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ABSTRACT OF THE DISSERTATION

Characterizing miR-146a and miR-34a in B-cell lymphomagenesis

by

Jorge Rafael Contreras
Doctor of Philosophy in Cellular and Molecular Pathology
University of California, Los Angeles, 2016

Professor Dinesh Subba Rao, Chair

B-cell development is punctuated by developmental stages that rely on precise
expression of regulatory genes and gene rearrangements necessary to advance the developing
cell. MicroRNAs (miRNAs) function at the post-transcriptional level by targeting mRNA
transcripts adding a layer of gene expression modulation previously unappreciated. miRNAs
have been demonstrated to be intricately involved in each of the developmental stages of the B-
cell. These small non-coding RNAs have been shown to either promote malignant
transformation or suppress it. Hence, some miRNAs have been dubbed oncomiRs while others
are called tumor suppressors. In samples of B-cell lymphoma dysregulated expression of
numerous MiRNAs is well documented, but functional roles for many of these remain to be
elucidated.

miR-146a is an NF-kB responsive gene that modulates the inflammatory response. Early
studies identified IRAK1, and TRAF6 as targets of this miRNA. Since these two proteins are
adaptor molecules of the NF-kB pathway they complete a negative feedback loop between miR-

146a and NF-kB. Studies on the effects of deficiency of miR-146a demonstrated a role in



myeloid, T- and B-cell malignancy as these animals developed all three given enough time.
Several malignancies including breast cancer, papillary thyroid carcinoma, prostate cancer, and
pancreatic cancer models have demonstrated the functional relevance of this miRNA
suppressing proliferation, invasion, and migration. In B-cell malignancies the question remained
does miR-146a modulate lymphomagenesis and if so is it through NF-kB. In our study using
animals overexpressing c-Myc and deficient for miR-146a we observed reduced survival,
increased lymph node involvement, differential involvement of the spleen, and malignancies of a
mature B-cell phenotype. High throughput sequencing identified differentially expressed genes
enriched for targets of the EGR1 transcription factor. Furthermore ectopic miR-146a expression
in B-cell malignancies showed reduced proliferation with a concomitant decrease of EGR1 at
the transcriptional as well as the translational level. Finally, EGR1 was identified as a bona fide
target of miR-146a.

In response to cellular insults p53 induces various genes involved in cell cycle control,
DNA repair, and apoptosis. Initial high throughput sequencing studies identified numerous
miRNAs upregulated upon induction of p53. Among the miRNAs upregulated upon p53
induction is miR-34a. miR-34a can modulate genes involved in cell cycle progression, cell
growth, and apoptosis. Developmental studies show miR-34a ectopic expression can arrest B-
cells at the pro-B stage. Additionally, osteosarcoma and ovarian cancer samples demonstrate
reduced expression of miR-34a. Given miR-34a’s role in B cell development and its
dysregulation in numerous malignancies we were interested in characterizing its role in B-cell
lymphomagenesis. To answer this question we opted to use the well-established Ep-Myc
transgenic mouse line. High-throughput sequencing of c-Myc driven B-cell malignancies
sufficient/deficient for miR-34a identified novel targets Csf1r, Jhy and Fgfr1. GSEA analysis of c-
Myc driven B-cell malignancies revealed enrichment of miR-34a putative targets. miR-34a

ectopic expression in B-cell lymphoma cell lines demonstrated reduced proliferation, as well as



novel targets Csf1r, Jhy, and Fgfr1. These findings identify novel targets of miR-34a in the
context of B-cell malignancies.

This thesis identifies novel targets for both miR-146a and miR-34a that modulate B-cell
oncogenesis demonstrated their roles as tumor suppressors. These studies pave the way for

novel therapeutic approaches for c-Myc driven B-cell malignancies.
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CHAPTER [

Introduction:

“microRNAs in B cell malignancies”



Abstract

MicroRNAs (miRNAs) are important regulators of gene expression in all compartments
of the immune system. In B cell development they regulate essential pathways that include: B
cell receptor (BCR) signaling, cell to cell interactions, and class switching of immunoglobulins.
They are necessary to the normal development of cells, and data suggests that the deregulation
of specific miRNAs is involved in malignant transformation due to their function as oncogenes or
tumor suppressors. Amplification and overexpression of either ‘oncomiRs’ or genetic loss of
tumor suppressor miRNAs is associated with disease and sufficient to potentiate tumorigenesis
in mouse models. Additionally, global miRNA deficiency mediated by alterations in the
biogenesis machinery is oncogenic. Taken together this data indicates the importance of
deregulation of specific miRNAs in cancer. Here we studied two miRNAs namely miR-146a, and

miR-34a due to their role in association with oncogenesis as established by previous studies.

