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ABSTRACT OF THE DISSERTATION

Mitochondria Akt1 Signaling and Embryonic Stem Cell Differentiation
By
Hsiao-Chen Lee
Doctor of Philosophy in Biomedical Science
University of California, Irvine, 2018

Professor Ping H. Wang, Chair

The ability of self-renewal and the unlimited potential to differentiate into three
germ layers make pluripotent stem cells a key player in regenerative medicine and disease
modeling. Recent studies have shown that several signaling pathways and the bioenergetic
function of mitochondria play critical roles in the regulation of stem cell differentiation and
somatic cell reprogramming. Phosphatidylinositol-3 kinase/Akt signaling (PI3K/Akt) has
been previously reported to be critical for maintaining the pluripotency of embryonic stem
cells (ESC) via interaction with other signaling pathways, such as LIF/JAK/STAT. It has
been shown that Akt translocates into mitochondria after growth factor or cytokine
stimulation in differentiated cells. Herein, we demonstrated the translocation of Akt into
mitochondria also occurs in human embryonic stem cells (hESCs) after serum stimulation.
Intriguingly, our previous data showed that activation of mitochondrial Akt signaling
enhanced somatic cell reprogramming. However, the effect of mitochondrial Akt signaling

on stem cell differentiation has not yet been investigated.
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Testing the effect of temporarily inhibiting mitochondrial Akt1 signaling in hESCs, I
transduced cells with the His-tagged mitochondrial-targeting dominant negative Akt1/GFP
adenoviral vector (Ad-mdnAktl/GFP) or the GFP adenoviral vector (Ad-GFP) and
differentiated spontaneously in vitro in differentiation medium. Evaluating transduction
rate by fluorescence microscopy and flow cytometry and was determined to be over 60%
in both groups. Immunoblotting was used to verify mutant Aktl expression, and
respiratory function of cells was evaluated by an extracellular flux analyzer. Spontaneous
differentiation in vitro was characterized with H&E staining and showed that Ad-
mdnAkt1/GFP treated cells formed more organized colonies than Ad-GFP treated cells. In
line with this, bulk RNA analyzed by human cell lineage identification qPCR array showed
that marker genes of mesoderm and endoderm were up-regulated and marker genes of
ectoderm were down-regulated in Ad-mdnAkt1/GFP treated cells. Further Identification of
unique development by single-cell RNA sequencing revealed inhibition of hematological
and immune cells differentiation and promotion of lung and kidney development, middle
ear morphogenesis and smooth muscle cell differentiation in Ad-mdnAkt1/GFP treated

cells.
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CHAPTER 1

Introduction

Stem cells are defined by two essential characteristics of self-renewal (i.e.,
prolonged undifferentiated proliferation) and developmental potency (i.e., the capacity to
differentiate into more than one cell type). According to the differentiation potential, stem
cells can be classified into three categories: pluripotent, multipotent and unipotent '~
Pluripotent stem cells (PSC), such as embryonic stem cells (ESC) and induced pluripotent
stem cells (iPSC), can give rise to all tissues of the body. Multipotent stem cells, also known
as somatic or adult stem cells, can form the cells of the original tissues to ensure tissue
homeostasis and repair of damaged tissue, but will not become an unrelated lineage under
normal physiologic circumstances. Unipotent stem cells can differentiate into only a single

cell type. For example, spermatogonial stem cells, which give rise to sperm.

The first pluripotent cells were derived from mouse testicular teratoma by L.C.
Stevens in 1958 24, Later, mouse pluripotent stem cells were isolated from the inner mass
of pre-implantation mouse blastocysts and were named embryonic stem cells (ESC) 5.
These cells can be cultured in vitro as unlimited, non-transformed cell lines. To distinguish
PSCs from different origins, those derived from embryos were called “embryonic stem cells”
(ESC) while those from teratocarcinoma cells called “embryonal carcinoma cells” (EC) >.

Until the 1990s, papers on deriving ESC from primate 78 and human ° embryos were

primarily published by James Thomson. Three male human ES cell lines (H1, H13, and H14)



and two female ES cell lines (H7 and H9) were isolated. The morphology of these human
embryonic stem cells (hESC) has a distinctly high nucleus to cytoplasm ratio and prominent
nucleoli. These hESCs maintained the ability to differentiate into all three germ layers,
including ectoderm (neural epithelium, stratified squamous epithelium), mesoderm
(cartilage, bone, smooth muscle, striated muscle) and endoderm (gut epithelium) after
remaining undifferentiated culture in vitro for several months °. A recent advancement has
allowed for the induction of terminally differentiated somatic cells into ESC-like stem cells
by ectopic expression of transcription factors, such as OCT4 (octamer-binding transcription
factor4), SOX2 (SRY (sex-determining region Y)-box 2), KLF-4 (Kruppel-like factor 4), and
c-Myc. Yamanaka et al. first reported the induced pluripotent stem cells (iPSC) generated
from mice. In 200619, and then in the next year, iPSCs generated from human were
published by Yamanaka et al. and Thomson et al. 1112, The iPSCs provides an alternative

source of PSCs in regenerative medicine and cell therapy 10-12,

To give stem cells the promising application, understanding the mechanism
regulating their self-renewal, pluripotency and differentiation is important. Recent studies
support that mitochondria, the sites of cellular respiration and energy production, and
oxidative metabolism, are directly involved in the regulation of stem cell pluripotency 1.13-18
Researchers found that metabolic transition from oxidative phosphorylation (OXPHOS) to
glycolysis was necessary and earlier than the induction of pluripotency 1°. The decrease of
OXPHOS by inhibiting electron transport chain (ETC) respiratory complexes also enhanced
the efficiency and speed of reprogramming 17. On the other hand, emerging evidence has

shown that mitochondrial fusion and fission plays a role in signaling pathways regulating



stem cell proliferation and differentiation. Several studies also reported that the increase
in mitochondrial content and a metabolic shift toward OXPHOS were associated with
embryonic stem cell differentiation. For example, proper cardiomyocyte differentiation

from pluripotent stem cells required an increase in OXPHOS capacity 117.

Other important factors that influence stem cell fate are cell signaling pathways, such
as the Wnt/B-catenin signaling pathway 2021, LIF/JAK/STAT signaling pathway?223, and
PI3K/Akt signaling pathway 2426, Among these signaling pathways, Phosphatidyl-inositol
3-kinase / Akt (v-akt murine thymoma viral oncogene homolog 1, protein kinase B,
PI3K/Akt) signaling pathway plays an important role in maintaining pluripotency and self-
renewal of ES cells through the crosstalk with other signaling pathways 27. PI3K/Akt
signaling regulates diverse processes within cells, including growth (viability, proliferation,
and differentiation) and survival (apoptosis inhibition), glucose metabolism, immune
response, and cell-cell communication282°. Recent studies demonstrated that when cells
are stimulated with insulin-like growth factor-1 or insulin, Akt will be phosphorylated to
form its active state, and then translocated into mitochondria within several minutes 29-31,
So the level of mitochondrial Akt, localized in the matrix and the inner and outer

membranes of mitochondria, is dynamically regulated 2829,

In 2000, Yali et al. reported that FGF signaling through the PI3K/Akt pathway is
required for early epithelial differentiation 32. In 2003, Takahashi et al. reported that
activation of PI3K/Akt signaling is required for the proliferative and tumorigenic activities

of the embryonic stem cells 33. In 2006, Watanabe et al. further showed that active form Akt



could help mouse and primate embryonic stem cells maintain their pluripotency 3.
However, the human embryonic stem cell (hESC) differentiation will be influenced by
mitochondrial Aktl signaling or not is still unknown. Herein, exploring the effect of
mitochondrial Aktl signaling and stem cell differentiation can help us understanding the

crosstalk between mitochondria and stem cell fate.



1.1. Hypothesis and Specific Aims

Hypothesis

Herein, we hypothesized that inhibiting mitochondrial Akt1 signaling during initial
stages of embryonic development could modulate the transcriptional programming
underlining embryonic stem cell differentiation. To address the hypothesis, I set the

following specific aims.

Specific Aims

Aim 1: Determine whether inhibition of mitochondria Akt signaling alters gene expression
profile in hESC during differentiation

Aim 2: Establish single-cell RNA-seq in hESC with 10X Genomics platform

Aim 3: Analyze the effect of mitochondria Akt on hESC differentiation into the specific

lineage and cell types



CHAPTER 2

Mitochondria, Akt1 signaling and Stem Cells

2.1. Mitochondria and Stem Cell Fate

The mitochondria are double-membraned organelles found in eukaryotes and
contain their genome. Mitochondria are believed to be evolved from bacteria because their
genomes are highly similar, which is the hypothesis of endosymbiosis. The mitochondrial
circular genomic DNA resides in the matrix and consists of 37 genes, 13 of which encode
for proteins integrated into the mitochondrial inner membrane, while others encode for
mitochondrial tRNAs and rRNAs 35. Mitochondria are estimated to have a proteome of
~1000-1500 proteins 3¢, and the majority of which are encoded by the cell nucleus. They
are a highly specialized organelle that regulates various cellular functions. The most well-
known function of mitochondria is its role in energy production through a series of coupled
biochemical reactions, which compose the tricarboxylic acid (TCA) cycle. Other important
functions mediated by mitochondria include reactive oxygen species, mediating apoptosis,

calcium signaling, and mitophagy.

The roles of mitochondria in stem cells were noticed recently. Studies have shown
that ESCs contain fewer mitochondria with immature cristae structure. Upon
differentiation, however, the number of mitochondria increases and they become larger
and develop distinct cristae. This increase was demonstrated by a measured increase in

mitochondrial DNA copy number upon ESC differentiation. The distribution of



mitochondria in stem cells was shown to be perinuclear but became homogenously
distributed post differentiation. The interpretations of the morphological differences

between differentiated and undifferentiated cells have yet to be established (Figure 1).

In addition to the differences in morphology, ESCs are also metabolically different
from their differentiated counterparts. ESCs reside in the hypoxic environment during
embryo development; it is, therefore, logical, that embryonic cells rely on anaerobic
metabolism to generate energy 3738, Upon differentiation, however, a metabolic shift was
observed 3941, The development of mature mitochondrial cristae potentially fulfills the
higher demand for mitochondrial respiration in differentiated cells, which facilitates the
metabolic shift from glycolysis to oxidative phosphorylation (OXPHOS). The inhibition of
mitochondrial OXPHOS complex III increased Nanog expression and reduced gene profile
associated with differentiation in hESCs 39. Collectively, these results suggest that
mitochondria-mediated metabolism plays a role during embryo development and stem cell

fate decision.
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Figure 1. Metabolism and Stem Cell Fate. ESC: embryonic stem cell; iPSC: induced pluripotent
stem cell; MSC: mesenchymal stem cell; OXPHOS: oxidative phosphorylation; ROS: reactive oxygen species;
ATP: adenosine triphosphate; TCA cycle: tricarboxylic acid cycle 1. (Modified from Int ] Mol Sci . 2016; 17:253)



2.2. Akt Signaling and Stem Cell Fate

The phosphoinositide 3-kinase/Akt (PI3K/Akt) signaling pathway modulates
several cellular functions, including promoting survival, proliferation, and growth,
inhibiting apoptosis and modulating glucose metabolism. The two major proteins involved

are PI3K (phosphoinositide 3-kinase) and Akt 42-44,

Akt (protein kinase B)

Akt also referred to as protein kinase B (PKB), cellular Akt (c-Akt) or related to
protein kinase A and C (RAC) protein kinase, is a 57 kD cytoplasmic serine/threonine
protein Kinase*546 47, Aktl (PKBa), Akt2 (PKBf) and Akt3 (PKBy) are the three Akt
isoforms expressed in mammalian cells and encoded by different genes. These isoforms
consist of similar structures, which are a pleckstrin homology (PH) domain at N-terminal
region (amino terminus); a connecting hinge region; and a kinase domain at C-terminal
region. Akt2 has 81%, and Akt3 has 83% homology of the amino acid sequence as Akt1 47.
Akt1 is ubiquitously and highly expressed in all tissue. Instead, Akt2 is expressed in skeletal
muscle, liver and adipose tissue, which are insulin-sensitive tissues. Akt3 is highly
expressed in the brain and testis and, to a lesser extent, in the intestine and muscle tissues.
424348 Several reports unveiled the functional differences between Akt isoforms. For
example, overexpression of Akt2 can reverse insulin-mediated glucose intake in Akt2-/-
adipocytes. In human cancer, Akt2 and Akt3 are pathologically increased. In contrast, over-
expression of Aktl failed to generate cancer-related phenotypes, such as increasing cell

motility, invasion, and metastatic potential 43.



