagcagagceccatcacctggea
gcctccatgagccaggagggctaccaccaggtccecccagecttetgectgececgecagectggettecatggageccceca
aacaggcccgatgggggtggctacagcaggctttggecctagtgcagececcecggecteccecctecgageccagecccactg
gccgccaccgtggggtacgtgctgtgcagcagcagectggectacgeccagggccacaggccatgeccatggetgecatyg
ccgtccagtcaggaaacagcagaggctgtgcecccaagggagcgatgggcaacatggggtcecggtgceccteccccagecgcece
tccgcaggacgcaggtggggccccggaccacagcatgectctactactacggeccagatccacatgtacgaacaggatyg
gaggcctggagaacctcgggagctgccaggtcatgecggtcecccageccaccacagccacaggcecctgtcaggacagcecate
cagccccagcccttgecctcaccaggggtcaaccaggtgtccagcactgtggactcecccagetecctggaggecceccca
gattgacttcgatgccatcatggatgatggcgatcactcgagtttgttctcgggtgctctgageccccagectectee
acagcctctcccagaactcctcecceccgectcaccaccceccccgaaactecttgaccctgeccteccatececececgecaggeate
agcaacatggctgtcggggacatgagctccatgctcaccagcctecgeccgaggagagcaagttecctgaacatgatgac

C

SmoM2 (W535L)

atggccgctgcccecgecccagecgcgggggceccggagcectececgetectggggetgetgetgetgetgectgectgggggacce
gggccggggggcggectcgagecgggaacgcgaccgggectgggecteggagegegggcgggagecgcgaggaggageg
cggcggtgactggccctccgceccgceccgctgagceccactgecggceccgggctgeccectgtgagecgctgegectacaacgtyg

tgcctgggctcggtgectgececctacggggccacctceccacactgectggeccggagactecggactecccaggaggaagecgceca
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cggcaagctcgtgctctggtcgggeccteccggaatgecccecececgetgectgggcagtgatccagecectgetgtgtgecg
tatacatgcccaagtgtgagaatgaccgggtggagctgcccagceccgtaccctcectgeccaggccacccgaggeccctgt
gccatcgtggagagggagcggggctggcecctgacttcecctgcecgectgcactectgaccgetteccecctgaaggctgcacgaa
tgaggtgcagaacatcaagttcaacagttcaggccagtgcgaagtgcccttggttcggacagacaaccccaagagct
ggtacgaggacgtggagggctgcggcatccagtgccagaacccgctcttcacagaggctgagcaccaggacatgcac
agctacatcgcggccttcggggeccgtcacgggecctcectgcacgectecttcaccctggeccacattecgtggectgactggeg
gaactcgaatcgctaccctgctgttattctcttctacgtcaatgecgtgettectttgtgggcagcattggectggetgg
cccagttcatggatggtgcccgccgagagatcgtcectgecgtgcagatggcaccatgaggcttggggageccacctece
aatgagactctgtcctgcgtcatcatctttgtcatcgtgtactacgccctgatggectggtgtggtttggtttgtggt
cctcacctatgcctggcacacttccttcaaageccctgggcaccacctaccagectcectcectecgggcaagacctectact
tccacctgctcacctggtcactcecceccectttgtectcactgtggcaateccttgetgtggecgcaggtggatggggactcet
gtgagtggcatttgttttgtgggctacaagaactaccgataccgtgcgggcttecgtgectggecccaatecggectggt
gctcatcgtgggaggctacttcctcatccgaggagtcatgactctgttcecteccatcaagagcaaccaccccgggcectge
tgagtgagaaggctgccagcaagatcaacgagaccatgctgcgcecctgggcatttttggecttecctggectttggettt
gtgctcattaccttcagctgccacttctacgacttcttcaaccaggctgagtgggagcgcagcttecgggactatgt
gctatgtcaggccaatgtgaccatcgggctgcccaccaagcagcccatceccctgactgtgagatcaagaatcgeccga
gccttctggtggagaagatcaacctgtttgceccatgtttggaactggcatcgeccatgagcaccttggtctggaccaag
gccacgctgctcatctggaggcgtacctggtgcaggttgactgggcagagtgacgatgagccaaagcggatcaagaa
gagcaagatgattgccaaggccttctctaagcggcacgagctcecctgcagaacccaggccaggagctgtecttcagea
tgcacactgtgtcccacgacgggcccecgtggecgggcecttggectttgacctcaatgageectcagetgatgtectectet
gcctgggcccagcatgtcaccaagatggtggctcggagaggagccatactgeccccaggatatttectgtcacecectgt
ggcaactccagtgcccccagaggaacaagccaacctgtggectggttgaggcagagatctecceccagagctgcagaagce
gcctgggccggaagaagaagaggaggaagaggaagaaggaggtgtgcecccgetggecgecgecccecctgagettcecacece
cctgcccectgceccecccagtaccattectcecgactgectcagectgeccecggcagaaatgectggtggetgcaggtgectyg
gggagctggggactcttgccgacagggagcgtggaccctggtctccaacccattcectgeccagagecccagtececcececte

aggatccatttctgcccagtgcaccggcccce

TGFBRL (T204D)
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atggaggcggcggtcgctgctcecgegteccececggetgetectectegtgetggecggeggecggeggecggecggecggegge
gctgctcccgggggcgacggcgttacagtgtttctgceccacctctgtacaaaagacaattttacttgtgtgacagatyg
ggctctgctttgtctctgtcacagagaccacagacaaagttatacacaacagcatgtgtatagctgaaattgactta
attcctcgagataggccgtttgtatgtgcaccctcttcaaaaactgggtctgtgactacaacatattgctgcaatca
ggaccattgcaataaaatagaacttccaactactgtaaagtcatcacctggccttggtecctgtggaactggcagectg
tcattgctggaccagtgtgcttcgtctgcatctcactcatgttgatggtctatatctgccacaaccgcactgtcatt
caccatcgagtgccaaatgaagaggacccttcattagatcgcecccttttatttcagagggtactacgttgaaagactt
aatttatgatatgacaacgtcaggttctggctcaggtttaccattgcttgttcagagaacaattgcgagagatattg
tgttacaagaaagcattggcaaaggtcgatttggagaagtttggagaggaaagtggcggggagaagaagttgectgtt
aagatattctcctctagagaagaacgttcgtggttccgtgaggcagagatttatcaaactgtaatgttacgtcatga
aaacatcctgggatttatagcagcagacaataaagacaatggtacttggactcagctctggttggtgtcagattatc
atgagcatggatctctttttgattacttaaacagatacacagttactgtggaaggaatgataaaacttgctctgtcce
acggcgagcggtcttgcecccatcttcacatggagattgttggtacccaaggaaagccagccattgectcatagagattt
gaaatcaaagaatatcttggtaaagaagaatggaacttgctgtattgcagacttaggactggcagtaagacatgatt
cagccacagataccattgatattgctccaaaccacagagtgggaacaaaaaggtacatggcccctgaagttctcecgat
gattccataaatatgaaacattttgaatccttcaaacgtgctgacatctatgcaatgggcttagtattctgggaaat
tgctcgacgatgttccattggtggaattcatgaagattaccaactgeccttattatgatcttgtaccttctgacccat
cagttgaagaaatgagaaaagttgtttgtgaacagaagttaaggccaaatatcccaaacagatggcagagctgtgaa
gccttgagagtaatggctaaaattatgagagaatgttggtatgccaatggagcagctaggcttacagcattgcggat

taagaaaacattatcgcaactcagtcaacaggaaggcatcaaaatg

BCL2

atggcgcacgctgggagaacagggtacgataaccgggagatagtgatgaagtacatccattataagctgtcgcagag
gggctacgagtgggatgcgggagatgtgggcgccgecgeccecccgggggecgecceccgecaccgggecatettetectece
agcccgggcacacgccccatccagcecgcatcecceccecgggacccggtcgecaggacctegecgctgcagacceccggetgece
cccggcgceccgceccgcecggggcectgegetcagececggtgeccacctgtggteccacctgaccctecgeccaggecggegacga
cttctcccecgecgcectaccgceccgcgacttcecgecgagatgteccagecagectgcacctgacgeccttcaccgecgeggggac

gctttgccacggtggtggaggagctcttcagggacggggtgaactgggggaggattgtggeccttectttgagtteggt
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ggggtcatgtgtgtggagagcgtcaaccgggagatgtcgeccecctggtggacaacatcgececctgtggatgactgagta
cctgaaccggcacctgcacacctggatccaggataacggaggctgggatgectttgtggaactgtacggeccccagcea
tgcggcctctgtttgatttctecctggctgtcectctgaagactectgectcagtttggecctggtgggagettgecatcacce

ctgggtgcctatctgggccacaag

BCL-XL

atgtctcagagcaaccgggagctggtggttgactttctctcctacaagectttcccagaaaggatacagectggagtca
gtttagtgatgtggaagagaacaggactgaggccccagaagggactgaatcggagatggagacccccagtgceccatca
atggcaacccatcctggcacctggcagacagccceccgcggtgaatggageccactggeccacagcagcagtttggatgece
cgggaggtgatccccatggcagcagtaaagcaagcgctgagggaggcaggcgacgagtttgaactgecggtaccggeg
ggcattcagtgacctgacatcccagctccacatcaccccagggacagcatatcagagctttgaacaggtagtgaatyg
aactcttccgggatggggtaaactggggtcgcattgtggectttttctecttcggecggggcactgtgegtggaaagce
gtagacaaggagatgcaggtattggtgagtcggatcgcagcttggatggccacttacctgaatgaccacctagagcecc
ttggatccaggagaacggcggctgggatacttttgtggaactctatgggaacaatgcagcagccgagageccgaaagg
gccaggaacgcttcaaccgctggttcecctgacgggcatgactgtggeccggegtggttectgectgggetcactecttcagt

cggaaa

Caspase8 (C360A)

atgttggaggaaagcaatctgtccttcctgaaggagctgctcttceccgaattaatagactggatttgectgattaccta
cctaaacactagaaaggaggagatggaaagggaacttcagacaccaggcagggctcaaatttctgecctacagggtca
tgctctatcagatttcagaagaagtgagcagatcagaattgaggtcttttaagtttcttttgcaagaggaaatctcce
aaatgcaaactggatgatgacatgaacctgctggatattttcatagagatggagaagagggtcatcctgggagaagg
aaagttggacatcctgaaaagagtctgtgcccaaatcaacaagagcctgctgaagataatcaacgactatgaagaat
tcagcaaagagagaagcagcagccttgaaggaagtcctgatgaattttcaaatggggaggagttgtgtggggtaatyg
acaatctcggactctccaagagaacaggatagtgaatcacagactttggacaaagtttaccaaatgaaaagcaaacc
tcggggatactgtctgatcatcaacaatcacaattttgcaaaagcacgggagaaagtgcccaaacttcacagcatta
gggacaggaatggaacacacttggatgcaggggctttgaccacgacctttgaagagcttcattttgagatcaagecce

cacgatgactgcacagtagagcaaatctatgagattttgaaaatctaccaactcatggaccacagtaacatggactg
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cttcatctgctgtatcctctecccatggagacaagggcatcatctatggcactgatggacaggaggcecccccatctatg
agctgacatctcagttcactggtttgaagtgcccttceccttgctggaaaacccaaagtgttttttattcaggetget
cagggggataactaccagaaaggtatacctgttgagactgattcagaggagcaaccctatttagaaatggatttatc
atcacctcaaacgagatatatcccggatgaggctgactttctgctggggatggccactgtgaataactgtgtttect
accgaaaccctgcagagggaacctggtacatccagtcactttgccagagecctgagagagcgatgtecctecgaggegat
gatattctcaccatcctgactgaagtgaactatgaagtaagcaacaaggatgacaagaaaaacatggggaaacagat