Introduction

First discovered by the laboratories of Victor Ambros and Gary Ruvkun in
Caenorhabditis elegans, miRNAs are the first extensively studied class of noncoding RNAs.[1,
2] There are thousands miRNAs that have been cataloged, with various degrees of
conservation. It is now clear that there are likely species-specific miRNAs, and the most current
listing in miRBase lists 2588 miRNAs in humans.[3] miRNA biogenesis is a highly regulated
process that allows for their expression in particular cellular and functional contexts. miRNAs
are encoded within the cellular genome in three main ways: (1) as unique genes (2) as intronic
sequences within protein-coding genes and (3) as polycistronic miRNAs, or a single transcript
encoding multiple miRNAs.[4, 5] This variable encoding renders complex possibilities for their
regulation, through alternative processing or miRNA processing. The canonical miRNA

biogenesis path- way involves transcription of these genes by RNA polymerase Il, which allows



for regulation by transcription factors.[6] Following transcription, the primary miRNA transcript is
processed by the endoribonucleases Drosha/DGCRS8 in the nucleus before transport into the
cytoplasm.[7, 8] The resulting pre-miRNA is further processed by the endoribonuclease Dicer.[9,
10] Dicer acts by cleaving the looped end of the miRNA precursor and ‘dicing’ the RNA at 20-25
base-pair intervals thereafter. This results in the formation of a short double-stranded RNA
consisting of the miRNA and its complementary sequence. This is unwound and loaded onto the
RNA-induced silencing complex (RISC) where the mature miRNA binds to target sequences
(reviewed in Czech and Hannon[11])

Recently, a second, non-Dicer-dependent pathway of miRNA biogenesis has been
discovered.[12, 13] This alternative pathway relies on a component of the RISC complex,
namely the Argonaute protein Ago2, to mediate the final processing of the miRNA. Several
miRNAs are thought to be processed by this pathway. Interestingly, the secondary structure of
the pre-miRNA seems to be important in determining the pathway of biogenesis, with distinct
loop and hairpin structures determining whether the miRNA precursor is cleaved by Dicer or
Ago2. Of these, miR-451 is the best characterized, and it contains a very small, distinctive loop
structure.

Following its maturation via endoribonucleolytic cleavage, the miRNA is unwound and
the thermodynamically more stable strand is loaded onto the RISC, a complex composed of
multiple proteins and RNAs. Here, the miRNA encounters and binds to a target mRNA
sequence. The basis of targeting is thought to be Watson-Crick base-pairing via a six-nucleotide
seed sequence located within the 3’ untranslated region of the target mMRNA. This seems to be
the most well-accepted model for targeting, and several target prediction algorithms are based
on this model.[14-17] Usually, there are also areas of complementarity along the 3’ end of the
miRNA, leading to a central region of noncomplementarity or ‘bulge’ sequence. In contrast to

this, small interfering RNAs bind to target sequences with perfect complementarity, leading to



endoribonucleolytic cleavage of the target mRNA via the Slicer function of Ago2.[18, 19] The
mechanism of miRNA repression of the targeted transcript is thought to involve a combination of
MmRNA destabilization and exoribonucleolytic activity as well as translational repression
(reviewed in Nilsen[20]). Recent work suggests that mRNA levels are an accurate way to
determine the degree of repression caused by miRNA expression.[21]

Because repression is thought to be mediated through a short ‘seed’ sequence, miRNAs
are predicted to target numerous mRNAs within a cell, from tens to hundreds. This has been
partially validated by high-throughput techniques that show that miRNA gain and loss of function
can lead to the repression or derepression of numerous genes, respectively.[21, 22] This has

led investigators seeking targets for miRNAs to use a combination of high-throughput
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Figure 1: Schematic of miRNA biogenesis.
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experimental techniques and bioinformatics-based predictive algorithms to delineate direct
miRNA targets.[23] Other recent methodological advances include crosslinking of miRNAs with
the RISC complex followed by immunoprecipitation3 and high-throughput sequencing to identify
mRNA targets in the relevant biochemical context, the so-called Argonaute HITS-CLIP.[24]
These technological advances have rendered possible the identification of various pathways
regulated by miRNAs. Overall, the multiplicity of targeting by miRNAs has led to the idea that

they can regulate large sets of genes and thus have profound effects on gene expression.

MicroRNAs in B-cell activation

B cells are a central component of the adaptive immune system responsible for the
production of long-lived antibodies, which are the main determinant of long-term specific
immunity.[25] B cells develop in the bone marrow and achieve a remarkable diversity of antigen
specificities by rearrangement of their immunoglobulin loci by V(D)J recombination. Once they
have matured in the bone marrow, they seed secondary lymphoid organs where they are
activated by antigens that their B-cell receptors (surface immunoglobulin) recognize. Once they
are activated, they undergo proliferation and further differentiation. The outcome of antigenic
activation is differentiation into either plasma cells that secrete highly specific antibodies or
memory B cells that can be reactivated for future protection.[26] Once an antigen comes into
contact with the B-cell receptor, a signalosome consisting of the B-cell receptor and of
intracellular signaling kinases such as Phospholipase C-2 gamma, phosphatidyl inositol 3-
kinase, Bruton’s tyrosine kinase and Vav as well as B-cell adaptor Blnk is assembled.[26]
Although conventional B cells (B2 B cells) require CD4p T-cell activation, B1 B cells do not. It is
thought that B1 B cells are activated by a TLR microbial detection pathway.[27]