Activation of PI3K/AKkt signaling

Akt remains in an inactive conformation in the cytoplasm until activated by
hormones, growth factors or stimuli, such as insulin, platelet-derived growth factor (PDGF),
epidermal growth factor (EGF) or basic fibroblast growth factor (bFGF) 4648, Growth factors
bind to receptor tyrosine kinases (RTK), leading to receptor dimerization and cross-
phosphorylation of tyrosine residues in the intracellular domains. Following this, the
plasma will recruit Class IA PI3K through the phosphorylation-dependent interaction
between the Src homology 2 (SH2) domains in their regulatory subunit p85 and the
phospho-tyrosine residues on the receptor. This interaction stabilizes the catalytic subunit,
p110 of PI3K, and allows for full activation of PI3K. Activated PI3K phosphorylates
phosphatidylinositol-3,4-bisphosphate (PI-3,4-P2 or PIP2) to generate
phosphatidylinositol-3,4,5-trisphosphate (PIP3) as a secondary messenger 43. Akt interacts
with PIP3 through binding of its PH domain and subsequently translocates to the plasma
membrane. PIP3 also binds phosphoinositide-dependent kinase 1 (PDK1), which
phosphorylates Akt kinase domain on Thr308 and results in partial activation of Akt. Full
activation of Akt needs further phosphorylation of Ser473 by multiple proteins, including
phosphoinositide-dependent kinase 2 (PDK2), integrin-linked kinase (ILK) #7, the
mechanistic target of rapamycin complex (mTORC) and DNA-dependent protein kinase
(DNA-PK) 4°. Once Akt is activated, Akt dissociates from the plasma membrane and is
phosphorylated targets in the cytoplasm and nucleus to modulate its biological function,
such as promoting cell survival by inhibiting apoptosis. Noteworthily, the localization of
Akt in mitochondria and accumulation of active Akt in mitochondria was also observed and

reported by Bijur et al. in 2003 29,

10



Akt signaling influences stem cell fate

Several signaling pathways have been demonstrated to play important roles in stem
cell fate, including the Wnt/B-catenin signaling pathway 2021, LIF/JAK/STAT signaling
pathway?223, bone morphogenic protein (BMP) signaling pathway 5051, transforming
growth factor-beta (TGF-f) signaling pathway 32, FGF signaling pathway and PI3K/Akt
signaling pathway 2426, Among these signaling pathways, PI3K/Akt signaling plays an
important role in maintaining pluripotency and self-renewal of ES cells and its components
crosstalk to LIF/JAK/STAT signaling, Wnt/-catenin signaling and TGF-§ signaling 27. In
2000, Yali et al. reported that early epithelial differentiation requires FGF signaling through

the PI-3-K/Akt pathway 3.

Takahashi et al. reported the importance of PI3K pathway activated by growth
factors and cytokines, including insulin and LIF, in proliferation, survival, tumorigenicity,
and maintenance of pluripotency to mouse ESC (mESC) >4 Ling et al. also demonstrated
that the PI3K signaling pathway, independent of canonical Wnt signaling, is sufficient to
maintain self-renew and survival in mESCs. They found ES cells actively expressing 3-
phosphoinositide-dependent protein kinase-1 (PDK1) or Akt maintained pluripotency and
LIF-independent Oct4 expression, lost both when treated with Akt inhibitors.>>
Interestingly, other studies showed that Akt is phosphorylated throughout murine
preimplantation development and PI3K/Akt pathway plays a critical role in
preimplantation embryo survival 5657, Riley et al. reported that inhibition of Akt activity
had significant effects on the normal physiology of the murine blastocyst and trophoblasts,

specifically resulted in a reduction in insulin-stimulated glucose uptake and delayed in

11



blastocyst hatching 57. Lonai et al. demonstrated that fibroblast growth factor (FGF)
signaling through PI3K/Akt pathway is necessary for murine embryoid body (EB)
differentiation. Short-term inhibition of Akt activation by wortmannin (inhibiting Akt
activation for 10 minutes) did not affect murine EB differentiation, but long-term inhibition
by Ly294002 (PI3K inhibitor) inhibited the differentiation of murine ESCs into murine EB
by the third day of culture 58. Paling et al. also demonstrated that inhibition of PI3K via
dominant negative Ap85 or Ly294002 led to a reduction in the ability of LIF to maintain

self-renewal and concomitantly promotion of mouse ES cell differentiation 5559,

In hESC, Ho et al. reported that ELABELA (ELA), an endogenous peptide hormone
produced by human ESCs, supports self-renew and prevents apoptosis upon cellular stress
through activating PI3K/Akt signaling pathway. On the other hand, ELA primes hESCs for
endodermal differentiation through TGF-f signaling 24 Intriguingly, Armstrong et al
demonstrated the down-regulation of PI3K/Akt, MAPK/ERK and NFxf3 pathways during
hESC differentiation 0. Other researchers reported that the expression of Akt2 increased
drastically during the differentiation of adipose tissue and skeletal muscle 47. Taken
together, the PI3K/Akt signaling pathway plays an important role in maintaining

pluripotency and differentiation.

12



2.3. Mitochondrial Akt Signaling

Akt was previously reported to localize in the cytosol and nucleus to play its vital
role in many cellular processes such as apoptosis, proliferation, and survival. In 2003, Akt
was found to reside in the matrix and inner and outer membranes of mitochondria and was
not merely attached to the outer surface of mitochondria in SH-SY5Y human
neuroblastoma cells by Bijur and Jope for the first time 2°. It was shown that Akt
translocated to the mitochondria within a few minutes and reached peak level around 15
minutes after stimulation with growth factor, insulin or stress. Furthermore, -subunit of
ATP synthase, Complex V of mitochondria electron transport chain, and glycogen synthase
kinase-3 (GSK3f) were phosphorylated following translocation of Akt to mitochondria.
2961 Another report mentioned that heat shock protein 90 (HSP90) is responsible for Akt
accumulation in the mitochondria in unstimulated cells 62, However, the role of Akt in

mitochondria of ESC has not been previously investigated.

13



2.4. Akt Translocated Into Mitochondria After Serum Stimulation In hESC

To confirm that serum stimulation influences the translocation of Akt into
mitochondria in hESCs, the cells were starved then treated with serum and the purified
cytosolic, and mitochondria fractions were immunoblotted for phosphorylated (S473) and

total (E45) Akt.

Materials and Methods

Serum starvation and stimulation in hESC

Feeder-free undifferentiated hESCs (H9, Passage 62-66) were grown on Matrigel
(BD Biosciences) coated plate in mTeSR™1 (STEMCELL Technologies) and were passaged
every 4-7 days with ReLeSR™ (STEMCELL Technologies) 364 For serum starvation, hESC
were cultured up to 80% confluency and pretreated with fresh full mTeSR™1 medium 6
hours. After washing with 1X Phosphate-buffered saline (PBS, Sigma), hESCs were

incubated in mTeSR™1 basal medium for 8 hours at 37°C, 5% COx-.

Serum-starving hESCs were washed with 1X PBS twice, then incubated with

mTeSR™1 basal medium (no serum) or full mTeSR™1 medium (serum stimulation) at 37"

C, 5% CO2 for 15 minutes 29. Cells were harvested by scraper after ice-cold PBS washed
three times. The graphs represent the results from three independent experiments
analyzed with densitometry. Six 10-cm dishes were collected in each group (with or

without serum stimulation).
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Subfractionation of mitochondria and cytosol
Cells were harvested by scraper after ice-cold 1X PBS washed three times then spun

down at 200 g at 4°C for 10 minutes. Cell pellets were suspended in ice-cold lysis buffer

(Mitochondria Isolation Kit for human cell, Miltenyi Biotec, cat. no. 130-094-532) with
protease inhibitor (Sigma FAST™ protease inhibitor, cat. no. S8820), 1.0 mM
phenylmethylsulfonyl fluoride (PMSF), 20 mM NaF, 2 mM NazV04, 1.0 mM dithiothreitol
(DTT). After incubating on ice for 10 minutes, the cells were homogenized with ten strokes
of loose pestle and 35 strokes of the tight pestle. The cell debris was removed by
centrifugation at 1,000g for 10 minutes twice. 1.0 ml of supernatant was mixed with 9.0 ml
1X separation buffer and 50 pl Anti-TOM22 MicroBeams well, then incubated for 1 hour in
the cold room (4°C) with gentle shaking. An LS column (MACS Separation Columns, Cat. No.
130-042-401) was placed in the MidiMACS Separation Unit and rinsed with 3 ml of 1X
separation buffer. After labeling mitochondria, the mitochondrial suspension was loaded
into the reservoir of the LS column and ran through. The column was washed three times
with 1X separation buffer. The magnetically labeled mitochondria were flushed out
immediately. The mitochondria suspension was centrifuged at 13,000g for 2 minutes at 4°C,
and the resulting mitochondrial fractions which were washed with mitochondria isolation
buffer (20 mM HEPES-KOH, pH 7.2, 10 mM KCI, 1.5 mM MgCl2, 1.0 mM sodium EDTA, 1.0
mM sodium EGTA, 1.0 mM dithiothreitol (DTT) and 250 mM sucrose), supplemented with
1X protease inhibitor (Sigma FAST™ protease inhibitor, $8820), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 20 mM NaF, and 2 mM Na3VO. and centrifuged at
13,000g for 2 minutes at 4°C. Total cells were lysed in lysis buffer (10 mM Tris pH 7.5, 150

mM NaCl, 1% Nonidet P-40 (NP-40), 0.5% Na deoxycholate, 0.1% SDS, 1 mM EGTA)
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supplemented with 1X protease inhibitor (Sigma FAST™ protease inhibitor, $8820), 1 mM
PMSF, 20 mM NaF, and 2 mM Na3V04. The protein concentration of mitochondria was

determined by the Bradford method.

Electrophoresis and western blots

Equal amounts (10 pg) of proteins from each sample (total cell lysate, cytosolic
fraction and mitochondria lysate) were separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore), and
incubated with the blocking buffer (5% BSA/TBS-T (20mM Tris-HCl (pH7.5), 137 mM Na(l],
and 0.1% Tween 20) for 1 hour at room temperature. The PVDF membranes were probed
with primary antibodies (p-Akt (Ser473, DOE), Cell signaling, 4060L; a-actinin, Santa Cruz
sc-15335; VDAC1, Millipore AB10527; total Akt (E45), Abcam, ab32038 ) at 1:1000 dilution
in 5% BSA/TBS-T overnight at 4°C, washed three times with 1XTBS-T, then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell signaling, 7074S) at
1:2,000 (all other primary antibodies) or 1:10,000 (for p-Akt antibody) dilution in 5%
BSA/TBS-T for 1 hour at room temperature. After TBS-T wash, the membranes were
incubated in SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific,
34096) or SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, 34578)
for 5 minutes. Then the bounded proteins were detected with chemiluminescence system

(SYNGENE G: BOX).
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The intensity of p-Akt, total Akt and VDAC1 were calculated by Image J. Total Akt,
and p-Akt were normalized by VDACI1. Statistical significance was evaluated by the

Student’s t-test with excel and set at p < 0.05.