gcctcagcctactttcacactaagaaaaaaacttgtcttceccecttcectgat

Caspase3 (C163A)

atggagaacactgaaaactcagtggattcaaaatccattaaaaatttggaaccaaagatcatacatggaagcgaatc
aatggactctggaatatccctggacaacagttataaaatggattatcctgagatgggtttatgtataataattaata
ataagaattttcataaaagcactggaatgacatctcggtctggtacagatgtcgatgcagcaaacctcagggaaaca
ttcagaaacttgaaatatgaagtcaggaataaaaatgatcttacacgtgaagaaattgtggaattgatgcgtgatgt
ttctaaagaagatcacagcaaaaggagcagttttgtttgtgtgcttctgagccatggtgaagaaggaataatttttg
gaacaaatggacctgttgacctgaaaaaaataacaaactttttcagaggggatcgttgtagaagtctaactggaaaa
cccaaacttttcattattcaggccgcccggggtacagaactggactgtggcattgagacagacagtggtgttgatga
tgacatggcgtgtcataaaataccagtggaggccgacttcttgtatgcatactccacagcacctggttattattett
ggcgaaattcaaaggatggctcctggttcatccagtcgectttgtgeccatgectgaaacagtatgeccgacaagcttgaa
tttatgcacattcttacccgggttaaccgaaaggtggcaacagaatttgagtccttttectttgacgctacttttca

tgcaaagaaacagattccatgtattgtttccatgctcacaaaagaactctatttttatcac

ERa (Y53759)

atgaccatgaccctccacaccaaagcatctgggatggccecctactgcatcagatccaagggaacgagctggagceccect
gaaccgtccgcagctcaagatcccecctggagecggecccctgggecgaggtgtacctggacagcagcaageccgecgtgt
acaactaccccgagggcgccgcecctacgagttcaacgcecgecggeccgecgccaacgcecgcaggtectacggtcagaccgge
ctcccecctacggcecccgggtcectgaggetgecggegttecggetccaacggectggggggtttecceccccactcaacagegt
gtctccgagcccgctgatgctactgcaccecgecgecgecagectgtegectttectgecageecccacggeccagcaggtge

cctactacctggagaacgagcccagcggctacacggtgcgcgaggeccggcecccgecggcattcectacaggeccaaatteca
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gataatcgacgccagggtggcagagaaagattggccagtaccaatgacaagggaagtatggctatggaatctgccaa
ggagactcgctactgtgcagtgtgcaatgactatgcttcaggctaccattatggagtctggtcctgtgagggctgeca
aggccttcttcaagagaagtattcaaggacataacgactatatgtgtccagccaccaaccagtgcaccattgataaa
aacaggaggaagagctgccaggcctgccggctccgcaaatgctacgaagtgggaatgatgaaaggtgggatacgaaa
agaccgaagaggagggagaatgttgaaacacaagcgccagagagatgatggggagggcaggggtgaagtggggtctyg
ctggagacatgagagctgccaacctttggccaagcccgctcatgatcaaacgctctaagaagaacagecctggecttg
tccctgacggccgaccagatggtcagtgecttgttggatgectgagecceccatactcectatteccgagtatgatectac
cagacccttcagtgaagcttcgatgatgggcttactgaccaacctggcagacagggagctggttcacatgatcaact
gggcgaagagggtgccaggctttgtggatttgaccctccatgatcaggtccaccttctagaatgtgectggectagag
atcctgatgattggtctcgtctggecgectccatggagcacccagggaagctactgtttgetectaacttgectettgga
caggaaccagggaaaatgtgtagagggcatggtggagatcttcgacatgctgctggctacatcatctcggttceccgcea
tgatgaatctgcagggagaggagtttgtgtgcctcaaatctattattttgecttaattctggagtgtacacatttctyg
tccagcaccctgaagtctctggaagagaaggaccatatccaccgagtecctggacaagatcacagacactttgatcca
cctgatggccaaggcaggcctgaccctgcagcagcagcaccagcggctggeccagectectectecatectecteccaca
tcaggcacatgagtaacaaaggcatggagcatctgtacagcatgaagtgcaagaacgtggtgcccctctcagatcectyg
ctgctggagatgctggacgcccaccgcctacatgcgcecccactageccgtggaggggcatccgtggaggagacggacca
aagccacttggccactgcgggctctacttcatcgcattceccttgcaaaagtattacatcacgggggaggcagagggtt

tccectgeccacggtce

AR-V7

atggaagtgcagttagggctgggaagggtctaccctcggeccgeccgtccaagacctaccgaggagcttteccagaatcet
gttccagagcgtgcgcgaagtgatccagaacccgggccccaggcacccagaggccgcgagecgcagcaccteecggeg
ccagtttgctgctgcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcag
cagcagcagcagcagcaagagactagccccaggcagcagcagcagcagcagggtgaggatggttcectcececccaagecceca
tcgtagaggccccacaggctacctggtcctggatgaggaacagcaaccttcacageccgcagtcggecctggagtgece
accccgagagaggttgecgtcecccagagecctggagecgeccgtggeccgecagcaaggggctgecgcagecagectgecagcea
cctccggacgaggatgactcagctgceccccatceccacgttgtecctgectgggecccacttteeccecggettaagcagetg

ctccgctgaccttaaagacatcctgagcgaggccagcaccatgcaactceccttcagcaacagcagcaggaagcagtat
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ccgaaggcagcagcagcgggagagcgagggaggcctcgggggcectcecccacttectceccaaggacaattacttaggggge
acttcgaccatttctgacaacgccaaggagttgtgtaaggcagtgtcggtgtccatgggecctgggtgtggaggegtt
ggagcatctgagtccaggggaacagcttcggggggattgcatgtacgccecccacttttgggagttccaccecgetgtge
gtcccactccttgtgeccccattggeccgaatgcaaaggttctcectgectagacgacagcgcaggcaagagcactgaagat
actgctgagtattcccecctttcaagggaggttacaccaaagggctagaaggcgagagcctaggctgctectggcagegce
tgcagcagggagctccgggacacttgaactgccgtctaccctgtcectcectcectacaagtccggagcactggacgaggcag
ctgcgtaccagagtcgcgactactacaactttccactggectctggeccggaccgecgecccctecgecgecteccececat
ccccacgctcgcatcaagctggagaacccgctggactacggcagecgectgggeggcectgecggecggecgecagtgecgcta
tggggacctggcgagcctgcatggcgcgggtgcagcgggacccggttectgggtcaccctcageecgecgettectecat
cctggcacactctcttcacagccgaagaaggccagttgtatggaccgtgtggtggtggtgggggtggtggecggcggce
ggcggcggcggcggcggcggcggcggcggcgaggcgggagctgtageceecctacggctacactecggecececctcaggg
gctggcgggccaggaaagcgacttcaccgcacctgatgtgtggtaccctggecggcatggtgagcagagtgececctate
ccagtcccacttgtgtcaaaagcgaaatgggcccctggatggatagctactccggaccttacggggacatgegtttg
gagactgccagggaccatgttttgcccattgactattactttccaccccagaagacctgectgatctgtggagatga
agcttctgggtgtcactatggagctctcacatgtggaagctgcaaggtcttcttcaaaagagccgctgaagggaaac
agaagtacctgtgcgccagcagaaatgattgcactattgataaattccgaaggaaaaattgtccatcttgtcegtcett
cggaaatgttatgaagcagggatgactctgggagaaaaattccgggttggcaattgcaagcatctcaaaatgaccag

accc

FLAG-YAP2 (8SA)

atggactacaaagacgatgacgataaagcaaggctcgaatcggtacctaaggatcccgggcagcagccgecgectcea
accggccccccagggccaagggcagecgecttegecageecccecgcaggggcagggeccgecgtecggacccgggcaac
cggcacccgcggcgacccaggcggecgecgcaggcaccceccgecgggeatcagategtgecacgtecegeggggacgeg
gagaccgacctggaggcgctcttcaacgccgtcatgaaccccaagacggccaacgtgecccagaccgtgeccatgag
gctccggaagctgcecccgactcecttecttcaageccgeccggagcecccaaatcccacteccgacaggecgctactgatgecag
gcactgcaggagccctgactccacagcatgttcgagectcatgececgectceccagectgetectgecagttgggagetgtttet
cctgggacactgacccccactggagtagtctctggcccagcagctacacccacagctcagecatecttecgacaggetge

ttttgagatacctgatgatgtacctctgccagcaggttgggagatggcaaagacatcttctggtcagagatacttct
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taaatcacatcgatcagacaacaacatggcaggaccccaggaaggccatgctgtcccagatgaacgtcacageccce
accagtccaccagtgcagcagaatatgatgaactcggcttcaggtcecctcecttectgatggatgggaacaagccatgac
tcaggatggagaaatttactatataaaccataagaacaagaccacctcttggctagacccaaggcttgaccctegtt
ttgccatgaaccagagaatcagtcagagtgctccagtgaaacagccaccacccctggcteccccagagecccacaggga
ggcgtcatgggtggcagcaactccaaccagcagcaacagatgcgactgcagcaactgcagatggagaaggagaggct
gcggctgaaacagcaagaactgcttcggcaggagttagececctgtgtageccagttaccaacactggagcaggatggtg
ggactcaaaatccagtgtcttctcccgggatgtctcaggaattgagaacaatgacgaccaatagctcagatecttte
cttaacagtggcacctatcactctcgagatgaggctacagacagtggactaagcatgagcagctacagtgtcccteg
aaccccagatgacttcctgaacagtgtggatgagatggatacaggtgatactatcaaccaaagcaccctgccecctcac
agcagaaccgtttcccagactaccttgaagccattecctgggacaaatgtggaccttggaacactggaaggagatgga
atgaacatagaaggagaggagctgatgccaagtctgcaggaagctttgagttctgacatccttaatgacatggagtc

tgttttggctgccaccaagctagataaagaaagctttcttacatggtta

p53 (R175H)

atggaggagccgcagtcagatcctagcgtcgageccceccecctctgagtcaggaaacattttcagacctatggaaactact
tcctgaaaacaacgttctgtceccececcecttgecgtecccaagcaatggatgatttgatgectgtececcggacgatattgaac
aatggttcactgaagacccaggtccagatgaagctcccagaatgccagaggctgectcececcgegtggecectgecacca
gcagctcctacaccggcggcccecctgcaccagceccceccctectggeccectgtecatettetgteccttecccagaaaaccta
ccagggcagctacggtttccgtctgggcecttecttgecattectgggacagccaagtctgtgacttgcacgtactecectg
ccctcaacaagatgttttgccaactggccaagacctgeccecctgtgcagectgtgggttgattccacaccececcgeccggce
acccgcgtccgcecgceccatggceccatctacaagcagtcacagcacatgacggaggttgtgaggcactgcecccccaccatga
gcgctgctcagatagcgatggtctggcccecctectcagecatcttateccgagtggaaggaaatttgegtgtggagtatt
tggatgacagaaacacttttcgacatagtgtggtggtgccctatgageccgectgaggttggectctgactgtaccacce
atccactacaactacatgtgtaacagttcctgcatgggcggcatgaaccggaggcccatcecctcaccatcatcacact
ggaagactccagtggtaatctactgggacggaacagctttgaggtgcgtgtttgtgecctgtecctgggagagaccggce
gcacagaggaagagaatctccgcaagaaaggggagcctcaccacgagctgceccccagggagcactaagcgagcactg
cccaacaacaccagctcctctcececcagccaaagaagaaaccactggatggagaatatttcaccecttcaggaccagac