The overall importance of miRNAs in hematopoiesis was established by a seminal study

that showed that miR-181 was highly expressed in B cells and guided B-cell development when



constitutively expressed.[28] Mice with an early B-cell-specific deletion of Dicer demonstrated a
lack of B-cell development past the pro-B-cell stage.[29] This seemed to be mediated via
increased apoptosis, and the protein targets, bcl-2 interacting mediator of cell death and
phosphatase and tensin homolog, were thought to be responsible for the phenotype. miR-150
constitutive expression has an effect on B-cell development, as does miR-34a constitutive
expression.[30-32] Both miRNAs must normally be downregulated at the pro-B to pre-B
transition and their continued expression leads to inhibition of their respective targets, c-Myb
and Foxp1 (forkhead box P1), which are required for further B-cell development.

miRNAs are now known to play a clear role in controlling the activation of mature B cells.
At the global level, Dicer ablation in mature B cells (as opposed to early precursor B cells)
resulted in an increase in marginal zone B cells and a decrease in follicular B cells.[33] It was
also determined that these mice had an increased titer of autoimmune antibodies with
autoimmune disease in female mice. This study also hinted that the relevant target was Bruton’s
tyrosine kinase, which is important in controlling B-cell activation.

In B-2 cells, miR-155 plays a major role in regulating the response in germinal center
cells, where B cells undergo a second round of DNA rearrangement, followed by selection.[34,
35] miR-155-deficient mice show marked defects in both antibody secretion and class-switch
recombination upon immunization.[36, 37] miR-155 represses over 60 target genes in B cells,
including Pu.1, SHIP1 and AID.[37] In fact, Pu.1 seems to be at least partially responsible for
the defects in B-cell activation seen in these mice.[37] The role of AID, which mediates class-
switch recombination and somatic hypermutation, was further explored by two groups who
generated a highly specific disruption of the miR-155 target site in the Aicda 3’ untranslated
region.[38, 39] Disruption of the miR-155/AID interaction led to persistent/increased somatic
hypermutation, including abnormal translocations, and decreased high-affinity antibodies in

immunized mutant mice. This result suggests that the majority of miR-155-mediated phenotypic



effects in B cells are not mediated by AID, but that the AID/miR-155 interaction has an important
function. One possibility is that miR-155 inhibition of Aicda may represent a delayed negative
regulatory switch, which allows for the proper temporal control of somatic hypermutation and
positive selection. Interestingly, miR-181b overexpression in B cells was found to reduce the
class-switch recombination rates, possibly by also downregulating AID.[40] In another study,
miR-150 deficient mice show an expansion of B1 B cells accompanied by dramatic increases in
steady-state antibodies.[30] miR-150 deficient mice also showed an enhanced response to
immunization with T-dependent antigens, indicating an effect on follicular (B2) B cells. Together,
these studies have revealed an important function for miRNAs in B-cell development and
activation. The finding of autoimmune or immunodysregulated phenotypes in miRNA-disrupted
mice should provide an impetus to search for B-cell-mediated mechanisms of autoimmune

disease.

MicroRNAs in leukemia

Many profiling studies have led to a wealth of information about dysregulated miRNA
expression in various tumors of the hematolymphoid system. This has led to the concept of
‘oncomiRs’, or oncogenic miRNAs, and tumor-suppressor miRNAs. miR-155, miR-34, miR-29,
miR-15/16 cluster, miR181, and miR17-92 are a group of miRNAs most frequently dysregulated
in chronic lymphocytic leukemia (CLL). Identification of their targets has uncovered their
functional role in oncogenic progression.

When overexpressed in mice, miR-155 causes a myeloproliferative disorder; miR-125b
leads to a chronic myeloproliferative disease that evolves into an acute leukemia. miR-29a was
also recently reported to cause an acute myeloid leukemia when overexpressed in mice,
whereas overexpression of miR-21 resulted in an acute lymphoblastic leukemia.[41, 42] These

studies highlight that several oncomiRs are capable of transforming hematopoietic cells. Despite



these similarities in induction of malignant phenotypes, the functions of these miRNAs in
immune cells may be quite different; for example, TLR signaling induces miR-155 and miR-21
but it downregulates miR-125b.

In CLL deletions at 11qg, 17p, and 13q are frequently seen leading to loss of miR-34b/c,
p53, and miR-15/16-1 respectively. miR-15/16-1 and miR-34a/b/c have binding sites for p53 in
their promoters and interestingly target p53, and ZAP-70 respectively.[43] The targets of these
miRNAs play a balancing act that when shifted towards increased p53 levels leads to an anti-
apoptotic program, but if ZAP-70 is increased a poorer prognosis of CLL is observed.[44, 45]
The seminal hematopoietic miRNA, miR-181, is suppressed in CLL as the disease progresses
and in the context of indolent vs. aggressive CLL miR-181 is higher in indolent cases.[46-48]