Results and Discussion

Translocation of phospho-Akt into mitochondria after serum stimulation

Low amount of phospho-Akt (p-Akt) was detected in total cell lysate and cytosolic
fraction lysate but not a mitochondrial fraction (Figure 2). Phospho-Akt (p-Akt) increased
after 15-minute serum stimulation in all lysates, especially in the cytosolic fraction. Total
Akt (E45) was detected in all samples. Noteworthy, total Akt but no p-Akt in mitochondrial
fraction was detected in serum starving cell, while total Akt was increased in mitochondrial
fraction but slightly decreased in cytosolic fraction after serum stimulation. Comparing to
serum-starved cells, p-Akt and total Akt in mitochondria significantly increased (p<0.01)
after serum stimulation (Table 1). The increasing ratio of total Akt was 1.4 and p-Akt was
16.1 (Figure 3). Also, the elevation of p-Akt over total Akt in mitochondria was 12-fold and
highly significant (p<0.001), which is compatible with previously published data 2°. Taken
together; it suggested that Akt locates in mitochondria as an inactive form and translocates
from the cytosol into mitochondria as an active form after serum stimulation in hESCs,

same as in other differentiated or somatic cells.
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Table 1. Fold change of Akt in mitochondria with or without serum stimulation

p-Akt/VDAC Akt/VDAC pAkt/Akt
Serum stimulation - + - + - +
Folds 1 16.1 1 1.4 1 12.1
SEM 0.34 0.46 0.10 0.03 0.27 0.25
p-value <0.0001 0.0063 <0.0001
Total Mito Cyto
Serum - + - + - +
oAkt (S473) -—
Akt (E45) pra— -
Actinin — -— - -
——
VDAC JREp—
Figure 2. Translocation of phospho-Akt (p-Akt) into mitochondria after serum

stimulation in hESCs. Total cell lysate, mitochondrial fraction and cytosolic fraction lysate of hESCs (H9)
with and without serum stimulation were collected. Protein was separated by 10% SDS-PAGE. The cytosolic
and mitochondrial subfractionation were immunoblotted for the compartment-specific proteins a-actinin and
VDAC (or porin), respectively. With serum stimulation, all samples showed higher p-Akt (S473), especially
the cytosolic fraction. Total Akt (E45) increased in mitochondrial fraction but decreased in the cytosolic
fraction. The immunoblots demonstrated that p-Akt translocated into mitochondria after serum stimulation.
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Figure 3. Quantification of p-Akt in mitochondria after serum stimulation in H9 cells.
Mitochondria fraction from three individual samples of hESCs (H9) in each group was immunoblotted for
total Akt (E45), p-Ser473-Akt, and VDAC. Protein bands were analyzed by Image |. Increasing of p-Akt (A),
total Akt (B), and p-Akt over total Akt (C) were highly significant after serum stimulation (** p< 0.01). Taken
together, it showed that the increase of p-Akt in mitochondria is translocated from the cytosol, as well as
activation of Akt in the mitochondria.
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2.5. Mitochondrial Akt1 Signaling Enhanced Reprogramming

To study the effect of mitochondria Aktl signaling on stem cell fate, two constructs
were mitochondria-targeting dominant negative Aktl (Mito-dnAktl) and a constitutive
active Aktl (Mito-caAktl) construct carried by adenoviral vector or lentiviral vector.
Expression of Mito-dnAkt1 protein and Mito-caAkt1 protein in mitochondria were verified
by western blot 31424865 Qur preliminary data showed that Sox2 and Oct4 protein
expression were higher when transduction of Mito-Akt1 vector in hESCs (H1). In contrast,
Mito-dnAkt1l transduced hESCs lost pluripotency markers, such as Oct4, stage-specific
embryonic antigen-4 (SSEA-4) and alkaline phosphatase (AP). These results suggested that

mitochondrial Akt1 signaling played a role in stem cell pluripotency and differentiation.

Throughout the past decade, induction of pluripotency stem cells from somatic cells
with defined factors, also known as Yamanaka factors, became an important tool in
regenerative medicine, disease modeling, and stem cell biology research 10-12, We
hypothesized that mitochondrial Akt1 signaling might enhance induced pluripotency stem
cell (iPSC) reprogramming. With the same constructs mentioned, we found that adding the
Mito-Akt1 adenoviral vector in the protocol of mouse & human fibroblasts reprogramming
generated significantly higher alkaline phosphatase (AP)-positive colonies than control
viral vector only. Also, the number of mouse pluripotency marker, SSEA-1, positive iPS cells
significantly increased after adding Mito-Aktl but significantly decreased after Mito-
dnAkt1 were added 5. These provide evidence that mitochondrial Akt1 signaling enhanced

iPSC reprogramming and reduced the iPSC production efficiency when it was inhibited.
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Herein, the effect of inhibiting mitochondrial Aktl signaling during initial stages of

embryonic development was tested in this dissertation.
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Chapter 3

The Effect of Mitochondrial Akt1 Signaling on Stem Cell Differentiation

3.1 Introduction

In order to dissect the effect of inhibiting mitochondrial Akt1 signaling on stem cell
differentiation, we generated a mitochondrial-targeting dominant negative Akt1 expressing
adenoviral vector. With this adenoviral vector, we designed a protocol to differentiate
hESCs in vitro in three conditions: without adenoviral vector (C group), adenoviral vector
only (GFP group) and an adenoviral vector carrying mdnAktl construct (mDN group) to

verify our hypothesis (Table 2).

Table 2. Design of experiment group

Group Adenoviral Vector
Control (C) No
GFP (G) GFP (Ad-GFP)
mDN Mitochondria-targeting dominant negative Aktl and GFP

(Ad-mdnAkt1/GFP)

22



3.2 Materials and Methods

Cell line and cell culture

Feeder-Free undifferentiated hESCs (H1 & H9, Passage 38-44) were maintained on
matrigel-coated plate in mTeSR™1 (STEMCELL Technologies) and were passaged every 4-
7 days with ReLeSR™ (STEMCELL Technologies) 6364 For spontaneous differentiation in
vitro, hESCs were cultured in differentiation medium, which contained Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12, Sigma, D8437) supplemented with 10% fetal bovine
serum (FBS, Omega Scientific, FB-12), 1 mM sodium pyruvate (Gibco, 11360-070), 0.1 mM
nonessential amino acid (NEAA, Gibco), 2 mM L-glutamin (Gibco) and 55 uM 2-
mercaptoethanol (Gibco) 6.

HEK 293 cell line cultured in DMEM/F12 supplemented with 10% FBS, 1 mM
sodium pyruvate, 0.1 mM NEAA and 2 mM L-glutamin. Neonatal human dermal fibroblast
(nHDF, passage 4-7) cultured in DMEM/F12 supplemented with 10% FBS, 2 mM L-

glutamin.

Mitochondrial-Targeting Akt1 Construct

To study the effect of mitochondrial Akt1 signaling, we generated a new adenoviral
vector carrying a his-tagged mitochondria-targeting dominant negative Aktl and green
fluorescent protein (GFP) construct (Ad-mdnAkt1/GFP) (AdEasy Adenoviral Vector Systems,
Agilent Technologies). This construct consisted of two separated sequences: mdnAkt1 and
GFP, each driven by their CMV promoters 42. The sequence of mdnAktl contains three

modifications to endogenous Aktl. The first modification is a mitochondrial targeting
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sequence (MSVLTPLLLRGLTGSARRLPVPRAKIHSL) at the amino terminus of the Aktl
sequence. The second one is a mutation from Lys179 (K) to methionine179 (M) on kinase
domain?¢. The final modification is his-tag was fused at the carboxyl terminus of the Akt1
sequence, which can be used to detect protein expression (Figure 4). Control adenoviral
vector carries GFP protein only (Ad-GFP). The transgene expression was examined by

western blot with the anti-His antibody (Cell signaling, D3110) (Figure 8(C)).

Mito-dnAktl/GFP

Kl T9*>B'Il 79

- PH Domain . Kinase Domain I I . GFEP ___
L )
dnAlktl

. Mitochondrial targeting sequence
(MSVLTPLLLRGLTGSARRLPVPRAKIHSL)

I:l 6XHis

GFP GFP

CMYV promotor

Figure 4. His-tagged Mitochondria-targeting dominant negative/GFP construct Mito-
dnAktl, and GFP gene is driven by CMV promoter (yellow arrow) individually. Mitochondrial targeting
sequence is highlighted as the blue box, and 6X his-tag is highlighted as a brown-yellow box. Functionally
important amino acid residues in the pleckstrin homology (PH) and kinase domains are noted. The 6X His
epitope tag is on the carboxyl terminus of constructs; the mitochondrial sequence is on the amino terminus.
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Viral vector amplification and titer

The two adenoviral vectors, Ad-GFP and Ad-mdnAkt1/GFP, was amplified in HEK
293 cells. To collect viral vector, transfected HEK 293 cells was broken by freeze-thaw
cycle three times, then was spun down at 16,000g for 30 minutes at 4°C. Collecting
supernatant, then the supernatant was spun at 16,000g for 30 minutes at 4°C. The viral

vectors-contained supernatant was collected.

The viral concentration (or viral titer) was verified by viral plaque assay. 768 The
day before the assay, HEK 293 cells were seeded on two 6-well vessels at 90 - 100%
confluence. A ten-fold serial dilution of viral vector solution was performed in DMEM/F12

medium. The 500 ul serial dilutions were added in each well and incubated at 37°C, 5% CO-
for 1 hour. The full medium with 0.3% agarose was pre-warmed in 42°C water bath, then

added 2 ml per well as agarose overlay and cooling at room temperature for 20 minutes.
After the addition of overlay, the HEK 293 cells were incubated at 37°C, 5% CO: for ten
days. HEK 293 cells were fixed by adding 1 ml of 10% formalin (Protocol, 245-684) for
overnight. GFP expressed viral colonies were counted under a fluorescence microscope to
calculate plaque forming units (pfu) and multiplicity of infection (MOI). At least two

technical repeats were done for each viral vector.
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Transduction of human fibroblasts by adenoviral vector
Human fibroblasts were trypsinized to single cells and incubated with an equal viral

titer of Ad-GFP and Ad-mdnAkt1/GFP in full medium at 37°C, 5% CO: for 1 hour. Then the

cells were plated out. GFP expression was observed under EVOS microscope 48-72 hours

after transduction.

Transduction of hESC by adenoviral vector
Based on the above two new adenoviral vectors, we designed three experiment
groups: Control (no viral vector), GFP (Ad-GFP viral vector) and mDN (Ad-mdnAkt1/GFP

viral vector) (Table 2).

To harvest single cells of hESCs, hESCs were cultured until reached 60 - 80%
confluence, changed fresh mTeSR™1 medium 6 hours ahead and added rock inhibitor
(Thiazovivin, final concentration 2 uM, STEMCELL Technologies ) one hour before harvest.
Cells were detached by Accutase® (STEMCELL Technologies) as the manufacturer’s manual.
The collected cell pellet was re-suspended in mTeSRTM1 supplemented with rock inhibitor;
then cell number was counted. For each experiment group, the single cell suspension was

incubated with one MOI viral vector or no viral vector at 37°C, 5% CO; for 1 hour. Then

cells were plated back to the matrigel-coated well in the density of 1x10¢ cells / well of 6-
well vessel®®69, On the next day, the mTeSR™1 medium was replaced by 4 ml/well
differentiation medium (DMEM/F12 with 10% FBS) for spontaneous differentiation in vitro.