cagctttcaaaaagaaaattgt
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Hras (G12V, E37G)

atgacggaatataagctggtggtggtgggcgccgtcggtgtgggcaagagtgcgctgaccatccagectgatccagaa
ccattttgtggacgaatacgaccccactataggggattcctaccggaagcaggtggtcattgatggggagacgtgcec
tgttggacatcctggataccgccggccaggaggagtacagecgccatgecgggaccagtacatgecgcaccggggagggce
ttcctgtgtgtgtttgccatcaacaacaccaagtcttttgaggacatccaccagtacagggagcagatcaaacgggt
gaaggactcggatgacgtgcccatggtgctggtggggaacaagtgtgacctggctgcacgcactgtggaatctcgge
aggctcaggacctcgcccgaagctacggcatcceccctacatcgagacctcecggeccaagacccggcagggagtggaggat
gccttctacacgttggtgcgtgagatccggcagcacaagctgcggaagctgaaccctectgatgagagtggeccecgg

ctgcatgagctgcaagtgtgtgctctcce

Rgl2-CAAX

atgctcccgcggceccctgecggcectgettttggacacgaccccecccececcgggggagtecgtgectgagecagetteccggagecg
ggaccccgaagagggtggggacccaggtggceccgggcecgtgggcggggggcaggaggaagaggatgaggaagaagaag
aggcttctgtgtcagtctgggacgaggaggaggatggtgcgacctttactgtcacaagccgeccagtacaggectett
gaccccttggctcecceccttgectceccacctegectectececcgacggctecgegectggcactectggaggecctggtcagaca
cctcttggatgccaggacagcaggggctgacatgatgttcacteccggecttgetggeccacccaccgggecttcacct
ccactcctgccctgtttgggcttgtggctgacaggctggaagceccttgaatctcateccteccecggtgagectagagagg
accacaggggtagccatctctgtactttcaacttggctggecctctcaccctgaggattttggectectgaggtcaaggg
tcaacttgaccggcttgagagcttcttgecttecggacagggtatgcagcacgggagggtgttgtggggggcagtgetg
acctcatccgaaacctccgggececcgggtggacccceccecgggeccceccgaccttectaagecectggeeccttectggegat
tccectgcectgaccceccacggatgtectggtgttectegetgaccacttggecgaacagectgaccctgectagatgegga
actgtttcttaatctgatcccctctcagtgtttgggaggecctctggggtcacagagaccggccaggacattectecacce
tctgccecgtcectgteccgagectaccgtcacacagttcaacaaggtggecgggggecggtagttagetectgtettgggggee
acctcaattggagaggggccaagagaggtgactgtgagaccactgcggcccccacagagggecccggctecctagagaa
gtggatccgtgtggccgaggagtgccgecctgecttcggaacttctectcagtgtatgetgttgtgteccgetectgecagt
ccagccctatccacaggcttcgggcagectggggggagacaaccagggacagceccteccgagtettttecagectgtge
cagattttctcagaggaggataattattcccagagcagagagctcctcatgcaggaagtgaagccgcagceccceccctgt

ggagccacactccaagaaggccccaaggtctggecttcaggggtgggggtgtggtteccctacctgggaaccttectga
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aggacctcgtgatgctggatgcggcctccaaggatgagctggagaatggctacatcaattttgacaagcggaggaag
gagtttgctatcctttcggagctgttgcgcecctccagaaagaatgtcecgtggectacgacctccgacctaactctgatat
ccagcaatggctccagggcctccagcecctttaactgaagctcagagtcaccgtgtatecctgtgaagtggageccaccag
ggaccagtgactcccccgctgcaaggacacctcggccaacactagtgatcacacagtggacggaagttctgggetcet
gttggaggccccactccgcecttgtgtecctgggatcggecccagtgtcgggggagatgaggtgecctggaaccccagcace
tctgctgactcgecctcgecccagcacatgaagtggccatcagtcectcatctectggactcectgecctggaaagcagecect
ccttgcacagccctgctgaccctggccacctcectetectceccagectecteecectaggectteccggggtcaccgtege
tcagcctcctgtgggtctececgttgagtggaaacacaggagaagggacctctaggagtgectggatgtgggggeggggt
atctgggccagggtcctctgattgccgaatcatccgagtccagatggagctgggggaggatggcagecgtctacaaga
gcatcctggtgacaagccaggacaaagctccaagtgttattagtcgtgtceccttaagaaaaacaatcgtgattcectgcet
gtggcttcagagttcgagctggtgcagctgctacctggggatcgagagctgaccatcccacactcagctaacgtett
ctatgccatggatggtgcatctcatgacttcctcecctgcggcagecgcagaagaccctectgcectgeccacccececgggttece
acagcggcccctcectgectcaggaactcecteccgagecgaggggggagggggectecttteccaggatcaaggecacgggg
aggaagattgcacgggcactgttcacgcgtctaagcaaagatggtaaaaagaagaaaaagaagtcaaagacaaagtg

tgtaattatg

RalA (G23V, mature peptide)

atggctgcaaataagcccaagggtcaaaattctttggccttacacaaagtcatcatggtgggcagtgttggtgtggg
caagtcagctctgactctacagttcatgtacgatgagtttgtggaggactatgagcctaccaaagcagacagctacce
ggaagaaggtagtgctggatggggaggaagtacagattgatatcttagatacagctgggcaggaggactatgctgca
attagagacaactacttccgaagcggggagggcttcectcectgtgtcecttctctattacagaaatggaatcctttgcage
tacagctgacttcagggagcagattttaagagtaaaagaagacgagaatgttccatttctactggttggtaacaaat
cagatttagaagataaaaggcaggtttctgtagaagaggcaaaaaacagagctgaccagtggaatgttaactacgtg
gaaacgtctgctaaaacacgagctaatgttgacaaggtattttttgatttaatgagagaaattcgagcaagaaagat

ggaagacagcaaagaaaagaatggaaaaaagaagaggaaaagtttagccaagagaatcagagaaagatgc

RalA (G23v, full)
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atggctgcaaataagcccaagggtcaaaattctttggeccttacacaaagtcatcatggtgggcagtgttggtgtggg
caagtcagctctgactctacagttcatgtacgatgagtttgtggaggactatgagcctaccaaagcagacagctacc
ggaagaaggtagtgctggatggggaggaagtacagattgatatcttagatacagctgggcaggaggactatgctgca
attagagacaactacttccgaagcggggagggcttcctctgtgtcecttctctattacagaaatggaatcctttgecage
tacagctgacttcagggagcagattttaagagtaaaagaagacgagaatgttccatttctactggttggtaacaaat
cagatttagaagataaaaggcaggtttctgtagaagaggcaaaaaacagagctgaccagtggaatgttaactacgtg
gaaacgtctgctaaaacacgagctaatgttgacaaggtattttttgatttaatgagagaaattcgagcaagaaagat
ggaagacagcaaagaaaagaatggaaaaaagaagaggaaaagtttagccaagagaatcagagaaagatgctgecattt

ta

SV40 Large T Antigen

atggataaagttttaaacagagaggaatctttgcagctaatggaccttctaggtcttgaaaggagtgcctgggggaa
tattcctctgatgagaaaggcatatttaaaaaaatgcaaggagtttcatcctgataaaggaggagatgaagaaaaaa
tgaagaaaatgaatactctgtacaagaaaatggaagatggagtaaaatatgctcatcaacctgactttggaggcttce
tgggatgcaactgagattccaacctatggaactgatgaatgggagcagtggtggaatgcctttaatgaggaaaacct
gttttgctcagaagaaatgccatctagtgatgatgaggctactgctgactctcaacattctactcctccaaaaaaga
agagaaaggtagaagaccccaaggactttccttcagaattgctaagttttttgagtcatgctgtgtttagtaataga
actcttgcttgctttgctatttacaccacaaaggaaaaagctgcactgctatacaagaaaattatggaaaaatattc
tgtaacctttataagtaggcataacagttataatcataacatactgttttttcttactccacacaggcatagagtgt
ctgctattaataactatgctcaaaaattgtgtacctttagctttttaatttgtaaaggggttaataaggaatatttyg
atgtatagtgccttgactagagatccattttctgttattgaggaaagtttgccaggtgggttaaaggagcatgattt
taatccagaagaagcagaggaaactaaacaagtgtcctggaagcttgtaacagagtatgcaatggaaacaaaatgtg
atgatgtgttgttattgcttgggatgtacttggaatttcagtacagttttgaaatgtgtttaaaatgtattaaaaaa
gaacagcccagccactataagtaccatgaaaagcattatgcaaatgctgctatatttgctgacagcaaaaaccaaaa
aaccatatgccaacaggctgttgatactgttttagctaaaaagcgggttgatagcctacaattaactagagaacaaa
tgttaacaaacagatttaatgatcttttggataggatggatataatgtttggttctacaggctctgctgacatagaa
gaatggatggctggagttgcttggctacactgtttgttgcccaaaatggattcagtggtgtatgactttttaaaatyg

catggtgtacaacattcctaaaaaaagatactggctgtttaaaggaccaattgatagtggtaaaactacattagcag
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ctgctttgcttgaattatgtggggggaaagctttaaatgttaatttgecccttggacaggctgaactttgagctagga
gtagctattgaccagtttttagtagtttttgaggatgtaaagggcactggaggggagtccagagatttgceccttcagg
tcagggaattaataacctggacaatttaagggattatttggatggcagtgttaaggtaaacttagaaaagaaacacc
taaataaaagaactcaaatatttccccctggaatagtcaccatgaatgagtacagtgtgecctaaaacactgcaggcec
agatttgtaaaacaaatagattttaggcccaaagattatttaaagcattgcctggaacgcagtgagtttttgttaga
aaagagaataattcaaagtggcattgctttgcttcttatgttaatttggtacagacctgtggctgagtttgctcaaa
gtattcagagcagaattgtggagtggaaagagagattggacaaagagtttagtttgtcagtgtatcaaaaaatgaag
tttaatgtggctatgggaattggagttttagattggctaagaaacagtgatgatgatgatgaagacagccaggaaaa
tgctgataaaaatgaagatggtggggagaagaacatggaagactcagggcatgaaacaggcattgattcacagtccce
aaggctcatttcaggcccctcagtcecctcacagtctgttcatgatcataatcageccataccacatttgtagaggtttt

acttgctttaaaaaacctcccacacctccceccecctgaacctgaaaca

hTERT

atgccgcgegcectceccecccecgcectgecgagecgtgegeteectgectgegecagecactaccgecgaggtgetgeecgetggecac
gttcgtgcggcgcecctggggceccccagggctggecggctggtgcagcgecggggacccggcecggectttecgegegetggtgg
cccagtgcctggtgtgecgtgeccctgggacgcacggccgeccccccgecgecccecctecttecgecaggtgtectgectg
aaggagctggtggcccgagtgctgcagaggctgtgcgagcgcggcgcgaagaacgtgectggecttecggettegeget
gctggacggggcccgcgggggceccccccgaggecttcaccaccagegtgegecagectacctgeccaacacggtgaccg
acgcactgcgggggagcggggcgtgggggctgectgectgegecgegtgggecgacgacgtgectggttcacctgetggcea
cgctgcgcgctcetttgtgctggtggctcccagectgegectaccaggtgtgecgggecgecgectgtaccagctecggegce
tgccactcaggcccggcecccceccgceccacacgctagtggacceccgaaggcegtectgggatgecgaacgggectggaaccata
gcgtcagggaggccggggtcecccectgggcectgeccagececcgggtgecgaggaggcgcgggggcagtgeccagecgaagt
ctgccgttgcccaagaggcccaggcgtggegetgececctgageccggagecggacgececcgttgggcaggggtectggge
ccacccgggcaggacgcgtggaccgagtgaccgtggtttectgtgtggtgtcacctgeccagacccgecgaagaagceca
cctctttggagggtgcgctctctggcacgcgccactcccacccateccgtgggeccgcecagcaccacgcgggcecccceca
tccacatcgcggccaccacgtccctgggacacgecttgteccecececggtgtacgeccgagaccaagcacttectectacte
ctcaggcgacaaggagcagctgcggccctecttectactcagectectctgaggceccagectgactggecgetecggaggce