In addition to oncomiRs, several tumor-suppressor miRNAs may have important roles in
leukemogenesis. Perhaps the most elegantly studied tumor-suppressor miRNA is the previously
mentioned miR-15a/16 polycistron, which was initially identified as being located at the 13q14
chromosomal locus deleted in chronic lymphocytic leukemia.[49] Initial studies identified several
important targets of miR-15a/16 including oncogenes such as BCL2 and TCL1.[47, 50]
Experimentally, deletion of (1) the miRNA-containing segment of the gene, (2) the larger
noncoding RNA that contained the miRNAs and of (3) the entire homologous locus in mice led
to successively more severe phenotypes, and all recapitulated chronic lymphocytic leukemia to
some degree.[51] Overall, the observations made regarding the functional role of miRNAs in
leukemogenesis suggest that replacement of tumor-suppressor miRNAs and inhibition of

oncomiRs may have an important role in future therapeutic approaches.

MicroRNAs in lymphoma
The pioneering study that demonstrated the role of miRNAs in the

development/progression of lymphomas used the polycistronic cluster of miR-17-92 in



conjunction with the Eu-myc mouse model.[52] Here the authors demonstrated that miRNAs
can accelerate lymphomagenesis in the context of c-Myc overexpression. Due to the driving
force of c-Myc oncogenesis the question remained whether miRNAs alone can confer a
significant advantage in transforming normal B cells. This question was answered using an Ep-
miR-17-92 transgenic animal that developed aggressive B cell malignancies consisting of B1-
cell proliferating disease, aggressive CLL-like disease, and a diffuse large B cell lymphoma
(DLBCL) like disease.[53] In these animals a proportion of the phenotype can be attributed to
the repression of PTEN and BIM by miR-17-92.[54, 55]

The miR17-92 cluster is one of the most potent oncomiRs in non-Hodgkin lymphomas of
B cell origin. In B-cell non-Hodgkin lymphomas samples this cluster is often amplified or
upregulated, yet the expression of the individual miRNAs is disparate for reasons unknown. The
functional relevance of the different members of this cluster is context dependent due to
variability in from cell type to cell type. Though they have been observed to counteract each
other in a functional manner creating a model yet to be elucidated.[56]

miR-155 has been characterized in B cell development and malignant transformation it is
known to be deregulated in ABC type DLBCL, follicular lymphoma (FL), CLL, and mantle cell
lymphoma.[57-60] To address the role of this miRNA in oncogenesis a previous approach was
employed generating an Eu-miR-155 animals.[61] Using these transgenic mice novel targets of
miR-155 were revealed to be SHIP1, and C/EBPf both regulators of B cell development and
known to modulation of IL6. Additionally, in these mice the B cells were blocked at the pro-B cell
stage giving rise to a polyclonal lymphoproliferation.[62] As mention SHIP1 is a target of miR-
155 but it also modulates AKT activity that in these Eu-miR-155 animals is left unchecked due to
SHIP1 being suppressed culminating in altered BCR signaling.

Both NF-xB and MYB two well know transcription factors modulate miR-155 expression,

interestingly in DLBCL, where NF-xB is known to be dysregulated, miR-155 is also
9



deregulated.[60, 63] In these same DLBCL samples B-cell development modulators PU.1, and
CD10 are repressed believed to be due to this NF-kB/miR-155/PU.1 axis.[64]

miR-21 is another miRNA that is consistently observed to be dysregulated in lymphoid
malignancies such as ABC-DLBCL and AIDS related DLBCL.[57, 65, 66] To determine the role
this miRNA plays in-vivo a conditional mouse overexpressing miR-21 in hematopoietic cells was
created.[42] These mice developed pre-B cell malignancies that if deprived of this miRNA led to
tumor regression accompanied by increased apoptosis, and growth arrest. (Medina2010) On
the other hand when a global deletion model of this miRNA was created no abnormal phenotype
was observed in B cell development.[67]

In malignant B-cells miR-21 has been demonstrated to target the tumor suppressor
PTEN not unlike miR-19.[68] In DLBCL cell lines miR-21 repression leads to increased
sensitivity of these cells to cyclophosphamide, doxorubicin, vincristine and prednisone (CHOP)
a classic drug combination in treating these types of tumors with the tumor suppressor PDCD4
identified in these cell types.[68, 69] Furthermore, knockdown of miR-21 in cell lines reduced
their proliferation and invasive capacity demonstrating the oncogenic potential of this
microRNA.[69]

On the basis of these studies it would appear miR-21 overexpression in malignancies
would indicate a poor prognosis but this remains debatable. In DLBCL patients with high miR-21
there appears to be longer relapse-free survival while in CLL patients high expression indicates
a worse prognosis.[57, 60, 65, 70]

A typical oncomiR miR-21 mediates its effects by inhibiting the expression of
phosphatases that would otherwise regulate expression of the AKT and MAPK pathways. miR-
21 is a NF-xB responsive gene that represses tumor suppressor such as PTEN and PDCDA4.