The differentiation medium was changed every 2 - 3 days (Figure 5).
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Transduction with Adenoviral
vector (GFP or mdnAkt/GFP)

Cells: hESC
AT DO
Trypsinization 0 Plating
- Q
A() = l l O ‘ J
Centrifugation —_—
1x108 cells/tube
37°C 60 mins Matrigel coated dish Matrigel coated dish Analvsis
mTeSR1 medium Differentiation medium ST
Transgene Mitochondria Morphology Bulk RNA profiling Chl;laracten;e
expression Function H&E staining with gqRT-PCR array ce type_s Y gi!}e
(48-72 hrs) (48-72 hrs) for cell lineage screening ~ SXPression profile

Figure 5. Experimental protocol for the analysis of human embryonic stem cell
differentiation (hESC)

Evaluation of transduction efficiency by fluorescence microscopy

GFP expression was assessed with Eclipse Ti fluorescence microscope (Nikon) or
EVOS microscope (Figure 8 (A)). Twenty-four hours after transduction, GFP started to
express and reached peak signal around 48 to 72 hours. GFP signal decreased drastically
after five days of transduction. Only a few cells expressed GFP up to 2 weeks, particularly in

mDN group.

Evaluation of transduction efficiency by flow cytometry

Transduction rate was quantified by flow cytometry 48-72 hours post-transduction
(Figure 8(B)). Cells were detached by Accutase and re-suspended in 2% FBS in 1X PBS for
GFP expression analysis with BD LSR II Flow Cytometry Analyzer. Four individual samples
in each group were counted. FACS data were analyzed with Flow Jo V10. GFP positive cells

were presented as mean = SD %. Median intensity was presented as mean * SD.
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Transgene expression examined by western blot

Cells were harvested by scraper after ice-cold PBS washed three times and
suspended in ice-cold mitochondrial isolation buffer supplemented with a protease
inhibitor, 1 mM PMSF, 20 mM NaF, and 2 mM Na3zVOs. After incubating on ice for 30
minutes, these cells were homogenized by using a Dounce homogenizer with 10 strokes of
loose pestle and 35 strokes of the tight pestle. The cell debris was removed by
centrifugation at 1,000g for 10 minutes twice at 4°C and mitochondria contained
supernatant was centrifuged at 10,000g for 30 minutes at 4°C. The supernatant was
collected as cytosolic fraction. The mitochondria pellet was re-suspended in mitochondria

isolation buffer and spun down at 10,000g for 30 minutes at 4°C.

The protein concentration of mitochondrial and cytosolic fractions was determined
by the Bradford method (Bio-Rad, protein assay dye reagent concentrate, 5000006).
Proteins extracted from the cytosolic and mitochondrial fractions were separated by 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDM. The
mdnAktl protein translated from transgene was identified with the N-Aktl antibody
(1:1000, Cell Signaling, 2938s) and anti-His antibody (1:1000, Cell Signaling, D3110).
Mitochondria fraction was verified with MnSOD antibody (1:1000, Millipore, 06-984) and
VDAC antibody (1:2000, Calb-chem). Cytosolic fraction was verified with Alpha-tubulin

(1:1000, Santa Cruz, sc-15335).
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Analysis of cell respiration by extracellular flux analyzer

Mitochondria respiration of hESC (H1) in three experiment group was evaluated
and analyzed by mitochondrial stress test using Seahorse Bioscience XF24 Extracellular
Flux Analyzer (Seahorse Bioscience, North Billerica, MA) and following the manufacturer's
protocol 79. Cells post 48 hours transduction were detached with Accutase, plated in the
density of 8.0 x10# cells per well in Matrigel-coated 24-well Seahorse XF-24 assay plate and

grown at 37°C, 5% CO2 overnight before analysis. Before analysis, cells were washed once

with freshly prepared KHB buffer (111 mM NaCl, 4.7 mM KCl, 2 mM MgS04, 1.2 mM
Na2HPO04, 2.5 mM glucose and 0.5 mM carnitine; pH 7.4) and incubated in KHB buffer at
37°C in a non-CO2 incubator for 1 hr. Three baseline measurements of oxygen
consumption rate (OCR) were taken before sequential injection of following mitochondrial
inhibitors and final concentration: oligomycin (1 g/ml), carbonilcyanide p-
triflouromethoxyphenylhydrazone (FCCP) (3 uM) and rotenone (0.1 pM). Three
measurements were taken after the addition of each inhibitor. OCR and ECAR values were
automatically calculated and recorded by the Seahorse XF-24 software. The basal
respiration was calculated by averaging the three measurements of OCR before injection of
oligomycin substrate OCR after injection of rotenone. ATP-linked respiration was
calculated by averaging the three measurements of OCR difference before and after
injection of oligomycin. Non-mitochondrial oxygen consumption was calculated by average
the three measurements of OCR after rotenone injection. Data were presented as mean *

SEM unless noted otherwise. Student’s t-test evaluated statistical significance as p < 0.05.
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Evaluating spontaneous differentiation in vitro by hematoxylin and eosin (H&E)
staining

After four weeks of spontaneous differentiation in vitro, cells were washed with 1X
PBS twice then fixed in 4% paraformaldehyde (Electron Microscopy Sciences, RT 15710)
for 1 hour. After washing with 1X PBS twice, cells were stained with H&E. Whole well

scanning for each group was recorded by Eclipse Ti fluorescence microscope (Nikon).

Cell lineage screening with a qRT-PCR array

For feasible cell lineage or cell type identification, total RNA of differentiated cells
21st -day post-transduction was isolated with TRIzol® LS Reagent (Life Technologies,
10296-028). Thermo Scientific™ NanoDrop 2000 and 2000c are used to quantify and
assess the purity of RNA. RNA was reverse transcribed into complementary DNA (cDNA) by
using RT? First Strand Kit (Qiagen), then the cDNA mixed with RT? SYBR Green Fluor qPCR
Mastermix (Qiagen) was loaded in Human Cell Lineage Identification RT? Profiler PCR
Array (Qiagen). All procedures were done as manufacture protocol. The quantitative
reverse transcription polymerase chain reaction (QRT-PCR) was performed and analyzed
by the Applied Biosystems ViiA 7 Real-Time PCR System (ThermoFisher Scientific). Quality
evaluation and data analysis were done with Qiagen software

(http://www.qiagen.com/geneglobe).
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3.3 Results and Discussion

Mitochondrial Akt1 gene expression in human fibroblast and hESC
To verify the consistency between adenoviral vectors, viral titer, and transgene
expression, human fibroblasts were incubated with the equal MOI of Ad-GFP or Ad-

mdnAKkt1/GFP viral vector at 37°C for 24 hours. Seventy-two hours after transduction, GFP

expression, representatives of transgene expression, was observed in more than 80% of
Ad-GFP or Ad-mdnAkt1/GFP transduced fibroblasts (Figure 6). Hence, the transduction
efficiencies of these two viral vectors in human fibroblasts were the same in differentiated

cells.
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Figure 6. Human fibroblasts transduced with Ad-GFP and Ad-mdnAkt1/GFP. Incubated
human fibroblasts with an equal viral titer. Transduction efficiencies were evaluated 72 hours after viral
vector incubation. GFP expression in Ad-GFP (GFP) or Ad-mdnAkt1/GFP (mDN) transduced cells is around
80~90%.
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Based on this preliminary data, the equal viral titer was mixed in the mTeSR1
medium for Ad-GFP and Ad-mdnAkt1/GFP transduction in hESC. Unlike human fibroblasts,
poor GFP expression rate (lower than 10%) was found when hESCs were maintained in the
mTeSR1 medium. (Data was not shown here) Previous studies also reported a wide range
of transduction rates in hESC with the adenovirus vector. For instance, hESC transduced
with MOI of 500 obtained transduction rate of 11% 6 or MOI of 50,000 obtained
transduction rate of 59% 71. Kawabata et al. found that some types of stem cells cannot be
efficiently transduced with an adenovirus vector containing the cytomegalovirus (CMV)
promoter due to lack of coxsackievirus and adenovirus receptor (CAR) ¢°. In mES cells,
elongation factor 1la (EF-1a) and CA (B-actin promoter/CMV enhancer) promoters were
shown to be highly active, while the CMV promoter was inactive 72. In other words, the

adenovirus vector with CMV promoter had higher transduction rates in differentiated cells.

For increasing the transduction rate, two modifications of the initial transduction
protocol were applied, including incubation of viral vectors with single cell suspension for
one hour and replacement of mTeSR1 medium to differentiation medium (DMEM/F12
supplemented with 10% FBS) 24 hours after transduction. Through single cell suspension
transduction, adenoviral vector (Ad-GFP & Ad-mdnAkt1/GFP) was transduced into hESC
efficiently. When adding equal MOI or no viral vector, transduction efficiency quantified by
flow cytometry after 48 hours transduction was 3.76 * 0.52 % in control group,
66.0 = 3.44% in GFP group and 90.5 * 2.56 % in mDN group respectively (Figure 7).
Median fluorescence intensity was 8720 + 248 in control group, 40458 + 8282 in the GFP

group and 153574 + 50957 in mDN group (Table 3).
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Table 3. Transduction efficiency evaluated by flow cytometry

Control GFP mDN

GFP expression % 3.76 66.0 90.5

SD 0.52 3.44 2.56
Median intensity 8720 40458 153574
SD 248 8282 50957

100

80 |

60

a0 |

GFP expression (%)

20 |

Control GFP mDN
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Figure 7. Transduction efficiency calculated by flow cytometry (A) Bar graph; (B) Gating
according to cell size and granularity; (C, D, E) Histogram and statistics data calculated by Flow Jo. C: Control;
D: Ad-GFP (GFP); E: Ad-mdnAkt1/GFP (DN)
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Observing GFP positive cells under a microscope, there were more GFP positive cells
and stronger GFP signaling in mDN group (Figure 8). In western blot, 6X His-tag antibody
detected mutant Akt protein expressed in the mitochondrial fraction of mDN group only.
The larger size protein detected by Akt1l antibody was the same size protein detected by 6X
His-tag antibody. Both VDAC1 antibody and MnSOD antibody were detected in
mitochondria fraction, but alpha-tubulin antibody was not detected in the mitochondrial
fraction. The immunoblotting suggested that the mutant Akt size was bigger than

indigenous Akt and specifically located in mitochondria (Figure 8(B)).