tcgtggagaccatctttctgggttccaggecctggatgeccagggactecceccgcaggttgecececgectgecccagege
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tactggcaaatgcggcccecctgtttctggagectgecttgggaaccacgecgcagtgececctacggggtgectectcaagac
gcactgcccgctgcgagctgcggtcaccccagcagecggtgtctgtgecccgggagaagecccagggetetgtggegg
cccccgaggaggaggacacagacccecccecgtegectggtgcagcectgcectcececgeccagcacagcagecccecctggcaggtgtac
ggcttcgtgcgggcctgecctgecgeccggectggtgececccaggectectggggectccaggcacaacgaacgeccgecttect
caggaacaccaagaagttcatctccctggggaagcatgccaagctctecgectgcaggagctgacgtggaagatgageg
tgcggggctgcgecttggectgecgcaggagecccaggggttggetgtgtteccggecgcagagcaccgtectgegtgaggag
atcctggccaagttcctgcactggctgatgagtgtgtacgtcecgtcgagectgectcaggtectttecttttatgtcacgga
gaccacgtttcaaaagaacaggctctttttctaccggaagagtgtctggagcaagttgcaaagcattggaatcagac
agcacttgaagagggtgcagctgcgggagctgtcggaagcagaggtcaggcagcatcgggaagccaggcecccgecctg
ctgacgtccagactccgcttcatccccaagectgacgggctgecggecgattgtgaacatggactacgtecgtgggage
cagaacgttccgcagagaaaagagggccgagcgtctcacctcgagggtgaaggcactgttcagegtgectcaactacyg
agcgggcgcggcgceccccggectectgggegectcetgtgetgggectggacgatatccacagggectggegecacctte
gtgctgcgtgtgcgggcccaggacccgecgectgagetgtactttgtcaaggtggatgtgacgggecgecgtacgacac
catcccccaggacaggctcacggaggtcatcgceccagcatcatcaaaccccagaacacgtactgegtgegteggtatyg
ccgtggtccagaaggccgcccatgggcacgtccgcaaggceccttcaagagccacgtcectcectaccttgacagaccteccag
ccgtacatgcgacagttcgtggctcacctgcaggagaccagecccgctgagggatgeccgtegtcatcgagcagagetce
ctccctgaatgaggccagcagtggcectcecttcecgacgtecttectacgecttcatgtgeccaccacgecgtgecgcatcaggg
gcaagtcctacgtccagtgccaggggatcccgcagggctceccatcectecteccacgetgetetgecagectgtgetacgge
gacatggagaacaagctgtttgcggggattcggcgggacgggctgctcecctgegtttggtggatgatttecttgttggt
gacacctcacctcacccacgcgaaaaccttcecctcaggaccctggteccgaggtgtececctgagtatggetgegtggtga
acttgcggaagacagtggtgaacttccctgtagaagacgaggccctgggtggcacggettttgttcagatgecggece
cacggcctattcccecctggtgecggcecctgctgectggatacccggaccctggaggtgcagagcgactactceccagetatge
ccggacctccatcagagccagtctcaccttcaaccgecggcttcaaggctgggaggaacatgecgtcecgcaaactetttyg
gggtcttgcggctgaagtgtcacagcctgtttctggatttgcaggtgaacagcctccagacggtgtgcaccaacate
tacaagatcctcctgctgcaggcgtacaggtttcacgcatgtgtgectgcagectceccatttcatcagcaagtttggaa
gaaccccacatttttcctgcecgecgtcatctctgacacggcectcecectetgectactccatcctgaaagceccaagaacgcag
ggatgtcgctgggggccaagggcgccgeccggcecctcectgeeccteccgaggececgtgcagtggetgtgecaccaageatte

ctgctcaagctgactcgacaccgtgtcacctacgtgccactcecctggggtcactcaggacagcccagacgcagectgag
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tcggaagctcccggggacgacgctgactgeccctggaggccgcagccaacccggcactgeecctcagacttcaagacca

tcctggac

CCNB1

ATGGCGCTCCGAGTCACCAGGAACTCGAAAATTAATGCTGAAAATAAGGCGAAGATCAACATGGCAGGCGCAAAGCG
CGTTCCTACGGCCCCTGCTGCAACCTCCAAGCCCGGACTGAGGCCAAGAACAGCTCTTGGGGACATTGGTAACAAAG
TCAGTGAACAACTGCAGGCCAAAATGCCTATGAAGAAGGAAGCAAAACCTTCAGCTACTGGAAAAGTCATTGATAAA
AAACTACCAAAACCTCTTGAAAAGGTACCTATGCTGGTGCCAGTGCCAGTGTCTGAGCCAGTGCCAGAGCCAGAACC
TGAGCCAGAACCTGAGCCTGTTAAAGAAGAAAAACTTTCGCCTGAGCCTATTTTGGTTGATACTGCCTCTCCAAGCC
CAATGGAAACATCTGGATGTGCCCCTGCAGAAGAAGACCTGTGTCAGGCTTTCTCTGATGTAATTCTTGCAGTAAAT
GATGTGGATGCAGAAGATGGAGCTGATCCAAACCTTTGTAGTGAATATGTGAAAGATATTTATGCTTATCTGAGACA
ACTTGAGGAAGAGCAAGCAGTCAGACCAAAATACCTACTGGGTCGGGAAGTCACTGGAAACATGAGAGCCATCCTAA
TTGACTGGCTAGTACAGGTTCAAATGAAATTCAGGTTGTTGCAGGAGACCATGTACATGACTGTCTCCATTATTGAT
CGGTTCATGCAGAATAATTGTGTGCCCAAGAAGATGCTGCAGCTGGTTGGTGTCACTGCCATGTTTATTGCAAGCAA
ATATGAAGAAATGTACCCTCCAGAAATTGGTGACTTTGCTTTTGTGACTGACAACACTTATACTAAGCACCAAATCA
GACAGATGGAAATGAAGATTCTAAGAGCTTTAAACTTTGGTCTGGGTCGGCCTCTACCTTTGCACTTCCTTCGGAGA
GCATCTAAGATTGGAGAGGTTGATGTCGAGCAACATACTTTGGCCAAATACCTGATGGAACTAACTATGTTGGACTA
TGACATGGTGCACTTTCCTCCTTCTCAAATTGCAGCAGGAGCTTTTTGCTTAGCACTGAAAATTCTGGATAATGGTG
AATGGACACCAACTCTACAACATTACCTGTCATATACTGAAGAATCTCTTCTTCCAGTTATGCAGCACCTGGCTAAG
AATGTAGTCATGGTAAATCAAGGACTTACAAAGCACATGACTGTCAAGAACAAGTATGCCACATCGAAGCATGCTAA

GATCAGCACTCTACCACAGCTGAATTCTGCACTAGTTCAAGATTTAGCCAAGGCTGTGGCAAAGGTG

CCND1

ATGGAACACCAGCTCCTGTGCTGCGAAGTGGAAACCATCCGCCGCGCGTACCCCGATGCCAACCTCCTCAACGACCG
GGTGCTGCGGGCCATGCTGAAGGCGGAGGAGACCTGCGCGCCCTCGGTGTCCTACTTCAAATGTGTGCAGAAGGAGG
TCCTGCCGTCCATGCGGAAGATCGTCGCCACCTGGATGCTGGAGGTCTGCGAGGAACAGAAGTGCGAGGAGGAGGTC
TTCCCGCTGGCCATGAACTACCTGGACCGCTTCCTGTCGCTGGAGCCCGTGAAAAAGAGCCGCCTGCAGCTGCTGGG

GGCCACTTGCATGTTCGTGGCCTCTAAGATGAAGGAGACCATCCCCCTGACGGCCGAGAAGCTGTGCATCTACACCG
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ACAACTCCATCCGGCCCGAGGAGCTGCTGCAAATGGAGCTGCTCCTGGTGAACAAGCTCAAGTGGAACCTGGCCGCA

ATGACCCCGCACGATTTCATTGAACACTTCCTCTCCAAAATGCCAGAGGCGGAGGAGAACAAACAGATCATCCGCAA

ACACGCGCAGACCTTCGTTGCCCTCTGTGCCACAGATGTGAAGTTCATTTCCAATCCGCCCTCCATGGTGGCAGCGG

GGAGCGTGGTGGCCGCAGTGCAAGGCCTGAACCTGAGGAGCCCCAACAACTTCCTGTCCTACTACCGCCTCACACGC

TTCCTCTCCAGAGTGATCAAGTGTGACCCGGACTGCCTCCGGGCCTGCCAGGAGCAGATCGAAGCCCTGCTGGAGTC

AAGCCTGCGCCAGGCCCAGCAGAACATGGACCCCAAGGCCGCCGAGGAGGAGGAAGAGGAGGAGGAGGAGGTGGACC

TGGCTTGCACACCCACCGACGTGCGGGACGTGGACATC

CDK1

ATGGAAGATTATACCAAAATAGAGAAAATTGGAGAAGGTACCTATGGAGTTGTGTATAAGGGTAGACACAAAACTAC

AGGTCAAGTGGTAGCCATGAAAAAAATCAGACTAGAAAGTGAAGAGGAAGGGGTTCCTAGTACTGCAATTCGGGAAA

TTTCTCTATTAAAGGAACTTCGTCATCCAAATATAGTCAGTCTTCAGGATGTGCTTATGCAGGATTCCAGGTTATAT

CTCATCTTTGAGTTTCTTTCCATGGATCTGAAGAAATACTTGGATTCTATCCCTCCTGGTCAGTACATGGATTCTTC

ACTTGTTAAGAGTTATTTATACCAAATCCTACAGGGGATTGTGTTTTGTCACTCTAGAAGAGTTCTTCACAGAGACT

TAAAACCTCAAAATCTCTTGATTGATGACAAAGGAACAATTAAACTGGCTGATTTTGGCCTTGCCAGAGCTTTTGGA

ATACCTATCAGAGTATATACACATGAGGTAGTAACACTCTGGTACAGATCTCCAGAAGTATTGCTGGGGTCAGCTCG

TTACTCAACTCCAGTTGACATTTGGAGTATAGGCACCATATTTGCTGAACTAGCAACTAAGAAACCACTTTTCCATG

GGGATTCAGAAATTGATCAACTCTTCAGGATTTTCAGAGCTTTGGGCACTCCCAATAATGAAGTGTGGCCAGAAGTG

GAATCTTTACAGGACTATAAGAATACATTTCCCAAATGGAAACCAGGAAGCCTAGCATCCCATGTCAAAAACTTGGA

TGAAAATGGCTTGGATTTGCTCTCGAAAATGTTAATCTATGATCCAGCCAAACGAATTTCTGGCAAAATGGCACTGA

ATCATCCATATTTTAATGATTTGGACAATCAGATTAAGAAGATG

CDK1 (T14A, Y15F)