The latest studies on miR-21have postulated a link between inflammation and cancer.[71] In this

10



study an inflammatory stimulus initiates a positive feedback loop that has sustained miR-21
expression accompanied by NF-xB activation ultimately leading to oncogenic transformation.

miR-34a is a p53 transactivated miRNA and one of the first to be characterized as a
DNA damage responsive microRNA.[72] Early studies found this miRNA to contain reduced
basal expression in CLL patients with mutated or absent p53.[73] Additionally, p53 deficient
cells failed to induces this microRNA even in the presence of DNA insult.[74] Conversely, CLL
samples containing wild type p53 also showed low levels of miR-34a postulating an alternative
regulatory pathway for miR-34a.[72, 74, 75] In cases of DLBCL, CLL, MCL, and mucosa
associated lymphoid tissue lymphomas low miR-34a expression has the poorest prognosis.

In B-cells miR-34a is upregulated upon p53 stabilization subsequently repressing B-MYB
and indirectly decreasing E2F1 leading to cell-cycle arrest.[76] AXL is a receptor tyrosine kinase
recently ascribed be upregulated in CLL, and shown to be a direct target of miR-34a.[77] In cells
receiving chemotherapeutic treatment AXL reduction was observed and is likely due to
engagement of the p53/miR-34a pathway. SIRT1 is a NAD-dependent deacytelase blocking
apoptosis through deactivation of p53, and recently it has been validated as a target of miR-
34a.[78, 79] These discoveries imply that a positive feedback loop exists when p53 is activated
miR-34a helps sustains p53 via direct repression of SIRT1.[79]

The well know proto-oncogene MYC is also known to bind the miR-34a promoter, and in
the context of c-Myc overexpressing malignancies miR-34a is repressed.[80] In DLBCL miR-34a
knockdown led to cell proliferation by derepression of germinal center transcription factors
FOXP1 and BCL6.[80, 81] Conversely, miR-34a upregulation is known to suppress cell
migration as well as induce apoptosis by repression of SIRT1, and BCL2 in solid tumors.[78] If
miR-34a can recapitulate these functions in B cell lymphomas is a question that remains to be
answered. Taken together these studies point towards a function for miR-34a both in DNA

damage response and therapeutic applications. Confounding the role of miR-34a in B-cells a
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recent study demonstrated that its overexpression indirectly repressed p53.[82] In this context
MYC was targeted causing repression of ARF and subsequently upregulating MDM2. Applying
these results to a MYC driven lymphoma it would indicate miR-34a ectopic expression can have
anti-apoptotic effects by targeting the pathway MYC-ARF-MDM2-p53.[82]

miR-34a is a well characterized tumor suppressor its low abundance has been observed
in many tumor tissues including B-cell non-Hodgkin lymphomas.[75, 83] Several studies have
demonstrated its ability to target oncogenes and pro-survival proteins including NOTCH1, MYC,
BCL2, SIRT1, Survivin, CCL22, MDM4, YY1, and AXL. As mentioned previously the question is
whether these targets play a role in the context of malignant B cells due to the dynamic
expression of miR-34a in B-cell development.

miR-146a was first identified as an NF-kB responsive gene in the monocytic cell line
THP-1.[84] In this same study it was uncovered that miR-146a is part of a negative feedback
loop by targeting adapter molecules of the NF-kB pathway, IRAK1 and TRAF6. Transgenic
animals deficient for this miRNA were found to develop myeloid expansions, autoimmune
disease as well as B- and T-cell tumors.[85] In these animals hematopoietic stem and
progenitor cell (HSPC) homeostasis was found to be dysregulated in part due to abnormal
lymphocyte development.[86]

In breast cancer, and androgen independent prostate cancer cells with ectopic
expression of miR-146a a reduced migratory, invasive and metastatic potential has been
observed.[87-89] While in pancreatic cancer cells induction of miR-146a leads to reduced cell
invasion and metastasis.[90] Additionally, an anaplastic thyroid carcinoma cell line with miR-
146a upregulation reduced the oncogenic potential of these cells while increasing their
susceptibility to chemotherapeutic reagents.[91] In bone marrow transplant experiments
suppressing miR-146a in conjunction with miR-145 produces a phenotype reminiscent of the 5q

syndrome.[92]
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At the genomic level a polymorphism in the pre-miRNA sequence of miR-146a was
identified in papillary thyroid carcinoma samples with a C allele demonstrating a reduction in
miR-146a biogenesis and conferring an increased risk of disease.[93] In hepatocellular
carcinoma samples the G allele conferred an increased biogenesis of this miRNA and in males
conferred an increased risk of disease.[94]

To date numerous targets have been uncovered for miR-146a in pathways regulating
development, apoptosis, and proliferation among others.[89, 91, 95, 96] In the context of
hematopoietic development miR-146a regulates HSPC’s longevity and quality.[86] Of great
interest is the role this miRNA plays in malignant transformation as can be seen in all studies
performed to date.[85, 87-91] Taken together these studies demonstrate the importance of miR-

146a both in development and tumorigenesis.