Interestingly, the mutant Akt was also detected by Aktl antibody in the cytosolic
fraction. Both VDAC1 antibody and MnSOD antibody were not detected in the cytosolic
fraction; this showed that the cytosolic fraction did not contaminate by mitochondria.
There was also a faint band detected by 6X His-tag antibody in the cytosolic fraction, but
the size of this faint band was bigger than the one detected in the mitochondrial fraction.
Because the adenoviral vector was an over-expressed system for the transgene, the mutant
Akt protein was expressed abundantly; there was some mutant Akt protein can be detected
before it was translocated into mitochondria. Taken together, this mutant Akt protein was

modified or cut when it was translocated into mitochondria to become an active form.
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Figure 8. Transgene expression in hESCs (A) GFP expression observed under EVOS microscope

(scale bar: 200 pm). (B) Immunoblot showed mdnAkt1 protein expressed in mitochondria. C: control, GFP:
Ad-GFP, mDN: Ad-mdnAkt1/GFP.
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Comparing to transduction of the equal MOI to human fibroblasts, similar GFP signal
intensity and GFP positive cell numbers were observed under EVOS microscopy in Ad-GFP
or Ad-mdnAkt1/GFP group (Figure 6). The result suggested the cells transduced by the
same MOI of Ad-GFP and Ad-mdnAktl/GFP adenoviral vector were able to express
transgene equally. However, the same MOI transduced into hESCs expressed GFP
differently. The GFP positive cells found in mDN group were more than in the GFP group
(Figure 8(A)). Analyzing by flow cytometry and Flow Jo v10, cells in mDN group showed a
higher percentage of GFP positive cells and stronger median fluorescence intensity.
According to published reports, the CMV promoter was relatively inactive in stem cells.
Therefore, the higher GFP expression in mDN group suggested that the hESC differentiation

was faster when mitochondrial Akt1 signaling was inhibited.
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Elevation of mitochondria oxygen consumption rate

Mitochondria stress testing showed that the oxygen consumption rate (OCR) of
mitochondrial basal respiration elevated drastically in mDN group, about two-fold over
GFP group (p < 0.001). (Figure 9 (A)) At the same time, OCR of non-mitochondria
respiration and ECAR increased significantly in mDN group (p < 0.05) compared to GFP or
control group, but there was no statistical difference between GFP and control group (p >
0.05). (Figure 9 (C, D)) This indicated that inhibition of mitochondrial Aktl signaling
increased oxygen consumption by both mitochondrial and non-mitochondrial respiration.

Noteworthy, the mitochondrial proton leak of mDN group also increased by 1.9 fold
compared to GFP (p < 0.001). (Figure 9 (E)) Mechanisms of mitochondrial proton leak, a
process that dissipates energy generated through electron transport chain, includes direct
movement of protons across the mitochondrial inner membrane, diffusion through or
around integral membrane proteins and inducible transport through the adenine
nucleotide translocase (ANT) or uncoupling proteins (UCP1, UCPx).”’* Previous studies
have shown that higher proton leak is linked to higher oxidative phosphorylation rates,
resulting in protection by mild uncoupling against excessive reactive oxygen species (ROS)
production’>. The increased of proton leakage after mitochondrial Akt1 signaling inhibition

may correspond to elevated mitochondrial respiration and ROS production.
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Figure 9. Inhibition of mitochondrial Akt1 singling alters mitochondria function in
hESCs Mitochondrial respiration was evaluated by Seahorse Bioscience XF24 Extracellular Flux Analyzer.
Oxygen consumption rate (OCR) of mitochondria basal respiration and non-mitochondria respiration were
highly significantly elevated in mDN group. ECAR were also increased (p < 0.05). Noteworthy, proton leak
drastically increased, corresponding to protect cells against excessive ROS production by uncoupling.
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Morphological evaluation by H&E staining

Human ESCs transduced with Ad-GFP, or Ad-mdnAkt1/GFP differentiated in vitro
led to many cell types and organized cell colonies after 28-day differentiation (Figure 10).
The organized cell colonies of the mDN group were bigger than those of the GFP group.
Also, more cell types were observed in the mDN group. The differentiated cells were found
earlier in mDN group than in GFP group 7-day after transduction. The most obvious
differentiation differences were found 21-day post-transduction (Data were not shown
here). In line with this, inhibiting mitochondrial Akt1 signaling for a short duration led to

faster differentiation, more cell types, and more organized or mature cells.
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Ad-mdnAktl/GFP

Figure 10. In Vitro spontaneous differentiation of hESCs transduced with Ad-GFP or

Ad-mdnAkt1/GFP (A) GFP group (B) mDN group. Transient mitochondrial Akt1 signaling inhibition (B)
in early differentiation led to more cell types and more organized cells.
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Cell lineage-specific gene expression

Based on the above findings, I decided to explore the cell types on the 21th-day after
transduction according to the bulk RNA (also known as total RNA) and human cell lineage
identification PCR array. The cutoff value was set as fold change over 1.5 folds and p < 0.05.
Comparing to the GFP group, some genes were expressed differently in mDN group (Figure
11 and Table 4). In the ectoderm lineage, the following marker genes were significantly
up-regulated, including ectoderm (OTX2 and FOXD3), neural progenitor (SOX2 and
PROM1), limbal progenitor (MSLN and ENO1), and motor neuron progenitor (FOXG1). No
terminal differentiation marker genes from ectoderm lineage were significantly up-
regulated. In the endoderm lineage, significantly up-regulated marker genes of lung cell
(SFTPD) and hepatic stem cell (MAP3K12) were noted. Noteworthy, DDP4, a hepatic stem
cell marker gene, was the only one significantly down-regulated gene in mDN group

comparing to the GFP group.

In the mesoderm lineage, mesoderm marker genes (BMP4, IGF2, HAND1, PDGFRA,
DCN, and GATAZ2) and muscle and bone associated terminal differentiated marker genes
were up-regulated. Marker genes of skeletal muscle cells (MYH1), smooth muscle cells
(MYH11), early cardiomyocytes (HAND2), and cardiomyocytes (RYR2, NPPA, MYL3) were
significantly up-regulated. Significantly up-regulated bone associated genes included SMTN
(osteoclast), COMP and COL10A1 (chondrocytes). No down-regulated marker genes
represent mesoderm lineage was found. Taken together, transient inhibition of

mitochondrial Aktl signaling in the early differentiation stage facilitated ES cells
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differentiation dominantly into the mesoderm, muscle, and bone, especially

cardiomyocytes. Ectoderm lineage stayed mainly in progenitor status.

In contrast, no difference was found in progenitors from endoderm lineage, and only
one of the lung cell marker genes was up-regulated. There even was an opposite expression
of hepatic stem cell marker genes. The major limitation of bulk RNA screening is detecting
highly expressed genes mainly. To verify if there are any specific cell populations in mDN
group, in the next chapter, I used single-cell RNA sequencing (scRNA-seq) to identify the

RNA profiles in each cell to annotate cell population in mDN group and GFP group.
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Figure 11. Fold change of lineage marker genes in Ad-mdnAkt-GFP transduced cells.
RNA expression of cells transduced by Ad-mdnAkt-GFP and Ad-GFP on 21-day spontaneous differentiation
compared by RT? Profiler™ PCR Array Human Cell Lineage Identification. Three independent samples were
used, and technical triplicate was done in data collection.
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Table 4. Lineage maker gene comparison

Lineage Marker Gene Fold Regulation p-value
Ectoderm Ectoderm 0TX2 13.43 0.000*
FOXD3 7.17 0.001*
FGF5 -3.40 0.108
Neuroectoderm GBX2 2.21 0.079
Neural progenitor S0X2 10.03 0.000 *
PROM1 2.08 0.011*
Limbal progenitor MSLN 3.60 0.015*
ENO1 1.67 0.000 *
Motor neuron progenitor FOXG1 2.06 0.047 *
Immature Neuron DCX 1.61 0.169
Gluotamergic neuron SLC17A6 2.27 0.171
Cholinergic neurons CHAT -2.85 0.088
Oligodendorcyte NKX2-2 -2.96 0.079
Photoreceptor cells RCVRN 1.54 0.257
Mesoderm Mesoderm BMP4 2.63 0.001*
IGF2 2.58 0.001*
HAND1 1.92 0.009*
PDGFRA 1.94 0.008*
DCN 191 0.001*
GATA2 1.62 0.010*
T 2.48 0.098
MIXL1 2.17 0.147
Skeletal uscle Cell MYH1 3.50 0.008*
Smooth muscle cell MYH11 2.10 0.002*
Early cardiomyocytes HAND2 2.08 0.029*
Cardiomyocytes RYR2 4.63 0.000*
NPPA 2.58 0.009*
MYL3 1.85 0.014*
MYH7 1.26 0.015*
Osteoclast CTSK 1.48 0.001*
SMTN 1.71 0.001*
Condrocyte COMP 2.24 0.003*
COL10A1 2.48 0.025*

Cutoff: fold change > 1.5 or <-1.5; *p < 0.05
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Table 5. Lineage maker gene comparison (Continute)

Lineage Marker Gene Fold Regulation p-value
Endoderm Endoderm GATA1 1.22 0.030*
Hepatic Stem Cell DPP4 -1.58 0.005*

MAP3K12 1.75 0.009*

APOH 1.68 0.140*

Hepatocyte ALB 3.64 0.055

Pancreatic islet cell KRT19 1.28 0.005*

Beta cell INS 1.26 0.015*

Lung cell SFTPD 1.61 0.045*

SFTPB 1.26 0.015*

Cutoff: fold change > 1.5 or <-1.5; *p < 0.05
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Chapter 4
Analysis of the Effect of Mitochondrial Akt Signaling on Embryonic Stem

Cell Differentiation by Single Cell RNA-seq

4.1 Introduction of Single Cell RNA Sequencing (scRNA-seq)

Application of scRNA-seq

Bulk RNA sequencing is useful to compare transcriptomics of samples from the
same tissue from different species or to quantify expression of markers in disease studies.
However, measuring gene expression in any cell populations with microarray or RNA
sequencing is insufficient to demonstrate the true distribution of gene expression in each
cell, especially when studying heterogeneous systems, such as early development or
complex tissues; or to provide insights into the stochastic nature of gene expression. 7677
Therefore, it is crucial to quantify gene expression in individual cells. In 2009, Tang et al.
published the first protocol for single-cell sequencing and subsequently used this protocol
to trace the derivation of mouse embryonic stem cells from the inner cell mass 7678, In the
past few years, scRNA-seq has been used to unveil new biological questions associated with
cell-specific changes in transcriptome, including cell types identification, gene regulatory
mechanisms, the dynamics of development processes, heterogeneity of cell responses, and

inference of gene regulatory networks across cells 7677,
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4.2 Materials and Methods

Single cell isolation

Washed the cells in 6-well vessels 1X PBS for three times and incubated at 37 °C for
15-20 minutes after adding 1 ml / well of collagenase”®. Following removal of collagenase,
1 ml of Accutase per well was added and then incubated at 37 °C for 10 minutes. After
collecting detached cells, the residual cells were detached by adding 0.5 ml/well of 0.25%
Trypsin at 37°C for 5 minutes and then neutralizing by the addition of 1 ml full-medium.
The cell suspension was spun down at 300 g for 5 minutes and then resuspended with 4-9

ml basal medium.

Dead cells were removed using the dead cell removal kit (Milteneyi) and then
resuspended in 0.04% BSA/PBS. Resuspended cells were filtered through a 40 pm nylon
cell strainer twice and spun down pass-through suspension at 300 g for 5 minutes. The cell
pellet was then resuspended in 0.04% BSA / PBS on ice. Cell number was counted with a
hemocytometer twice after trypan blue staining to verify the percentage of cell viability
and proper cell density for scRNA-seq. Proper cell density should be more than 1x10°¢ cells
/mL. If not, cells were spun down and resuspended in the proper amount of 0.04 % BSA /

PBS. Cell number was count at least twice for each sample (Figure 12).

Cells
40 pm mesh 40 um mesh Count cell

v
- Centrifugation pore size 1)01 e size number
00050 2RO (enlufllg ation _

Enzymatic Treatment

Dead Cell Removal 0.04% BSA/PBS
Kit

Analysis

Figure 12. Sample preparation for scRNA-seq.

51



Single cell capture and cDNA library preparation

Using 10x Genomics chromium platform - GemCode to prepare Single cell cDNA
libraries. Single-cell GEMs were generated by Single Cell 3’ reagent v2 (Figure 13). This
system captures one cell in barcoded nanolitre oil droplets and hosts each droplet in a
hydrogel carrying barcoded primers. cDNA libraries are generated with specific barcode

for each cell and gene 8° (Figure 14).
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Figure 13. GemCode™ single cell platform from 10x Genomics. (a) After forming Gel bead
in Emulsion (GEM), reverse transcription takes place inside each GEM, which is then pooled for cDNA
amplification and library construction in bulk. (b) Formation of single-cell GEMs by adding oil, cells with RT
reagents, and barcoded primer gel beads in the individual channel of the microfluidic chip. (c) Barcoded
oligonucleotides consisted of [llumina adapters, 10x barcodes, UMIs, and oligo dTs, contained inside GEMs. (d)
Final library = molecules allow pooling and sequencing of multiple libraries 8!