ATGGAAGATTATACCAAAATAGAGAAAATTGGAGAAGGTGCCTTTGGAGTTGTGTATAAGGGTAGACACAAAACTAC
AGGTCAAGTGGTAGCCATGAAAAAAATCAGACTAGAAAGTGAAGAGGAAGGGGTTCCTAGTACTGCAATTCGGGAAA
TTTCTCTATTAAAGGAACTTCGTCATCCAAATATAGTCAGTCTTCAGGATGTGCTTATGCAGGATTCCAGGTTATAT
CTCATCTTTGAGTTTCTTTCCATGGATCTGAAGAAATACTTGGATTCTATCCCTCCTGGTCAGTACATGGATTCTTC

ACTTGTTAAGAGTTATTTATACCAAATCCTACAGGGGATTGTGTTTTGTCACTCTAGAAGAGTTCTTCACAGAGACT
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TAAAACCTCAAAATCTCTTGATTGATGACAAAGGAACAATTAAACTGGCTGATTTTGGCCTTGCCAGAGCTTTTGGA

ATACCTATCAGAGTATATACACATGAGGTAGTAACACTCTGGTACAGATCTCCAGAAGTATTGCTGGGGTCAGCTCG

TTACTCAACTCCAGTTGACATTTGGAGTATAGGCACCATATTTGCTGAACTAGCAACTAAGAAACCACTTTTCCATG

GGGATTCAGAAATTGATCAACTCTTCAGGATTTTCAGAGCTTTGGGCACTCCCAATAATGAAGTGTGGCCAGAAGTG

GAATCTTTACAGGACTATAAGAATACATTTCCCAAATGGAAACCAGGAAGCCTAGCATCCCATGTCAAAAACTTGGA

TGAAAATGGCTTGGATTTGCTCTCGAAAATGTTAATCTATGATCCAGCCAAACGAATTTCTGGCAAAATGGCACTGA

ATCATCCATATTTTAATGATTTGGACAATCAGATTAAGAAGATG

CDK4

ATGGCTACCTCTCGATATGAGCCAGTGGCTGAAATTGGTGTCGGTGCCTATGGGACAGTGTACAAGGCCCGTGATCC
CCACAGTGGCCACTTTGTGGCCCTCAAGAGTGTGAGAGTCCCCAATGGAGGAGGAGGTGGAGGAGGCCTTCCCATCA
GCACAGTTCGTGAGGTGGCTTTACTGAGGCGACTGGAGGCTTTTGAGCATCCCAATGTTGTCCGGCTGATGGACGTC
TGTGCCACATCCCGAACTGACCGGGAGATCAAGGTAACCCTGGTGTTTGAGCATGTAGACCAGGACCTAAGGACATA
TCTGGACAAGGCACCCCCACCAGGCTTGCCAGCCGAAACGATCAAGGATCTGATGCGCCAGTTTCTAAGAGGCCTAG
ATTTCCTTCATGCCAATTGCATCGTTCACCGAGATCTGAAGCCAGAGAACATTCTGGTGACAAGTGGTGGAACAGTC
AAGCTGGCTGACTTTGGCCTGGCCAGAATCTACAGCTACCAGATGGCACTTACACCCGTGGTTGTTACACTCTGGTA
CCGAGCTCCCGAAGTTCTTCTGCAGTCCACATATGCAACACCTGTGGACATGTGGAGTGTTGGCTGTATCTTTGCAG
AGATGTTTCGTCGAAAGCCTCTCTTCTGTGGAAACTCTGAAGCCGACCAGTTGGGCAAAATCTTTGACCTGATTGGG
CTGCCTCCAGAGGATGACTGGCCTCGAGATGTATCCCTGCCCCGTGGAGCCTTTCCCCCCAGAGGGCCCCGCCCAGT
GCAGTCGGTGGTACCTGAGATGGAGGAGTCGGGAGCACAGCTGCTGCTGGAAATGCTGACTTTTAACCCACACAAGC

GAATCTCTGCCTTTCGAGCTCTGCAGCACTCTTATCTACATAAGGATGAAGGTAATCCGGAG

CDK4 (R24C)

ATGGCTACCTCTCGATATGAGCCAGTGGCTGAAATTGGTGTCGGTGCCTATGGGACAGTGTACAAGGCCTGTGATCC
CCACAGTGGCCACTTTGTGGCCCTCAAGAGTGTGAGAGTCCCCAATGGAGGAGGAGGTGGAGGAGGCCTTCCCATCA
GCACAGTTCGTGAGGTGGCTTTACTGAGGCGACTGGAGGCTTTTGAGCATCCCAATGTTGTCCGGCTGATGGACGTC
TGTGCCACATCCCGAACTGACCGGGAGATCAAGGTAACCCTGGTGTTTGAGCATGTAGACCAGGACCTAAGGACATA

TCTGGACAAGGCACCCCCACCAGGCTTGCCAGCCGAAACGATCAAGGATCTGATGCGCCAGTTTCTAAGAGGCCTAG
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ATTTCCTTCATGCCAATTGCATCGTTCACCGAGATCTGAAGCCAGAGAACATTCTGGTGACAAGTGGTGGAACAGTC

AAGCTGGCTGACTTTGGCCTGGCCAGAATCTACAGCTACCAGATGGCACTTACACCCGTGGTTGTTACACTCTGGTA

CCGAGCTCCCGAAGTTCTTCTGCAGTCCACATATGCAACACCTGTGGACATGTGGAGTGTTGGCTGTATCTTTGCAG

AGATGTTTCGTCGAAAGCCTCTCTTCTGTGGAAACTCTGAAGCCGACCAGTTGGGCAAAATCTTTGACCTGATTGGG

CTGCCTCCAGAGGATGACTGGCCTCGAGATGTATCCCTGCCCCGTGGAGCCTTTCCCCCCAGAGGGCCCCGCCCAGT

GCAGTCGGTGGTACCTGAGATGGAGGAGTCGGGAGCACAGCTGCTGCTGGAAATGCTGACTTTTAACCCACACAAGC

GAATCTCTGCCTTTCGAGCTCTGCAGCACTCTTATCTACATAAGGATGAAGGTAATCCGGAG

CDK6b6

ATGGAGAAGGACGGCCTGTGCCGCGCTGACCAGCAGTACGAATGCGTGGCGGAGATCGGGGAGGGCGCCTATGGGAA
GGTGTTCAAGGCCCGCGACTTGAAGAACGGAGGCCGTTTCGTGGCGTTGAAGCGCGTGCGGGTGCAGACCGGCGAGG
AGGGCATGCCGCTCTCCACCATCCGCGAGGTGGCGGTGCTGAGGCACCTGGAGACCTTCGAGCACCCCAACGTGGTC
AGGTTGTTTGATGTGTGCACAGTGTCACGAACAGACAGAGAAACCAAACTAACTTTAGTGTTTGAACATGTCGATCA
AGACTTGACCACTTACTTGGATAAAGTTCCAGAGCCTGGAGTGCCCACTGAAACCATAAAGGATATGATGTTTCAGC
TTCTCCGAGGTCTGGACTTTCTTCATTCACACCGAGTAGTGCATCGCGATCTAAAACCACAGAACATTCTGGTGACC
AGCAGCGGACAAATAAAACTCGCTGACTTCGGCCTTGCCCGCATCTATAGTTTCCAGATGGCTCTAACCTCAGTGGT
CGTCACGCTGTGGTACAGAGCACCCGAAGTCTTGCTCCAGTCCAGCTACGCCACCCCCGTGGATCTCTGGAGTGTTG
GCTGCATATTTGCAGAAATGTTTCGTAGAAAGCCTCTTTTTCGTGGAAGTTCAGATGTTGATCAACTAGGAAAAATC
TTGGACGTGATTGGACTCCCAGGAGAAGAAGACTGGCCTAGAGATGTTGCCCTTCCCAGGCAGGCTTTTCATTCAAA
ATCTGCCCAACCAATTGAGAAGTTTGTAACAGATATCGATGAACTAGGCAAAGACCTACTTCTGAAGTGTTTGACAT
TTAACCCAGCCAAAAGAATATCTGCCTACAGTGCCCTGTCTCACCCATACTTCCAGGACCTGGAAAGGTGCAAAGAA

AACCTGGATTCCCACCTGCCGCCCAGCCAGAACACCTCGGAGCTGAATACAGCC

RHOJ

ATGAACTGCAAAGAGGGAACTGACAGCAGCTGCGGCTGCAGGGGCAACGACGAGAAGAAGATGTTGAAGTGTGTGGT
GGTGGGGGACGGTGCCGTGGGGAAAACCTGCCTGCTGATGAGCTACGCCAACGACGCCTTCCCAGAGGAATACGTGC
CCACTGTGTTTGACCACTATGCAGTTACTGTGACTGTGGGAGGCAAGCAACACTTGCTCGGACTGTATGACACCGCG

GGACAGGAGGACTACAACCAGCTGAGGCCACTCTCCTACCCCAACACGGATGTGTTTTTGATCTGCTTCTCTGTCGT
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AAACCCTGCCTCTTACCACAATGTCCAGGAGGAATGGGTCCCCGAGCTCAAGGACTGCATGCCTCACGTGCCTTATG
TCCTCATAGGGACCCAGATTGATCTCCGTGATGACCCAAAAACCTTGGCCCGTTTGCTGTATATGAAAGAGAAACCT
CTCACTTACGAGCATGGTGTGAAGCTCGCAAAAGCGATCGGAGCACAGTGCTACTTGGAATGTTCAGCTCTGACTCA
GAAAGGTCTCAAAGCGGTTTTTGATGAAGCAATCCTCACCATTTTCCACCCCAAGAAAAAGAAGAAACGCTGTTCTG

AGGGTCACAGCTGCTGTTCAATTATC

PTEN (C1245S)

ATGACAGCCATCATCAAAGAGATCGTTAGCAGAAACAAAAGGAGATATCAAGAGGATGGATTCGACTTAGACTTGAC
CTATATTTATCCAAACATTATTGCTATGGGATTTCCTGCAGAAAGACTTGAAGGCGTATACAGGAACAATATTGATG
ATGTAGTAAGGTTTTTGGATTCAAAGCATAAAAACCATTACAAGATATACAATCTTTGTGCTGAAAGACATTATGAC
ACCGCCAAATTTAATTGCAGAGTTGCACAATATCCTTTTGAAGACCATAACCCACCACAGCTAGAACTTATCAAACC
CTTTTGTGAAGATCTTGACCAATGGCTAAGTGAAGATGACAATCATGTTGCAGCAATTCACTCCAAGGCTGGAAAGG
GACGAACTGGTGTAATGATATGTGCATATTTATTACATCGGGGCAAATTTTTAAAGGCACAAGAGGCCCTAGATTTC
TATGGGGAAGTAAGGACCAGAGACAAAAAGGGAGTAACTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTA
CCTGTTAAAGAATCATCTGGATTATAGACCAGTGGCACTGTTGTTTCACAAGATGATGTTTGAAACTATTCCAATGT
TCAGTGGCGGAACTTGCAATCCTCAGTTTGTGGTCTGCCAGCTAAAGGTGAAGATATATTCCTCCAATTCAGGACCC
ACACGACGGGAAGACAAGTTCATGTACTTTGAGTTCCCTCAGCCGTTACCTGTGTGTGGTGATATCAAAGTAGAGTT
CTTCCACAAACAGAACAAGATGCTAAAAAAGGACAAAATGTTTCACTTTTGGGTAAATACATTCTTCATACCAGGAC
CAGAGGAAACCTCAGAAAAAGTAGAAAATGGAAGTCTATGTGATCAAGAAATCGATAGCATTTGCAGTATAGAGCGT
GCAGATAATGACAAGGAATATCTAGTACTTACTTTAACAAAAAATGATCTTGACAAAGCAAATAAAGACAAAGCCAA
CCGATACTTTTCTCCAAATTTTAAGGTGAAGCTGTACTTCACAAAAACAGTAGAGGAGCCGTCAAATCCAGAGGCTA
GCAGTTCAACTTCTGTAACACCAGATGTTAGTGACAATGAACCTGATCATTATAGATATTCTGACACCACTGACTCT