Conclusions and speculations

The field of miRNA research has undergone a tremendous expansion in the past
decade, and these studies have changed fundamentally how we look at gene expression. For
example, the unique temporal regulation properties that are possible with miRNAs would not be
possible with transcription factors. Furthermore, although not reviewed here, coexpression of a
host protein coding gene and an intronic miRNA can produce a unique regulatory module.[97]
Further insights into miRNA function continue to be made — a recent study that examined gene
expression using single-cell imaging studies reveal that the changes in target gene expression
are highly dependent on abundance in a miRNA-expressing cell.[98] There seems to be a
threshold level below which repression by miRNA can be close to complete. Around the
threshold value, miRNAs can modulate significant but subtotal repression of the target. Well

above the threshold value, miRNAs do not change target gene expression at all. At the
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population level, such effects would amplify differences in gene expression between low- and
high expressing cells.

In malignant transformation, we have reviewed the centrality of miRNAs as oncogenic,
as well as tumor suppressors. Acting as oncogenes (such as miR-155 promoting acute
leukemia), and as tumor suppressor (such as miR-15/16-1 suppressing oncogenes BCL2),
miRNAs add a layer of gene regulation previously unappreciated in malignant transformation.

However, the function of a single miRNA in different cell lineages is still incompletely
understood, as highlighted by miR-34a, which can repress components of the cell survival
pathway in colon cancer cells such as E2F3, while alternatively in BJAB cells cell survival was
unaffected.[99] miRNAs may have different functions in different cell lineages, because of the
exquisite sensitivity of miRNA regulation to the concentration, or lack thereof, of its target
mRNA. Future research with exacting loss of function of specific miRNAs in subsets of
malignant cells, as well as deletions of miRNA target sites, will be required to precisely
understand the function of miRNAs during immune responses.

In addition to these detailed mechanistic studies to delineate miRNA function, research
tapping into the therapeutic applications of these miRNAs has begun. Indeed, small RNA
delivery has already been demonstrated in a few human trials, and small RNA inhibition in
animal models can be achieved with anti-miRNAs or antagomirs.[100, 101] These studies
demonstrate the potential of these therapeutics in tuning down miRNA function. A related theme
of research, replacing miRNAs, is also gaining traction. For example, delivery of miR-146a or
miR-21 may be able to tune down oncogenes. The technology for such delivery may entail
using double-stranded small RNA molecules, but delivery into the right cell types and tissues
remains a challenge. One method is suggested by the recent observation that some miRNAs
can pass between cells via exosome-mediated transfer.[102] It is also tempting to speculate that

such cell-to-cell communications may regulate immune cell function.
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miRNA research in the immune system has progressed a great deal in just a few short
years. Their evolutionary conservation-these mechanisms are present in simple multicellular
animals and plants in addition to mammals-is remarkable and suggests an ancient function.
Some have suggested that they may have arisen as a primitive antiviral response and that
these miRNAs may be particularly important in the immune system. Regardless of their origin, it
is clear that miRNAs have diverse and important functions in gene expression. Exciting
developments and unexpected twists undoubtedly remain as we continue our efforts to
understand the function and develop the therapeutic potential of these enigmatic regulators of

gene expression.
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ABSTRACT

miR-146a is a NF-kB induced microRNA that serves as a feedback regulator of
this critical pathway. In mice, deficiency of miR-146a results in hematolymphoid
cancer at advanced ages as a consequence of constitutive NF-kB activity. In this study,
we queried whether the deficiency of miR-146a contributes to B-cell oncogenesis.
Combining miR-146a deficiency with transgenic expression of c-Myc led to the
development of highly aggressive B-cell malignancies. Mice transgenic for c-Myc
and deficient for miR-146a were characterized by significantly shortened survival,
increased lymph node involvement, differential involvement of the spleen and a mature
B-cell phenotype. High-throughput sequencing of the tumors revealed significant
dysregulation of approximately 250 genes. Amongst these, the transcription factor
Egrl was consistently upregulated in mice deficient for miR-146a. Interestingly,
transcriptional targets of Egrl were enriched in both the high-throughput dataset
and in a larger set of miR-146a-deficient tumors. miR-146a overexpression led to
downregulation of Egrl and downstream targets with concomitant decrease in cell
growth. Direct targeting of the human EGR1 by miR-146a was seen by luciferase
assay. Together our findings illuminate a bona fide role for miR-146a in the modulation
of B-cell oncogenesis and reveal the importance of understanding microRNA function
in a cell- and disease-specific context.

respectively [5—8]. It is important to note, however, that
miRNA regulation of gene expression is highly context-
dependent: they regulate a cell type-specific transcriptome
generated by a set of oncogenic or developmental
transcriptional regulators. Hence, uncovering the onco-

INTRODUCTION

MicroRNAs (miRNAs) are a class of small non-
coding RNAs, 21-22 nucleotides in length, which have
physiological roles in many developmental systems