(https://www.10xgenomics.com/).
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Figure 14. Single cell cDNA library preparation. Cells are captured in nanolitre oil droplet, one

cell per droplet, ideally. Then each droplet is hosted in a hydrogel carrying barcode primers to generate cDNA
library &0,

RNA sequencing

Sequencing is done by Illumina HiSeq 2500 with a dual mode system for either high

output or rapid mode sequencing.
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Analysis of single-cell RNA sequencing data

The first step in primary data analysis is to inspect the read quality and trim low-
quality bases following by mapping to reference genome, checking mapping quality, and
quantifying the expression level of each gene for each cell. The next step is to check cell
gene expression qualities and normalization of the gene expression. Finally, apply these
data sets to clustering, differential expression analysis or functional annotation 7677

(Figure 15).
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Figure 15. Flowchart of scRNA-seq analysis 77.
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Gene-cell matrix generation

The raw base call (BCL) files from the Illumina sequencer were processed with Cell
Ranger to generate gene-cell matrices after reading quality control. Cell Ranger is a set of
analysis pipelines, including cellranger mkfastq, cellranger count, cellranger aggr and cell
ranger reanalyze. In this dissertation, Cell Ranger version 2.0.0 was used for shallow
sequencing analysis and Cell Ranger version 2.1.1 was used for deep sequencing analysis.
Cellranger mkfastq was applied to demultiplexed BCL files into FASTQ files as primary
analysis. A secondary analysis was performed with cellranger count and cellranger aggr.
Cellranger count extracted the 10X cellular barcode sequence and unique molecular
identifiers (UMI) from FASTQ files and aligned reads via STAR (Spliced Transcripts
Alignment to a Reference) to genome and transcriptome simultaneously (Figure 13).
Human GRCh38 was pre-built as reference and ENSEMBL genomes and gene annotation
were used for annotation. 10X cellular barcode was a 16bp unique sequence to each gel
beads and told us from which cell the transcript is. UMIs were short (10bp) random
barcodes added to transcripts during reverse transcription, and therefore enable accurate
transcript counts in each cell. According to 10x cellular barcodes and UMIs, cell barcode
filtering and duplicates marking were done, and filtered gene-cell matrices were generated.
Pooling of gene-cell matrices from different samples was done by cellranger aggr for batch
effect analysis or comparison between different conditions. Therefore, the matrices of deep

sequencing data of GFP1 and mDN1 were combined then depth normalization was done.

The quality of the gene-cell matrix was evaluated by ranked barcode plot (Figure 16

and Figure 20). Ranked barcode plot was the sum of UMI counts for each barcode. A drop-
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off was located at the selecting barcodes with total UMI counts over 10% of the 99t
percentile of the expected recovered cells. A steep drop-off indicated the good separation of
the barcodes associated with cells and empty partitions and implied the good quality of
gene-cell matrix. Additional criteria of good quality included Q30 bases in RNA read over
70% and read mapped confidently to transcriptome over 30%. All gene-cell matrices from

shallow or deep sequencing showed good qualities according to the above criteria 7”.
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Figure 16. Ranked barcode plot for quality control evaluation in shallow scRNA-seq.
The qualities of sequencing in four samples were good. The valid barcodes were over 98%. GFP1 and GFP2
represented two independent samples; each sample represented a pooling of sextuplicate from Ad-GFP
transduced hESCs. mDN1 and mDN2 represented two independent samples; each sample represented a
pooling of sextuplicate from Ad-mdnAkt1/GFP transduced hESCs.
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Downstream analysis - Clustering

To identify subpopulations of cells across multiple data sets and downstream
comparative analysis, the R toolkit Seurat version 2.0.1 was applied. Seurat is an R package
designed for quality control, analysis, and exploration of scRNA-seq data. 8283 The cells
were filtered out by two strategies to control cell quality for downstream analysis. One
strategy is to visualize genes and molecule counts and exclude cells with a clear outlier
number of genes detected as potential multiplets. The other one is the percentage of

mitochondrial genes presents (Figure 17).

In Seurat, t-distributed stochastic neighbor embedding (t-SNE, non-linear
dimensional reduction) was plotted to visualize heterogeneity cell types within each group.
(Figure 19, Figure 22) Then the biomarkers that defined clusters via differential
expression were output for downstream analysis. At the same, top 20 marker genes in each

cluster were used to plot heatmap (Figure 18).

60



percent mito

percent mito

05

04

035

030

025

020

015

0.10

0.05

0.00

-0.15

nGene

5000

4000

3000

2000

1000

10000 20000

nuMi

=0.14

40000

10000 20000 30000 40000

nuMi

nGene

3500

3000

2500

2000

1600

1000

500

61

5000 10000 15000

nuMi




]
* .
.
3500 4000
L 1
.

3
3000
L

2500
L

percent mito

.
nGene

1000 1500 2000
1 L

.
500
1

T
20000 5000 10000 15000 20000

mDN?2

=0.09 0.98

035
I
.
.

0.3
I
2500

0.25
I

.
2000
I

0.20
I

percent mito
ene
1500

1000
I

500
1

0.00
I

T
2000 4000 6000 8000 10000 12000

Figure 17. Quality control of cells in shallow scRNA-seq. To exclude dead cells and multiple
cells in the same droplet (sharing same UMI), the percentage of mitochondria gene in each cell and the
number of genes in each cell was analyzed. For each sample, the left plot is the percentage of mitochondria
genes to the cell number (nUMI), and the right plot is the number of genes (nGene) to nUMI. The dead or
dying cells express higher mitochondria genes for apoptosis, so the cutoff value was set as 0.1. The higher
number of genes in each cell implies that more than one cell was capsulated in the same droplet. Therefore,
the cutoff value was set as 4000 genes per cell to include as many cells as possible. GFP1, GFP2: Transduction
by Ad-GFP viral vector from different batches; mDN1, mDN2: Transduction by Ad-mdnAkt-GFP viral vector
from different batches.
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mDN2

Figure 18. Top20 gene expression HeatMap of each cluster in shallow scRNA-seq. The
heatmaps were generated by top20 expressed genes in each cluster. The clusters need to be annotated by
downstream analysis, such GO term enrichment analysis. GFP1, GFP2: transduction by Ad-GFP viral vector;
mDN1, mDN2: transduction by Ad-mdnAkt-GFP viral vector.
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Annotation of clusters

The Biological process of gene ontology enrichment analysis (GO enrichment
analysis) and PANTHER classification system8 was used to annotate clusters by cluster
biomarker genes. Deep sequencing data were analyzed by WebGestal GSAT 85-87, Pathway
Commons, WikiPathways, and Ingenuity Pathway Analysis (IPA, QIAGEN Inc.,

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysi).

4.3 Shallow Sequencing of scRNA-Seq

In shallow sequencing, the sequencing saturation was around 11% in the GFP group
and 10% in mDN group, and all samples showed good quality. Most clusters in the t-SNE
plot were closed and overlapped one another. When performing annotation by GO
enrichment analysis, it was difficult to get a clear annotation of each cluster either in the
GFP group or mDN group (Figure 19). Because the cell numbers in each sample were
higher than 10,000, the mean gene number per cell was lower, around 600 to 1400 (Figure
16). The low gene number per cell was not enough for accurate cluster annotation because
of high heterogeneity in these samples. In line with this, mixed cell types were collected in
one cluster, and the neighboring clusters were overlapped to each other. Also, the
difference in clusters between the GFP and the mDN cells were not clearly defined. For that
reason, deep sequencing was done to get higher sequencing saturation for definite

clustering.
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1 Blood vessel, epithelium differentiation Muscle development
2 Cartilage, muscle, blood vessel
3 Epithelium development
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6 Cardiac ventricle development
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8
9 X

Figure 19. Cluster annotation by GO enrichment analysis in shallow scRNA-seq. Using
GO enrichment analysis to annotate clusters with representative genes in each cluster. Some clusters cannot
be annotated properly. Cluster numbers and colors in each sample were generated by software automatically.
The same cluster number from different samples did not represent the same cell cluster.
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4.4 Deep Sequencing of scRNA-Seq

The saturation of deep sequencing was 21.3% in GFP1 and 27.4 % in mDN1. Both
were two-folds over shallow sequencing and showed good quality. GFP1 and mDN1 data
were analyzed individually or pooled together by Cell Ranger and R package-Seurat. To
validate the similar clusters between GFP1 and mDN1, differentially expressed genes of
each cluster were analyzed by (1) top5 canonical signaling pathway (Figure 6) and
physiological system development and function (Table 8) analyzed through the use of IPA
(Figure 23), (2) biological process of GO-Slim enrichment analysis, including trilineage
development and system development (Figure 22 & Figure 24); (3) Pathway Commons

(Table 9); and (4) GO enrichment analysis.
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Figure 20. Ranked barcode plot for quality control evaluation in deep scRNA-seq.
Qualities of deep sequencing from (A) GFP1, (B) mDN1 and (C) all (pooling of GFP1 and mDN1) were good.
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Comparing the identity of each cell cluster in the GFP and mDN group

To explore the effect of mitochondrial Akt1 signaling in differentiation, the first step
was to identify similar clusters in GFP1 and mDN1. Comparing the signaling pathways and
physiological system development by IPA (Table 6 & Table 8) and Pathway Commons
showed that five clusters were similar between GFP1 and mDN1, including cluster 0, 1, 2, 4,
5 of GFP1 versus cluster 2, 0, 3, 1, 6 of mDN1 correspondingly (Figure 23 and Figure 21).
On the other hand, the cluster 3 and 6 of GFP1 and cluster 4, 5, and 7 of mDN1 were

different.