GATCCAGAGAATGAACCTTTTGATGAAGATCAGCATACACAAATTACAAAAGTC

c-MYC

ATGCCCCTCAACGTTAGCTTCACCAACAGGAACTATGACCTCGACTACGACTCGGTGCAGCCGTATTTCTACTGCGA
CGAGGAGGAGAACTTCTACCAGCAGCAGCAGCAGAGCGAGCTGCAGCCCCCGGCGCCCAGCGAGGATATCTGGAAGA

AATTCGAGCTGCTGCCCACCCCGCCCCTGTCCCCTAGCCGCCGCTCCGGGCTCTGCTCGCCCTCCTACGTTGCGGTC

272



ACACCCTTCTCCCTTCGGGGAGACAACGACGGCGGTGGCGGGAGCTTCTCCACGGCCGACCAGCTGGAGATGGTGAC

CGAGCTGCTGGGAGGAGACATGGTGAACCAGAGTTTCATCTGCGACCCGGACGACGAGACCTTCATCAAAAACATCA

TCATCCAGGACTGTATGTGGAGCGGCTTCTCGGCCGCCGCCAAGCTCGTCTCAGAGAAGCTGGCCTCCTACCAGGCT

GCGCGCAAAGACAGCGGCAGCCCGAACCCCGCCCGCGGCCACAGCGTCTGCTCCACCTCCAGCTTGTACCTGCAGGA

TCTGAGCGCCGCCGCCTCAGAGTGCATCGACCCCTCGGTGGTCTTCCCCTACCCTCTCAACGACAGCAGCTCGCCCA

AGTCCTGCGCCTCGCAAGACTCCAGCGCCTTCTCTCCGTCCTCGGATTCTCTGCTCTCCTCGACGGAGTCCTCCCCG

CAGGGCAGCCCCGAGCCCCTGGTGCTCCATGAGGAGACACCGCCCACCACCAGCAGCGACTCTGAGGAGGAACAAGA

AGATGAGGAAGAAATCGATGTTGTTTCTGTGGAAAAGAGGCAGGCTCCTGGCAAAAGGTCAGAGTCTGGATCACCTT

CTGCTGGAGGCCACAGCAAACCTCCTCACAGCCCACTGGTCCTCAAGAGGTGCCACGTCTCCACACATCAGCACAAC

TACGCAGCGCCTCCCTCCACTCGGAAGGACTATCCTGCTGCCAAGAGGGTCAAGTTGGACAGTGTCAGAGTCCTGAG

ACAGATCAGCAACAACCGAAAATGCACCAGCCCCAGGTCCTCGGACACCGAGGAGAATGTCAAGAGGCGAACACACA

ACGTCTTGGAGCGCCAGAGGAGGAACGAGCTAAAACGGAGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGTTGGAA

AACAATGAAAAGGCCCCCAAGGTAGTTATCCTTAAAAAAGCCACAGCATACATCCTGTCCGTCCAAGCAGAGGAGCA

AAAGCTCATTTCTGAAGAGGACTTGTTGCGGAAACGACGAGAACAGTTGAAACACAAACTTGAACAGCTACGGAACT

CTTGTGCG

KLF4

ATGGCTGTCAGCGACGCGCTGCTCCCATCTTTCTCCACGTTCGCGTCTGGCCCGGCGGGAAGGGAGAAGACACTGCG
TCAAGCAGGTGCCCCGAATAACCGCTGGCGGGAGGAGCTCTCCCACATGAAGCGACTTCCCCCAGTGCTTCCCGGCC
GCCCCTATGACCTGGCGGCGGCGACCGTGGCCACAGACCTGGAGAGCGGCGGAGCCGGTGCGGCTTGCGGCGGTAGC
AACCTGGCGCCCCTACCTCGGAGAGAGACCGAGGAGTTCAACGATCTCCTGGACCTGGACTTTATTCTCTCCAATTC
GCTGACCCATCCTCCGGAGTCAGTGGCCGCCACCGTGTCCTCGTCAGCGTCAGCCTCCTCTTCGTCGTCGCCGTCGA
GCAGCGGCCCTGCCAGCGCGCCCTCCACCTGCAGCTTCACCTATCCGATCCGGGCCGGGAACGACCCGGGCGTGGCG
CCGGGCGGCACGGGCGGAGGCCTCCTCTATGGCAGGGAGTCCGCTCCCCCTCCGACGGCTCCCTTCAACCTGGCGGA
CATCAACGACGTGAGCCCCTCGGGCGGCTTCGTGGCCGAGCTCCTGCGGCCAGAATTGGACCCGGTGTACATTCCGC
CGCAGCAGCCGCAGCCGCCAGGTGGCGGGCTGATGGGCAAGTTCGTGCTGAAGGCGTCGCTGAGCGCCCCTGGCAGC
GAGTACGGCAGCCCGTCGGTCATCAGCGTCAGCAAAGGCAGCCCTGACGGCAGCCACCCGGTGGTGGTGGCGCCCTA

CAACGGCGGGCCGCCGCGCACGTGCCCCAAGATCAAGCAGGAGGCGGTCTCTTCGTGCACCCACTTGGGCGCTGGAC
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CCCCTCTCAGCAATGGCCACCGGCCGGCTGCACACGACTTCCCCCTGGGGCGGCAGCTCCCCAGCAGGACTACCCCG
ACCCTGGGTCTTGAGGAAGTGCTGAGCAGCAGGGACTGTCACCCTGCCCTGCCGCTTCCTCCCGGCTTCCATCCCCA
CCCGGGGCCCAATTACCCATCCTTCCTGCCCGATCAGATGCAGCCGCAAGTCCCGCCGCTCCATTACCAAGAGCTCA
TGCCACCCGGTTCCTGCATGCCAGAGGAGCCCAAGCCAAAGAGGGGAAGACGATCGTGGCCCCGGAAAAGGALCCGCC
ACCCACACTTGTGATTACGCGGGCTGCGGCAAAACCTACACAAAGAGTTCCCATCTCAAGGCACACCTGCGAACCCA
CACAGGTGAGAAACCTTACCACTGTGACTGGGACGGCTGTGGATGGAAATTCGCCCGCTCAGATGAACTGACCAGGC
ACTACCGTAAACACACGGGGCACCGCCCGTTCCAGTGCCAAAAATGCGACCGAGCATTTTCCAGGTCGGACCACCTC

GCCTTACACATGAAGAGGCATTTT

POUSF1

ATGGCGGGACACCTGGCTTCAGATTTTGCCTTCTCGCCCCCTCCAGGTGGTGGAGGTGATGGGCCAGGGGGGCCGGA
GCCGGGCTGGGTTGATCCTCGGACCTGGCTAAGCTTCCAAGGCCCTCCTGGAGGGCCAGGAATCGGGCCGGGGGTTG
GGCCAGGCTCTGAGGTGTGGGGGATTCCCCCATGCCCCCCGCCGTATGAGTTCTGTGGGGGGATGGCGTACTGTGGG
CCCCAGGTTGGAGTGGGGCTAGTGCCCCAAGGCGGCTTGGAGACCTCTCAGCCTGAGGGCGAAGCAGGAGTCGGGGT
GGAGAGCAACTCCGATGGGGCCTCCCCGGAGCCCTGCACCGTCACCCCTGGTGCCGTGAAGCTGGAGAAGGAGAAGC
TGGAGCAAAACCCGGAGGAGTCCCAGGACATCAAAGCTCTGCAGAAAGAACTCGAGCAATTTGCCAAGCTCCTGAAG
CAGAAGAGGATCACCCTGGGATATACACAGGCCGATGTGGGGCTCACCCTGGGGGTTCTATTTGGGAAGGTATTCAG
CCAAACGACCATCTGCCGCTTTGAGGCTCTGCAGCTTAGCTTCAAGAACATGTGTAAGCTGCGGCCCTTGCTGCAGA
AGTGGGTGGAGGAAGCTGACAACAATGAAAATCTTCAGGAGATATGCAAAGCAGAAACCCTCGTGCAGGCCCGAAAG
AGAAAGCGAACCAGTATCGAGAACCGAGTGAGAGGCAACCTGGAGAATTTGTTCCTGCAGTGCCCGAAACCCACACT
GCAGCAGATCAGCCACATCGCCCAGCAGCTTGGGCTCGAGAAGGATGTGGTCCGAGTGTGGTTCTGTAACCGGCGCC
AGAAGGGCAAGCGATCAAGCAGCGACTATGCACAACGAGAGGATTTTGAGGCTGCTGGGTCTCCTTTCTCAGGGGGA
CCAGTGTCCTTTCCTCTGGCCCCAGGGCCCCATTTTGGTACCCCAGGCTATGGGAGCCCTCACTTCACTGCACTGTA
CTCCTCGGTCCCTTTCCCTGAGGGGGAAGCCTTTCCCCCTGTCTCTGTCACCACTCTGGGCTCTCCCATGCATTCAA

AC

S0X2
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ATGTACAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAACTTCGGGGGGCGGCGGCGGCAACTCCAL
CGCGGCGGCGGCCGGCGGCAACCAGAAAAACAGCCCGGACCGCGTCAAGCGGCCCATGAATGCCTTCATGGTGTGGT
CCCGCGGGCAGCGGCGCAAGATGGCCCAGGAGAACCCCAAGATGCACAACTCGGAGATCAGCAAGCGCCTGGGCGLEC
GAGTGGAAACTTTTGTCGGAGACGGAGAAGCGGCCGTTCATCGACGAGGCTAAGCGGCTGCGAGCGCTGCACATGAA
GGAGCACCCGGATTATAAATACCGGCCCCGGCGGAAAACCAAGACGCTCATGAAGAAGGATAAGTACACGCTGCCCG
GCGGGCTGCTGGCCCCCGGCGGCAATAGCATGGCGAGCGGGGTCGGGGETGGGCGCCGGCCTGGGCGCGGGCGTGAAC
CAGCGCATGGACAGTTACGCGCACATGAACGGCTGGAGCAACGGCAGCTACAGCATGATGCAGGACCAGCTGGGCTA
CCCGCAGCACCCGGGCCTCAATGCGCACGGCGCAGCGCAGATGCAGCCCATGCACCGCTACGACGTGAGCGCCCTGC
AGTACAACTCCATGACCAGCTCGCAGACCTACATGAACGGCTCGCCCACCTACAGCATGTCCTACTCGCAGCAGGGC
ACCCCTGGCATGGCTCTTGGCTCCATGGGTTCGGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCTGTGGTTACCTC
TTCCTCCCACTCCAGGGCGCCCTGCCAGGCCGGGGACCTCCGGGACATGATCAGCATGTATCTCCCCGGCGCCGAGG
TGCCGGAACCCGCCGCCCCCAGCAGACTTCACATGTCCCAGCACTACCAGAGCGGCCCGGTGCCCGGCACGGCCATT