[1]. miRNAs primarily act through post-transcriptional
repression of target mRNAs via short complementary
sequences in the 3’untranslated region (UTR) of mRNA
transcripts [2, 3]. It has been reported that nearly 2000
miRNAs exist in the human genome and more than half
of protein-coding genes are potential targets for miRNAs
[4]. Both oncogenic and tumor suppressive miRNAs
have been described in oncogenesis, acting via repression
of tumor-suppressive and growth-promoting targets,

genic role of a miRNA requires the study of lineage
specific transcriptional dysregulation.

miR-146a was discovered as a transcriptional target
of the NF-kB pathway acting as a negative feedback
regulator of this pathway and repressing some key
components, such as 7raf6 and lrakl [9-13]. In line with
its function in the NF-xB pathway, miR-146a deficiency in
mice results in the development of a hyper inflammatory
phenotype characterized by myeloid proliferation, lymphoid
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hyperplasia, T-cell hyper activation and autoantibody
production [9, 11, 14, 15]. Subsequently, aged knockout
mice develop myeloid and lymphoid malignancies
[9, 11]. These phenotypes are characterized by a dependence
on constitutive NF-kB activity, as demonstrated by the
correction of many phenotypes by deletion of elements of
NF-«kB signaling or downstream mediators [11, 16].

Constitutive NF-kB activity is a hallmark of many
different types of cancer including B-cell malignancies
[17]. The activated B-cell type of diffuse large B-cell
lymphoma (ABC-DLBCL), which demonstrates
constitutive NF-kB activation, is more aggressive and
leads to worse outcomes in patients. Currently, several
components of the NF-kB pathway have been found
mutated in DLBCL, producing activation of NF-xB
[18, 19]. The role of miR-146a as a negative regulator
of this critical pathway, along with the development of
B-cell malignancies in knockout mice, suggest that loss
of miR-146a via undefined mechanisms may represent a
pathogenetic event in B-cell malignancies that contributes
to constitutive NF-kB activity.

In addition to being regulated by NF-«kB, miR-
146a has been shown to be positively regulated by
the potent oncogene, c-Myc, in a melanoma cell line
[20]. In contrast, primary samples of B-cell lymphoma
with high levels of c¢-Myc expression show dramatic
downregulation of miR-146a expression, and additional
studies demonstrate negative regulation of miR-146a
by c-Myc [21-23]. This led us to question the role that
miR-146a plays in c-Myc-mediated oncogenesis in the
B-cell lineage. Since c-Myc is a powerful transcriptional
regulator with a specific transcriptome, we hypothesized
that miR-146a mediated effects on the c-Myc gene
expression program would reveal unique cancer relevant
pathways. To test our hypotheses, we intercrossed the
Ep-Myc mouse with miR-146a-deficient animals. We
found that miR-146a deficiency accelerates oncogenesis,
decreases survival, and alters the differentiation stage
of the tumors that are formed in the resulting mice.
Histopathologic and flow cytometric analyses revealed a
distinctive pattern of involvement in miR-146a-deficient
animals. Mechanistically, few genes were significantly
differentially regulated between wild-type and miR-146a-
deficient, ¢-Myc driven tumors. Of these, Egrl and its
downstream mediators were identified as a novel pathway
regulated by miR-146a in B-cells. Our findings promise to
open up a new area of research and demonstrate a tumor
suppressive function for miR-146a in B-cell oncogenesis.

RESULTS

miR-146a deficiency decreases survival of
Ep-Myc transgenic mice

Given the proposed roles for miR-146a in tumor
suppression and negative feedback regulation of the NF-xB
pathway, we examined whether miR-146a deficiency would

synergize with c-Myc during B-cell oncogenesis. miR-146a-
deficient and Ep-Myc transgenic mice were bred to yield
cohorts of mice that carried the Ep-Myc transgene with
wild-type, heterozygous or homozygous knockout alleles
of miR-146a (Figure 1a—1b). Most tumors that formed in
Eu-Myc mice showed a lymphoblastic morphology with
numerous mitotic figures and apoptotic bodies on H&E
sections (Figure 1c—1e). Conversely, tumors from the miR-
146a-deficient mice demonstrated a more heterogeneous
appearance. Many tumors had lymphoblastic morphology,
but others showed a plasmacytoid appearance, including
cosinophilic cytoplasmic concretions, suggestive of
immunoglobulin deposits (Figure le inset shows cells
with immunoglobulin concretions). Eu-Myc miR-146a""
mice did not have a significant reduction in their survival
(Figure 1f). On the other hand, homozygous deficiency
caused a decrease in survival from 104.5 days to 82.5
days (Figure 1f). Gender differences were noted, with
female miR-146a” mice showing significant differences in
survival, while males only showed a trend towards reduced
survival (Supplementary Figure 1a—1d). Finally, virtually
all mortality in both sets of mice was attributable to tumor
formation (data not shown).

miR-146a-deficient tumors demonstrate
differential anatomic patterns of involvement