Intriguingly, using different methods to compare similar clusters revealed that they
were in fact, distinct. For example, validation of similar clusters with the trilineage
development of GO-slim biological process showed that cluster 0 of GFP1 and cluster 2 of
mDN1 were different. The cluster 0 of GFP1 was mesoderm, but cluster 2 of mDN1 was not
annotated to any lineage (Figure 24 A). Subsequent validation with system development of
GO-slim biological process showed that cluster 4 of GFP1 and cluster 1 of mDN1 were
different. The cluster 4 of GFP1 was nervous development, yet no system development was
identified in cluster 1 of mDN1 (Figure 24 B). Furthermore, comparing the signaling
pathways of the similar clusters by different methods, showed differences between GFP1

and mDN1 samples (Table 9).
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Table 6. Top5 canonical pathways generated by IPA

Cluster

GFP1

mDN1

0

Cholesterol Biosynthesis I

Cholesterol Biosynthesis II (via 24,25-
dihydrolanosterol)

Cholesterol Biosynthesis III (via Desmosterol)

Superpathway of Cholesterol Biosynthesis
Oncostatin M Signaling

Wnt/-catenin Signaling
Human Embryonic Stem Cell Pluripotency

Glioblastoma Multiforme Signaling
Hepatic Fibrosis / Hepatic Stellate Cell
Activation

PCP pathway

Regulation of the Epithelial-Mesenchymal

Hepatic Fibrosis / Hepatic Stellate Cell

1 Transition Pathway Activation
PCP pathway ILK Signaling
Human Embryonic Stem Cell Pluripotency Caveolar-mediated Endocytosis Signaling
Tight Junction Signaling Agranulocyte Adhesion and Diapedesis
Wnt/-catenin Signaling Leukocyte Extravasation Signaling

2 ILKSignaling Cholesterol Biosynthesis I

) . . . . Cholesterol Biosynthesis 11 (via 24,25-

Epithelial Adherens Junction Signaling dihydrolanosterol)
Remodeling of Epithelial Adherens Junctions  Cholesterol Biosynthesis III (via Desmosterol)
Integrin Signaling Superpathway of Cholesterol Biosynthesis
RhoA Signaling Epoxysqualene Biosynthesis

3  Glutamate Removal from Folates ILK Signaling
Inhibition of Matrix Metalloproteases Epithelial Adherens Junction Signaling
Hepatic Fibrosis / Hepatic Stellate Cell Integrin Signaling
Activation
PCP pathway Caveolar-mediated Endocytosis Signaling
Glioma Invasiveness Signaling RhoA Signaling

4  Germ Cell-Sertoli Cell Junction Signaling Cdc42 Signaling
ILK Signaling 0X40 Signaling Pathway
Caveolar-mediated Endocytosis Signaling Caveolar-mediated Endocytosis Signaling
Epithelial Adherens Junction Signaling Polyamine Regulation in Colon Cancer
Integrin Signaling Neuroinflammation Signaling Pathway

5  Mitotic Roles of Polo-Like Kinase Cell Cycle Control of Chromosomal Replication
Cell Cycle: G2/M DNA Damage Checkpoint Cell Cycle: G2/M DNA Damage Checkpoint
Regulation Regulation
ATM Signaling Pyrimidine.Deoxyribonucleotides De Novo

Biosynthesis I

Cell Cycle Control of Chromosomal Replication Eg;etl?of]CHK Proteins in Cell Cycle Checkpoint
RAN Signaling Mismatch Repair in Eukaryotes

6  EIF2 Signaling 8 Cell Cyc.le: G2/M DNA Damage Checkpoint

Regulation

Glycolysis I Mitotic Roles of Polo-Like Kinase
Superpathway of Serine and Glycine ATM Signaling

Biosynthesis I
Sirtuin Signaling Pathway
Serine Biosynthesis

Oxidized GTP and dGTP Detoxification
RAN Signaling
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Table 7. Top5 canonical pathways generated by IPA (Continue)

Cluster

GFP1

mDN1

7

Superpathway of Cholesterol Biosynthesis
Hepatic Fibrosis / Hepatic Stellate Cell Activation
Superpathway of Geranylgeranyldiphosphate
Biosynthesis I (via Mevalonate)

EIF2 Signaling

ILK Signaling
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Table 8. Physiological system development and function by IPA

Cluster

GFP

mDN1

0

Embryonic Development

Organ Development

Organismal Development

Skeletal and Muscular System Development and
Function

Tissue Development

Digestive System Development and Function
Embryonic Development
Hair and Skin Development and Function

Organ Development

Organismal Development

Cardiovascular System Development and

1  Digestive System Development and Function .
Function
Embryonic Development Embryonic Development
Hair and Skin Development and Function Hair and Skin Development and Function
Organ Development Organ Development
Organismal Development Organismal Development
2 Cardi(?vascular System Development and Embryonic Development
Function
Organismal Development Hair and Skin Development and Function
Tissue Development Organ Development
Embryonic Development Organismal Development
Hair and Skin Development and Function Tissue Development
3 Hematological System Development and Cardiovascular System Development and
Function Function
Humoral Immune Response Organismal Development
Immune Cell Trafficking Tissue Development
Connective Tissue Development and Function SkE1et.al and Muscular System Development and
Function
Tissue Development Embryonic Development
4 Cardigvascular System Development and Organismal Survival
Function
Organismal Development Cardi9vascular System Development and
Function
Connective Tissue Development and Function Organismal Development
Hematological System Development and Skeletal and Muscular System Development and
Function Function
Hematopoiesis Embryonic Development
5
6 Cardlqvascular System Development and Lymphoid Tissue Structure and Development
Function
Organismal Development Tissue Development
Tissue Development Hair and Skin Development and Function
Embryonic Development
Organismal Survival
7 Organismal Survival

Cardiovascular System Development and
Function

Organismal Development

Tissue Development

Connective Tissue Development and Function
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ILK Signaling

Cell Cycle Control of Chromosomal Replication
Cell Cycle: G2/M DNA Damage Checkpoint Regulation
Mitotic Roles of Polo-Like Kinase

ATM Signaling

Hepatic Fibrosis / Hepatic Stellate Cell Activation
Germ Cell-Sertoli Cell Junction Signaling

Caveolar-mediated Endocytosis Signaling

Virus Entry via Endocytic Pathways

Signaling by Rho Family GTPases

Remadeling of Epithelial Adherens Junctions

Epithelial Adherens Junction Signaling .
RhoA Signaling
Integrin Signaling l

Regulation of Actin-based Motility by Rho

Actin Cytoskeleton Signaling

VEGF Signaling

Calcium Signaling

Agranulocyte Adhesion and Diapedesis
Clathrin-mediated Endocytosis Signaling

Tight Junction Signaling

NRF2-mediated Oxidative Stress Response

RhoGDI Signaling ]
Fey Receptor-mediated Phagocytosis in Macrophages an:
Tec Kinase Signaling

Crosstalk between Dendritic Cells and Natural Killer Cells
Death Receptor Signaling

Agrin Interactions at Neuromuscular Junction

Leukocyte Extravasation Signaling

Paxillin Signaling

MSP-RON Signaling Pathway

FAK Signaling

Cellular Effects of Sildenafil (Viagra)

Gap Junction Signaling

Sertoli Cell-Sertoli Cell Junction Signaling

Mechanisms of Viral Exit from Host Cells

EIF2 Signaling ||
Superpathway of Serine and Glycine Biosynthesis [
Serine Biosynthesis

Superpathway of Cholesterol Biosynthesis .
Epoxysqualene Biosynthesis.

Cholesterol Biosynthesis [

Cholesterol Biosynthesis Il (via Desmosterol}

Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol)
Pyrimidine Deoxyribonuclectides De Novo Biosynthesis I
RAN Signaling

Hypoxia Signaling in the Cardiovascular System

Intrinsic Prothrombin Activation Pathway

Inhibition of Matrix Metalloproteases

Glioma Invasiveness Signaling

Wnit/B-catenin Signaling

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rhe
Axonal Guidance Signaling

Regulation of the Epithelial-Mesenchymal Transition Path
Human Embryonic Stem Cell Pluripotency

Superpathway of Geranylgeranyldiphosphate Biosynthesi
Mevalonate Pathway [

p53 Signaling

GADDA4S5 Signaling

tRNA Charging

VDR/RXR Activation

Cdc42 Signaling

PCP pathway

Role of BRCA1 in DNA Damage Response

DNA Double-Strand Break Repair by Non-Homelogous Ei
Hereditary Breast Cancer Signaling

Role of CHK Proteins in Cell Cycle Checkpoint Control
Mismatch Repair in Eukaryotes

BER pathway

GP6 Signaling Pathway

Glycolysis T

Sirtuin Signaling Pathway

Gluconeogenesis [

mTOR Signaling

Regulation of elF4 and p70S6K Signaling
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Figure 21. Hierarchy heatmap of the canonical pathways in each cluster generated

through IPA. Comparing of clusters according to the canonical pathway showed that GFP-1 and mDN-0;
GFP-0 and mDN-2; GFP-6 and mDN-7; GFP-5 and mDN-6; and GFP-4 and mDN-1 were similar. GFP-0~6:
GFP1-cluster 0~6; mDN-0~7: mDN-cluster 0~7.
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Figure 22. Cluster annotation of deep scRNA-seq by GO-slim enrichment analysis. All
representative genes in each cluster were used for annotation. The biological development process was listed
in the table.
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Figure 23. Comparing the identities of cell clusters from deep scRNA-seq. The “top5
canonical pathways” and “physiological system development and function” of each cluster are analyzed by
Ingenuity Pathway Analysis (IPA) to locate the same cluster in the GFP and mDN group. Similar cell clusters
across two samples are labeled with the same color in this plot.
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Figure 24. Annotation by GO-Slim enrichment analysis in deep scRNA-seq. The same
color represented similar clusters according to IPA. Clusters were named after (A) trilineage development
and (B) system development of the development process by GO-Slim biological process.
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Table 9. Analysis of similar clusters by different methods

Method Group GFP1 mDN1
Cluster 0 2
GO-Slim Trilineage Mesoderm No
System Nervous Nervous
Skeletal
IPA Signaling pathway Cholesterol Biosynthesis | Cholesterol Biosynthesis |

Physiological system
development and
function

Pathway Commons

Cholesterol Biosynthesis II (via
24,25-dihydrolanosterol)
Cholesterol Biosynthesis III (via
Desmosterol)

Superpathway of Cholesterol
Biosynthesis

Oncostatin M Signaling

Embryonic Development

Organ Development

Organismal Development
Skeletal and Muscular System
Development and Function
Tissue Development

cholesterol biosynthesis I1I (via
desmosterol)

cholesterol biosynthesis II (via
24,25-dihydrolanosterol)

cholesterol biosynthesis I
Cholesterol biosynthesis
superpathway of cholesterol
biosynthesis

Cholesterol Biosynthesis II (via
24,25-dihydrolanosterol)
Cholesterol Biosynthesis III (via
Desmosterol)

Superpathway of Cholesterol
Biosynthesis

Epoxysqualene Biosynthesis

Embryonic Development

Hair and Skin Development and
Function
Organ Development

Organismal Development

Tissue Development

cholesterol biosynthesis |
cholesterol biosynthesis II (via
24,25-dihydrolanosterol)
cholesterol biosynthesis III (via
desmosterol)

Cholesterol biosynthesis
superpathway of cholesterol
biosynthesis
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Unique lineage and system development modulating by mitochondrial Aktl
signaling

The next step was to use the differentially expressed genes of each cluster to run GO
enrichment analysis (Table 10). Comparing the results of cluster 3 and 6 of GFP1 to cluster
4, 5, and 7 of mDN1 by GO enrichment analysis, some unique lineages and development
were identified in mDN1, including lung and kidney development, middle ear
morphogenesis, and smooth muscle cell differentiation. According to IPA, the cluster 5 of
mDN1 was unique, and no physiological system development but cell cycle signaling
pathway were identified. Specific physiological system development in cluster 3 of GFP1
was hematological and immune cells development which was not found in mDN1 by IPA.
Annotation of deep scRNA-seq also supported the results of the restricted PCR array, but
scRNA-seq was able to identify new cell lineage types and provided higher resolution of
analysis to add new insight into the underlying signaling pathways. Taken together,
inhibiting mitochondrial Aktl signaling in hESC inhibits hematological and immune cells
differentiation and increases lung and kidney development, middle ear morphogenesis, and

smooth muscle cells differentiation.
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Table 10. GO enrichment analysis of unique clusters

Cluster GFP Cluster mDN
3 regula.tlon of multicellular 4  striated muscle tissue development
organismal process
system development lung development
blood vessel endothelial cell migration,
angiogenesis
positive regulation of T cell proliferation
6 Outflow tract septum morphogenesis kidney development