AACGGCACACTGCCCCTCTCACACATG

Barcode Sequences

Gene Barcode Sequence

mCherry TTCTCATTTTGGAATATAAA
KRAS (G12V) CTTATCCACTATAAGCGATA
HRAS (G12V) GTACTTTCTCGCAATTTGTG
MEK1 (S218D, S222D) TTTAGTATCCAGTCGTAGAA
myr-FLAG-PIK3CA CAGGACAGGGGGCAGGGAAA
myr-FLAG-AKT1 TCACTTGTCAACAGGTCCAA
FLAG-Rheb (Q64L) CGTTGTTTTTCGGGAAAACT
IKKa (S176E, S180E) TGTACCTACAAGCTAAAAAG
FLAG-IKKBR (S177E, S181E) CTAGTCCATTTAGTATCGGC
STAT3 (A662C, N664C, V667L) ACATTACGTTCCAGTTACCC
p-catenin (S33A, S37A, T41A, S45A) ATAAGAACCCTATTTTCAAT
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GSK33 (K85A) TTAGGACTCGAGAGGTTGTT
B-catenin (S33Y) TACCATTTGTCTTCCGATAG
MAPKO ATCACTAAGTTCCGTAACCC
FLAG-MKK7-JNK2 ACCCATGCAAATGTAATCTC
MEK5 DD (S311D, T315D) TTTTGATTATCTTTATAATA
myr-FLAG-MEKS AAAGGATTACAAATGACCCA
Notchl ICD CATTGCTCTTTGTCGATCAT
Notch3 ICD CAAGTTATTATTTTACTTTT
MAPK14 AGATCAGTCGTTTTGTTCTT

FLAG-MKK6 (S207E, T211E)

GTACAGTAAGGAATATTCCA

GLI2 Truncation

CTAACGTTTGCCACATATTG

SmoM2 (W535L)

TGTCCGTTCGGCTGTATGCC

TGFBR1 (T204D)

CCAATAATGTAAATATCATA

BCL2 AAGTGTACCCCGATAGATTT
BCL-XL TTCTTCAATGACACTTCGCA
Caspase8 (C360A) CCTATCACTTCCTCATTATC

Caspase3 (Cl63A)

TTAGTAGGACTCATGCTCCT

ERa (Y5375S)

TACCCCACATGGATTGAATA

AR~V

AAACCTGGTTGTATTTTTGC

FLAG-YAP2 (8SA)

TTAAAACTAATAAGATTCAC

p53 (R175H) TGCATTCATGTGAAAGATTT
HRAS (Gl2v, E37G) CCGCACCGTTGTGGTGGGGGE
Rgl2-CAAX TAAATGATTCCTGTTTAAGC

RalA (G23V, mature peptide)

TATAAATTTCTATTTACTTA
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RalA (G23v, full) TGTTTCACGTATATGTGATT
SvV40 Large T Antigen TGGCATGGATAACCTATGAT
hTERT CTTAATTTATACATTCATCT
CCNB1 AAGGTTCTTGCATATGGCAA
CCND1 AGAACCCCTGGGGTACTATG
CDK1 CAACCGTACGCGCTCGGTTA
CDK1 (T14A, Y15F) TTTATTATGTACTTTTTAGC
CDK4 GACGCCTAGTGTACAGCGCA
CDK4 (R24C) TGATTGTCAATAGCGTTATT
CDK6 GCCAGCTATAGTACTATTCG
RHOJ TTGTGTCATTAGCTTTTGAG
PTEN (Cl24sS) CAACCTTACAGATTTTGTGT
c-MYC CGACATACATGTAGCTTGCG
KLF4 AAGACTCTCATAATTACCTG
POUSF1 CAGACAGTGCGGCCTGCTCG
SOX2 CCTGTTGACACAAATGTGCT
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DNA sequences from Chapter 4

EFloa + TetOn-3G + T2A + Puromycin Resistance

gggcagagcgcacatcgcccacagtccccgagaagttggggggaggggtcggcaattgaacgggtgectagagaagg
tggcgcggggtaaactgggaaagtgatgtcgtgtactggctceccgectttttecccgagggtgggggagaaccgtatat
aagtgcagtagtcgccgtgaacgttctttttcgcaacgggtttgeccgeccagaacacagctgaagecttecgaggggete
gcatctctccttcacgcgcceccgecgecctacctgaggecgeccatccacgecggttgagtecgegttectgecgectece
gcctgtggtgcctcecctgaactgecgteccgecgtctaggtaagtttaaagectcaggtcgagaccgggectttgteecgge
gctcccttggagcecctacctagactcageccggcectctceccacgetttgectgacecctgecttgectcaactectacgtetttyg
tttcgttttctgttctgecgeccgttacagatctaagctgtgaccggecgectactctagageccgeccatgtctagactgg
acaagagcaaagtcataaactctgctctggaattactcaatggagtcggtatcgaaggcctgacgacaaggaaactc
gctcaaaagctgggagttgagcagcctaccctgtactggcacgtgaagaacaagcgggceccctgectecgatgecctgece
aatcgagatgctggacaggcatcatacccactcctgcccecctggaaggcgagtcatggcaagactttcectgecggaaca
acgccaagtcataccgctgtgctctectcectcacatcgcgacggggctaaagtgcatctecggcaccecgeccaacagag
aaacagtacgaaaccctggaaaatcagctcgecgttcecctgtgtcagcaaggecttcteccctggagaacgcactgtacge
tctgtccgccecgtgggceccactttacactgggctgecgtattggaggaacaggagcatcaagtagcaaaagaggaaagag
agacacctaccaccgattctatgcccccacttctgaaacaagcaattgagectgttcgaccggcagggageccgaacct
gccttcececttttecggectggaactaatcatatgtggectggagaaacagctaaagtgcgaaagcggcgggceccgaccga
cgcccttgacgattttgacttagacatgctcccageccgatgecceccttgacgactttgaccttgatatgectgectgetg
acgctcttgacgattttgaccttgacatgctccccggggagggeccgaggaagtcttctaacatgecggtgacgtggag
gagaatcccggccecctatgaccgagtacaagcccacggtgcgectecgeccaccecgcgacgacgtceccecceccagggecgtacg
caccctcgccgceccgegttecgecgactaccceccgeccacgcgceccacaccgtecgatecggaccgecacatcgagegggtea
ccgagctgcaagaactcttcecctcacgcgecgtcecgggctcgacatcggcaaggtgtgggtecgcggacgacggcgccgcg
gtggcggtctggaccacgccggagagcgtcgaagecgggggcggtgttegecgagatecggeccgegecatggecgagtt
gagcggttcccggctggceccgcgcagcaacagatggaaggcecctcectggecgeccgcaccggecccaaggageccgegtggt
tcctggccaccgtcggcecgtcectcecgeccgaccaccagggcaagggtctgggcagecgecgtegtgecteccecggagtggag
gcggccgagcgcgccggggtgeccgecttectggagacctcececgegecccecgcaacctececcecttetacgageggetegg

cttcaccgtcaccgccgacgtcgaggtgecccgaaggaccgcgcacctggtgcatgaceccgcaagececggtgectga
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TRE3G Promoter + Kozak Sequence

Gagtttactccctatcagtgatagagaacgtatgaagagtttactccctatcagtgatagagaacgtatgcagactt
tactccctatcagtgatagagaacgtataaggagtttactccctatcagtgatagagaacgtatgaccagtttactce
cctatcagtgatagagaacgtatctacagtttactccctatcagtgatagagaacgtatatccagtttactccecctat
cagtgatagagaacgtataagctttaggcgtgtacggtgggcgcctataaaagcagagctcgtttagtgaaccgtca
gatcgcctggagcaattccacaacacttttgtcttataccaactttccgtaccacttecctaccectecgtaaaggtcecta

gagctagccacc

GFP

Atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggcca
caagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccg
gcaagctgcccgtgceccecctggceccaccctegtgaccaccctgacctacggegtgcagtgettcageecgectaccececgac
cacatgaagcagcacgacttcttcaagtccgccatgcecccgaaggctacgtccaggagcgcaccatcttettcaagga
cgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagectgaagggca
tcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatg
gccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagcectecge
cgaccactaccagcagaacacccccatcggcgacggceccccgtgectgetgeccgacaaccactacctgagcacccagt
ccgccctgagcaaagaccccaacgagaagcgcgatcacatggtectgetggagttegtgaccgecgecgggatcact

ctcggcatggacgagctgtacaagtaa

mCherry

atggtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctce
cgtgaacggccacgagttcgagatcgagggcgagggcgagggccgeccctacgagggcacccagaccgceccaagcectga
aggtgaccaagggtggccccecctgcecccttecgectgggacatecctgtecectcagttcatgtacggectccaaggectac
gtgaagcaccccgccgacatccceccgactacttgaagectgtecttececccgagggecttcaagtgggagecgegtgatgaa

cttcgaggacggcggcgtggtgaccgtgacccaggactcctcececctgcaggacggcgagttcatctacaaggtgaage
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tgcgcggcaccaacttcceccteccgacggecccecgtaatgcagaagaagaccatgggectgggaggectectecgagegg
atgtaccccgaggacggcgccctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgce
tgaggtcaagaccacctacaaggccaagaagcccgtgcagectgcecccggegectacaacgtcaacatcaagttggaca
tcacctcccacaacgaggactacaccatcgtggaacagtacgaacgcgccgagggecgccactceccaccggeggecatg

gacgagctgtacaagtaa

NEUROD1

ATGACCAAATCGTACAGCGAGAGTGGGCTGATGGGCGAGCCTCAGCCCCAAGGTCCTCCAAGCTGGACAGACGAGTG
TCTCAGTTCTCAGGACGAGGAGCACGAGGCAGACAAGAAGGAGGACGACCTCGAAGCCATGAACGCAGAGGAGGACT
CACTGAGGAACGGGGGAGAGGAGGAGGACGAAGATGAGGACCTGGAAGAGGAGGAAGAAGAGGAAGAGGAGGATGAC
GATCAAAAGCCCAAGAGACGCGGCCCCAAAAAGAAGAAGATGACTAAGGCTCGCCTGGAGCGTTTTAAATTGAGACG
CATGAAGGCTAACGCCCGGGAGCGGAACCGCATGCACGGACTGAACGCGGCGCTAGACAACCTGCGCAAGGTGGTGC
CTTGCTATTCTAAGACGCAGAAGCTGTCCAAAATCGAGACTCTGCGCTTGGCCAAGAACTACATCTGGGCTCTGTCG
GAGATCCTGCGCTCAGGCAAAAGCCCAGACCTGGTCTCCTTCGTTCAGACGCTTTGCAAGGGCTTATCCCAACCCAC
CACCAACCTGGTTGCGGGCTGCCTGCAACTCAATCCTCGGACTTTTCTGCCTGAGCAGAACCAGGACATGCCCCCCC
ACCTGCCGACGGCCAGCGCTTCCTTCCCTGTACACCCCTACTCCTACCAGTCGCCTGGGCTGCCCAGTCCGCCTTAC
GGTACCATGGACAGCTCCCATGTCTTCCACGTTAAGCCTCCGCCGCACGCCTACAGCGCAGCGCTGGAGCCCTTCTT
TGAAAGCCCTCTGACTGATTGCACCAGCCCTTCCTTTGATGGACCCCTCAGCCCGCCGCTCAGCATCAATGGCAACT
TCTCTTTCAAACACGAACCGTCCGCCGAGTTTGAGAAAAATTATGCCTTTACCATGCACTATCCTGCAGCGACACTG
GCAGGGGCCCAAAGCCACGGATCAATCTTCTCAGGCACCGCTGCCCCTCGCTGCGAGATCCCCATAGACAATATTAT

GTCCTTCGATAGCCATTCACATCATGAGCGAGTCATGAGTGCCCAGCTCAATGCCATATTTCATGAT

MYOD1

ATGGAGCTACTGTCGCCACCGCTCCGCGACGTAGACCTGACGGCCCCCGACGGCTCTCTCTGCTCCTTTGCCACAAC
GGACGACTTCTATGACGACCCGTGTTTCGACTCCCCGGACCTGCGCTTCTTCGAAGACCTGGACCCGCGCCTGATGC
ACGTGGGCGCGCTCCTGAAACCCGAAGAGCACTCGCACTTCCCCGCGGCGGTGCACCCGGCCCCGGGCGCACGTGAG
GACGAGCATGTGCGCGCGCCCAGCGGGCACCACCAGGCGGGCCGCTGCCTACTGTGGGCCTGCAAGGCGTGCAAGCG

CAAGACCACCAACGCCGACCGCCGCAAGGCCGCCACCATGCGCGAGCGGCGCCGCCTGAGCAAAGTAAATGAGGCCT
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TTGAGACACTCAAGCGCTGCACGTCGAGCAATCCAAACCAGCGGTTGCCCAAGGTGGAGATCCTGCGCAACGCCATC
CGCTATATCGAGGGCCTGCAGGCTCTGCTGCGCGACCAGGACGCCGCGCCCCCTGGCGCCGCAGCCGCCTTCTATGC
GCCGGGCCCGCTGCCCCCGGGCCGCGGCGGCGAGCACTACAGCGGCGACTCCGACGCGTCCAGCCCGCGCTCCAACT
GCTCCGACGGCATGATGGACTACAGCGGCCCCCCGAGCGGCGCCCGGCGGCGGAACTGCTACGAAGGCGCCTACTAC
AACGAGGCGCCCAGCGAACCCAGGCCCGGGAAGAGTGCGGCGGTGTCGAGCCTAGACTGCCTGTCCAGCATCGTGGA
GCGCATCTCCACCGAGAGCCCTGCGGCGCCCGCCCTCCTGCTGGCGGACGTGCCTTCTGAGTCGCCTCCGCGCAGGC
AAGAGGCTGCCGCCCCCAGCGAGGGAGAGAGCAGCGGCGACCCCACCCAGTCACCGGACGCCGCCCCGCAGTGLCCT

GCGGGTGCGAACCCCAACCCGATATACCAGGTGCTC

BAF60C

ATGGCCGCGGACGAAGTTGCCGGAGGGGCGCGCAAAGCCACGAAAAGCAAACTTTTTGAGTTTCTGGTCCATGGGGT
GCGCCCCGGGATGCCGTCTGGAGCCCGGATGCCCCACCAGGGGGCGCCCATGGGCCCCCCGGGCTCCCCGTACATGG
GCAGCCCCGCCGTGCGACCCGGCCTGGCCCCCGCGGGCATGGAGCCCGCCCGCAAGCGAGCAGLCGLCCCLCLCGLLCGEG
CAGAGCCAGGCACAGAGCCAGGGCCAGCCGGTGCCCACCGCCCCCGCGCGGAGCCGCAGTGCCAAGAGGAGGAAGAT
GGCTGACAAAATCCTCCCTCAAAGGATTCGGGAGCTGGTCCCCGAGTCCCAGGCTTACATGGACCTCTTGGCATTTG
AGAGGAAACTGGATCAAACCATCATGCGGAAGCGGGTGGACATCCAGGAGGCTCTGAAGAGGCCCATGAAGCAAAAG
CGGAAGCTGCGACTCTATATCTCCAACACTTTTAACCCTGCGAAGCCTGATGCTGAGGATTCCGACGGCAGCATTGC
CTCCTGGGAGCTACGGGTGGAGGGGAAGCTCCTGGATGATCCCAGCAAACAGAAGCGGAAGTTCTCTTCTTTCTTCA
AGAGTTTGGTCATCGAGCTGGACAAAGATCTTTATGGCCCTGACAACCACCTCGTTGAGTGGCATCGGACACCCACG
ACCCAGGAGACGGACGGCTTCCAGGTGAAACGGCCTGGGGACCTGAGTGTGCGCTGCACGCTGCTCCTCATGCTGGA
CTACCAGCCTCCCCAGTTCAAACTGGATCCCCGCCTAGCCCGGCTGCTGGGGCTGCACACACAGAGCCGCTCAGCCA
TTGTCCAGGCCCTGTGGCAGTATGTGAAGACCAACAGGCTGCAGGACTCCCATGACAAGGAATACATCAATGGGGAC
AAGTATTTCCAGCAGATTTTTGATTGTCCCCGGCTGAAGTTTTCTGAGATTCCCCAGCGCCTCACAGCCCTGCTATT
GCCCCCTGACCCAATTGTCATCAACCATGTCATCAGCGTGGACCCTTCAGACCAGAAGAAGACGGCGTGCTATGACA
TTGACGTGGAGGTGGAGGAGCCATTAAAGGGGCAGATGAGCAGCTTCCTCCTATCCACGGCCAACCAGCAGGAGATC
AGTGCTCTGGACAGTAAGATCCATGAGACGATTGAGTCCATAAACCAGCTCAAGATCCAGAGGGACTTCATGCTAAG

CTTCTCCAGAGACCCCAAAGGCTATGTCCAAGACCTGCTCCGCTCCCAGAGCCGGGACCTCAAGGTGATGACAGATG
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TAGCCGGCAACCCTGAAGAGGAGCGCCGGGCTGAGTTCTACCACCAGCCCTGGTCCCAGGAGGCCGTCAGTCGCTAC

TTCTACTGCAAGATCCAGCAGCGCAGGCAGGAGCTGGAGCAGTCGCTGGTTGTGCGCAACACC

ASCL1

ATGGAGTCTTCTGCTAAAATGGAGTCCGGAGGCGCGGGACAACAACCACAACCGCAACCACAACAACCCTTCCTGCC
GCCGGCCGCATGTTTTTTCGCGACCGCTGCTGCTGCTGCAGCGGCGGCGGCTGCTGCCGCCGCGCAATCCGCCCAAC
AGCAACAACAACAACAGCAGCAGCAGCAACAAGCGCCTCAACTTCGACCCGCTGCAGACGGGCAGCCCTCAGGGGGA
GGGCACAAGAGCGCTCCGAAGCAGGTTAAAAGGCAGAGGAGCAGTAGTCCCGAACTGATGCGATGTAAGAGGCGCCT
CAATTTTAGCGGTTTTGGTTACTCTTTGCCCCAGCAGCAGCCGGCTGCCGTAGCTCGCCGAAATGAGCGGGAAAGGA
ACCGCGTTAAACTTGTGAATCTCGGTTTCGCGACACTTCGAGAGCACGTACCAAATGGGGCAGCTAACAAGAAAATG
AGTAAAGTTGAGACACTGCGGTCTGCAGTGGAGTATATTAGAGCTCTTCAACAATTGCTTGACGAGCACGATGCCGT
ATCAGCCGCATTTCAAGCCGGGGTGCTGTCCCCAACAATATCTCCGAACTACAGCAATGATCTTAATAGCATGGCGG
GAAGTCCCGTTTCCTCCTACTCCTCTGATGAGGGCAGCTACGACCCTCTCAGTCCCGAGGAGCAAGAGCTTCTTGAC

TTCACTAACTGGTTC

DLX2

atgactggagtctttgacagtctagtggctgatatgcactcgacccagatcgccgectceccagcacgtaccaccagca
ccagcagcccccgagcecggcggcggcgecggeccgggtggcaacagcagcagcagcagcagecteccacaageecccagyg
agtcgcccacccttececggtgtceccaccgeccaccgacagcagctactacaccaaccagcagcacccggecgggeggegge
ggcggcgggggctcgceccctacgecgcacatgggttcecctaccagtaccaageccagecggectcaacaacgtececttacte
cgccaagagcagctatgacctgggctacaccgccgcectacacctcectacgetcececctatggaaccagttegteccecag
ccaacaacgagcctgagaaggaggaccttgagcctgaaattcggatagtgaacgggaagccaaagaaagtccggaaa
ccccgcaccatctactceccagtttccagectggeggectcttcagecggegtttccaaaagactcaatacttggecttgece
ggagcgagccgagctggcggcectctcectgggectcacccagactcaggtcaaaatctggttccagaaccgecggteca
agttcaagaagatgtggaaaagtggtgagatcccctcggagcagcaccctggggccagecgcecttcectecaccttgtget
tcgccgccagtctcagecgecggectectgggactttggtgtgecgcageggatggecgggecggecggtggteccgggcag

tggcggcagcggcgccggcagctecgggecteccageccgagcagecgeggecteggettttetgggcaactacceectggt
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accaccagacctcgggatccgcecctcacacctgcaggccacggcgceccgctgectgecaccceccactcagaccccgecagecg

catcaccaccaccaccatcacggcggcgggggcgecccggtgagecgecggggacgatttte

ETV2

ATGGATCTTTGGAACTGGGATGAAGCTTCCCCTCAAGAAGTTCCCCCCGGAAATAAACTCGCGGGGCTTGGAAGACT
CCCTCGCCTTCCGCAACGCGTCTGGGGCGGATGCCCTGGTGGAGCCTCAGCGGACCCAAACCCTTTGTCTCCAGCGG
AGGGGGCAAAGTTGGGTTTCTGCTTCCCGGATCTTGCTTTGCAAGGCGATACTCCAACGGCGACGGCAGAGACCTGT
TGGAAAGGCACCAGTAGCTCCCTGGCCAGCTTTCCGCAGCTCGATTGGGGGTCAGCCCTTCTCCATCCCGAAGTTCC
CTGGGGGGCGGAACCCGACTCCCAAGCCCTTCCCTGGAGTGGTGATTGGACAGATATGGCATGCACAGCCTGGGACA
GTTGGTCCGGGGCGTCACAGACATTGGGACCAGCCCCACTTGGACCGGGGCCTATCCCCGCAGCAGGAAGCGAAGGA
GCTGCTGGTCAGAACTGTGTGCCCGTGGCTGGTGAGGCTACCAGTTGGTCCAGGGCCCAGGCAGCAGGCAGTAACAC
CAGCTGGGATTGCTCAGTGGGGCCTGACGGGGATACTTATTGGGGCTCTGGTCTTGGTGGAGAACCGAGAACGGACT
GTACGATAAGTTGGGGCGGTCCAGCTGGGCCTGATTGTACTACGTCATGGAATCCTGGCTTGCACGCCGGCGGCACG
ACAAGCCTTAAGAGATATCAAAGTTCAGCCCTTACAGTTTGCTCAGAACCTTCCCCGCAAAGTGACCGAGCGTCACT
GGCGCGATGTCCTAAAACTAATCATCGAGGGCCGATCCAGTTGTGGCAGTTTTTGCTTGAACTCCTTCACGATGGCG
CGAGGAGCAGTTGCATCAGATGGACCGGTAACAGCAGGGAGTTCCAATTGTGTGACCCCAAGGAAGTGGCTCGACTG
TGGGGTGAGCGCAAACGGAAGCCTGGTATGAATTACGAAAAGTTGAGTAGGGGTTTGCGATATTACTATAGGCGCGA
CATCGTTCGAAAGTCCGGTGGTCGAAAGTACACATACAGATTCGGCGGTCGCGTACCATCTCTTGCATACCCTGATT

GCGCAGGCGGGGGTAGGGGTGCGGAAACACAA
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