(heart)

artery morphogenesis

regulation of endothelial cell
proliferation

embryonic hindlimb morphogenesis
osteoblast differentiation
Endochondral bone growth
cartilage morphogenesis

skeletal muscle organ development
gliogenesis

brain development

gland development
nerve development

brain development
epithelial cell differentiation

DNA replication

lung-associated mesenchyme development
forebrain neuroblast division

middle ear morphogenesis

regulation of cardiac muscle cell proliferation
embryonic hindlimb morphogenesis
cartilage morphogenesis

chondrocyte development involved in
endochondral bone morphogenesis
endochondral bone growth

smooth muscle & striated muscle cell
differentiation

positive regulation of osteoblast differentiation
endothelium development
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Pooling deep sequencing data of GFP1 and mDN1 was done by cellranger aggr, and
the ranks barcode plot showed that mean gene numbers per cell were 2,733 genes (Figure
20). Clustering by t-SNE plot showed a similar distribution of GFP1 and mDN1 in each
cluster, which meant that there was no batch effect between samples (Figure 25). The
proportion of cell numbers in each cluster of the individual group was normalized by total
cell numbers in each group (Table 11). The proportion of cells in cluster 3 & 4 were higher
in the mDN1 group, but cluster 0 was higher in GFP1 group. These differences suggested
that these clusters were unique and worthy to do further analysis. Principle component
analysis (PCA) plot showed slightly rotation between GFP1 and mDN1 (Plot not shown
here). The rotation indicated that the differences between GFP1 and mDN1 were small and
only detectable by scRNA-seq. Using GO enrichment analysis to identify cluster 0, 3 and 4 in
pooled GFP1 and mDN1 data, cluster 0 was similar to a mixture of cluster 6 in GFP1 and
cluster 4 in mDN1; cluster 4 was similar to cluster 5 in mDN1 (Table 12). Herein, pooling
data analyzed with PCA plot can identify the differences between groups through the 2-D
PCA plot and normalized cell number proportion. However, it is still hard to match the
clusters in pooled sequencing data to the clusters in GFP1 or mDN1. Because the clusters in
pooled one were a mixture of GFP1 and mDN1 and the marker genes for clusters in pooled
data were different from these in GFP1 or mDN1 data. By comparing the annotation in
pooled data to original data by GO enrichment analysis, the similarity of clusters still can be
found. This result was also agreed with the t-SNE plot cluster distribution when the axis
was normalized in different samples. Taken together, scRNA-seq provided information
across the whole population in a single cell level, which can help us identify unique cell

types and signaling pathways.
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Figure 25. Distribution of GFP and mDN in pooled deep sequencing data. Eight clusters
were labeled. After normalization by total cell numbers in each group, calculate the proportion of cell
numbers in each cluster of the individual group. The percentage of cells distributed at cluster 3 & 4 were
higher in the mDN1 group (red line area), but cluster 0 was higher in the GFP group (blue line area).

Table 11. The proportion of cell numbers in each cluster of GFP1 and mDN1 based

on a pooled analysis
Cluster 0 1 2 3 4 5 6 7 8 Total

GFP 3808 2505 1547 1097 663 172 141 94 57 10084
37.76% 24.84% 1534% 10.88% 6.57% 1.71% 1.40% 093% 0.57% 100%

mDN 4224 4202 2365 2617 1748 323 201 122 95 15897
26.57% 26.43% 14.88% 16.46% 11.00% 2.03% 1.26% 0.77% 0.60% 100%
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Table 12. GO enrichment analysis of clusters in pooled GFP1 and mDN1

Cluster

Biological process

0

negative regulation of B cell differentiation
mesenchyme migration

caveola assembly

dTTP biosynthetic process

ascending aorta morphogenesis

intramembranous ossification

bone trabecula formation

negative regulation of hematopoietic progenitor cell differentiation
glomerular mesangium development

pharyngeal arch artery morphogenesis

positive regulation of astrocyte differentiation
membranous septum morphogenesis

positive regulation of erythrocyte differentiation
positive regulation of cardiac muscle tissue growth
embryonic digestive tract development

positive regulation of heart contraction

myoblast differentiation

negative regulation of epithelial cell differentiation
endodermal cell differentiation

skeletal muscle tissue development

cardiac muscle tissue morphogenesis

striated muscle cell development

negative regulation of epithelial cell proliferation
negative regulation of angiogenesis

positive regulation of smooth muscle cell proliferation
hematopoietic progenitor cell differentiation
embryonic placenta development

cardiocyte differentiation

regulation of fat cell differentiation

angiogenesis

gland development

regulation of neuron projection development
brain development

mitotic chromosome condensation
G2/M transition of mitotic cell cycle
negative regulation of G2/M transition of mitotic cell cycle

regulation of transcription involved in G1/S transition of mitotic cell cycle
positive regulation of chromosome segregation

mitotic G2/M transition checkpoint

mitotic anaphase

positive regulation of mitotic nuclear division

negative regulation of DNA metabolic process
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Chapter 5

Conclusions and Future Direction

5.1. Conclusion

The ability of self-renewal and unlimited potential to differentiate into three germ
layers make pluripotent stem cells a key player in regenerative medicine and disease
modeling. The more we understand its underlying mechanism of differentiation, the better
stem cells can become an effective tool in the future. Recent studies have shown that
signaling pathways and metabolism may affect stem fate differentiation. Our previous
works also demonstrated that constitutive active mitochondrial Aktl signaling enhanced
somatic cell reprogramming to iPSCs by reducing oxidative stress and improving the

efficiency of oxidative phosphorylation ¢5.

Interestingly, the PSCs in a different stage of pluripotency alter the mitochondrial
ultrastructure and metabolism was reported recently. Two-stage of pluripotency, naive and
primed, can be distinguished. Naive PSCs are highly dependent on both glycolysis and
OXPHOS in ATP production. However, high glycolysis and low OXPHOS were observed in
primed PSCs, including hESCs and iPSCs. Human ESCs and iPSCs are metabolically similar
to mouse epiblast stem cells (mEpiSCs), which are derived from the postimplantation
epiblast and represent a more mature stage. On the other hand, naive human PSCs

resemble mESCs, which represent a less mature pluripotent stage. Therefore, to study the
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metabolism change in stem cells, it is important to clarify the original spices of PSCs and

maintain the stage of PSCs.

Nowadays, there are several different methods to study the regulation of genes and
proteins. The first key step is designing proper constructs, such as promoter and gene
sequences, and carrying system, such as a virus. The viral vectors are one of the popular
cargos. The property of viral vectors such as integrated to the host genome or not, should
be taken into consideration according to experiment design. The second step is to evaluate
the expression of genes or proteins through RNA by PCR or protein expression by image or
western blot. Even though it is easy to detect mutant gene expression through carrying GFP
or other fluorescence protein gene at the same time, the design between mutant gene and
fluorescence-expressed gene (shared promoter or individual promoter) is important,
especially when mutant gene expressed on specific organelle or compartment of the cells.
For example, the adenoviral vector in this dissertation carried the mutant gene and GFP
with the individual promoter; the GFP expression cannot represent the location of mutant
gene expression, further confirmation by western blot of cell component subfractionation

must be done.

Finally, the effect of the mutant gene or protein to cell phenotype and the
mechanism of mutant gene or protein can be analyzed. In this dissertation, Seahorse XF24
Extracellular Flux Analyzer was used to evaluate the metabolism of stem cells. This
platform can evaluate the mitochondrial respiration, glycolytic function, fatty acid oxidative

assay and cell energy phenotype of living cells or mitochondria. It is a pretty useful method
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to evaluate cell metabolism, but optimizing seeding of cells, including cell number,
distribution, and viability, is crucial to get consistent and inclusive data. Based on this data,
the more specific target of metabolism can be studied, such as ATP production, mtDNA
copy number, ROS production, mitochondria protein complex, or uncoupling protein on

mitochondria membrane.

This dissertation provides evidence that serum stimulation promoted translocation
of Akt into mitochondria in the hESC and modulated its respiration. Transient inhibition of
mitochondrial Aktl signaling via transduction of mitochondria-targeting dominant
negative Aktl with adenoviral vector modulated hESCs differentiation lineage. Initial
screening by cell lineage PCR array showed up-regulation and down-regulation of
representative genes from three germ layers, with mesoderm and endoderm terminal
differentiation markers up-regulated in the hESC transduced with mitochondria-targeting
dominant negative Aktl. This finding supported my hypothesis that embryonic stem cells
favored differentiation into mesoderm and endoderm when mitochondrial Aktl signaling

was inhibited during the early stage of embryonic development.

To further explore the unique cells differentiation modulated by mitochondrial Akt1
signaling, scRNA-seq was done by 10X Genomics and Illumina sequencer and analyzed by
Seurat package in R to group cells into the cluster. Annotation of scRNA-seq by IPA, GO
enrichment analysis, and common pathway demonstrated that inhibiting mitochondrial
Aktl signaling suppressed hematological and immune cells differentiation whereas

increased lung and kidney development, middle ear morphogenesis, and smooth muscle
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cells differentiation. Compared to the results of restricted PCR array from bulk RNA,
scRNA-seq was able to identify new cell lineage types and provided higher resolution of
analysis for new insight into underlying signaling pathways and biological processes.

There are several different scRNA-seq platforms can be used, depending on the cell
number and purpose of the study. The 10X Genomics platform is an oil-drop microfluidic
system which can study large cell numbers with high specificity, low sensitivity, and up to
20% of transcriptomes. Sample quality and subpopulation ratio in samples have a great
impact on sequencing results. Therefore, it is important to design a protocol to get a well
dispersed and alive single cell samples. With good quality samples and sequencing data, the
next step is to computational analysis of the scRNA-seq data. Several public software and
data banks can be used to align sequencing and annotate a gene, such as Cell Ranger. The
cell-gene matrices can be further analysis by the R package Seurat or other software. Even
though this software can statistically list the representative genes of clustering and plot 2-D
or 3-D figure to show the relative distance between clusters, the exact annotation of each
cluster in a highly diverse cell population, such as spontaneous differentiation cells, is
difficult. Therefore, developing alternative strategies to dissect the highly diverse cell

population is needed.
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5.2. Future Direction

Analysis of scRNA-seq data with alternative methods

As specific cell types were clustered, alternative strategies are needed to explore the
data, such as subtracting cells with some lineage or cell-specific markers in the GFP and
mDN groups, to reduce the background noise in the dataset and further dissect the scRNA-
seq data. After data cleaning by eliminating cells in the early stage of differentiation,
specific cell types with late differentiation markers may be identified. We can further verify
these cell types through immunostaining with cell-specific antibodies or by flow cytometry
to quantify the abundance of specific cell types in the hESC transduced with mitochondria-

targeting dominant negative Akt1.

My data support a new hypothesis that transient inhibition of mitochondrial Akt1
signaling at the initial stage of hESC differentiation enhances differentiation into
mesendoderm, and lung and kidney development. This finding raises more questions
worthy to be explored. How does mitochondrial bioenergetics change the expression of
genes that regulated differentiation? Do mitochondria metabolites modulate
transcriptomes? To address these questions, hESCs transduced with Ad-mdnAkt1/GFP or
control GFP viral vector coupled with ES cells effective promoter, such as EF-1a or CA
promoter, in the mTeSR1 medium can be utilized. We can analyze the changes of
mitochondria metabolites, including 2-KG (which has been known to modulate gene
expression through methylation) 88, and compare to the time course of key mesoderm

marker gene expression that has been identified from my scRNA-seq analysis. If the
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temporal relationship suggested that specific changes of metabolites correlate with the
changes of marker gene expression, we can study direct effect of specific metabolite on

hESC and verify its effect on mesoderm lineage by directed differentiation in hESC.

According to the clusters and annotations of scRNA-seq data, the most dominant
lineage and physiology development are mesendoderm and cardiovascular system.
Therefore, these data suggested that inhibition of mitochondrial Aktl singling can
modulate cardiomyocyte and endothelial cell differentiation or maturation. To test the
hypothesis, GFP-positive hESCs with Ad-GFP or Ad-mdnAkt1/GFP can be grown with direct
differentiation protocols to direct differentiation into cardiomyocytes8220 or endothelial
cells 91-93, With direct differentiation protocol, we can further confirm the effect of

mitochondrial Akt1 signaling on stem cell differentiation.
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