Anatomically, tumors in both sets of mice showed
differential patterns of involvement of hematopoietic and
lymphoid organs, with virtually all mice showing thymic
involvement. 31% of Epn-Myc miR-146a"" did not show
any lymph node involvement, whereas all of the miR-
146a” did show involvement (Figure 2a). While the
majority of mice in both groups showed small numbers of
circulating tumor cells in the peripheral blood, 6/10 Ep-
Myc miR-146a” mice examined showed frank leukemia
(defined as a white blood cell count of greater than 30,000/
pL) (Figure 2b—2d). This was in contrast to the lower
numbers of Ep-Myc miR-146a"" mice that demonstrated
leukemia by blood counts (4/14). Amongst mice with
predominantly solid tumors, miR-146a deficiency caused
a statistically significant increase in peripheral blood
CD11b+ myeloid cells but not in B220+ B-cells, CD3e+
T-cells, hemoglobin or platelets (Supplementary Figure
2a-2f). This may represent the propensity of miR-146a-
deficient hematopoietic progenitors to produce increased
numbers of myeloid cells. Bone marrow analysis of these
mice found similar proportions of myeloid cells, erythroid
cells, and B- lymphocytes (Supplementary Figure 2g—2i).

Mice in both groups demonstrated enlarged
spleens, with average weights of approximately 400 mg
(SupplementaryFigure 3a). In Eu-Myc miR-146a"* mice
there was involvement of the white pulp with contiguous
spread between the lymphoid follicles (Figure 2e, dotted
area). High power views showed the malignant cells in
both the white and red pulp (Supplementary Figure 3b—
3c¢). On the other hand, Ep-Myc miR-146a”~ mice showed
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Figure 1: miR-146a deficiency causes increased mortality in Ep-Myc mice. (a) RT-qPCR for c-Myc was performed on splenic
B-cells from WT and miR-146a” mice or tumor samples from Ep-Myc miR-146a”*and Epn-Myc miR-146a” animals (n = 3, 3, 12, 11
respectively) (nc: non-carrier; tg: transgene). (b) RT-qPCR for miR-146a was performed from the same samples as for c-Myc. (c—e)
Hematoxylin and Eosin (H&E) stained sections of lymph node tumors derived from Ep-Myc miR-146a™", Ep-Myc miR-146a”-and Ep-
Myc miR-146a” mice, respectively. The inset in (¢) shows a subset of cells with immunoglobulin concretions. Scale bar for Figures 1c-e, 40
um. (f) Kaplan Meier survival curve of mice with Ep-Myc oncogene and wild-type, heterozygous, or homozygous deficiency of miR-146a
(n = 26 for Ep-Myc miR-146a"*(Solid line in graph), n = 23 for Ep-Myc miR-146a"~ (Dotted line on graph), n = 22 for Ep-Myc miR-
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spleen (n = 24 for Eu-Myc miR-146a"n = 17 for Eu-Myc miR-146a”; Chi Square Test, p = 0.671).
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extensive involvement of the red pulp with relative sparing
of the white pulp (Figure 2f). Using a semi-quantitative
4-point scale to grade involvement, we found that white
pulp involvement was significantly higher in Ep-Myc
miR-146a"* mice compared to knockout mice (Figure
2g). Red pulp involvement was not different between the
two groups (Figure 2h). Despite these differential patterns
of involvement, the relative numbers of B-cells, T-cells
and myeloid cells in the spleen were equivalent between
the two groups of mice (Supplementary Figure 3d-3k).
Together, the data suggest similar overall infiltration of the
spleen (given similar weights and cellular composition),
but a predilection for the red pulp when miR-146a is
deficient, suggesting that the deficiency of miR-146a may
change the homing properties of the malignant B-cells.
The patterns of involvement are somewhat reminiscent of
certain subtypes of B-cell lymphoma/leukemia that show
peripheral blood involvement and red pulp involvement in
the spleen, but are not correlated with NF-«kB activity or
histologic subtype in humans.

miR-146a-deficient tumors demonstrate a
mature B-cell phenotype

To further characterize the increased mortality
seen in the miR-146a-deficient mice, we undertook
immunophenotypic analyses. The tumors in both sets of
mice were predominantly of B-cell phenotype (Figure
3a-3b). Similarly, Eun-Myc mice with a heterozygous
deficiency for miR-146a also developed B-cell tumors
(Supplementary Figure 4a—4d). To examine the stage of
differentiation, we examined expression of IgM, finding
that greater than 70% of tumors from Epu-Myc miR-146a**
mice were IgM-. In contrast, only 42% of tumors from
Ep-Myc miR-146a” mice were IgM- (Figure 3c—3d).
Amongst IgM- tumors, several were plasmacytic, shown
by morphology and staining for CD138 (Figure 3e).
Next, we dichotomized the data by mean fluorescent
intensity (MFI), finding that CD138+ tumors were more
frequently seen in the miR-146a-deficient background
(Figure 3f). When we combined positivity for CD138 and
IgM, most miR-146a-deficient tumors showed a mature
B-cell phenotype (either IgM+ or CD138+) whereas miR-
146a-sufficient tumors were negative for both IgM and
CD138 (Figure 3). Tumor cells from miR-146a-deficient
mice showed lower expression of memory B-cell/
activation related antigen, CD80 (Supplementary Figure
4e—41), but similar expression of CD44 (Supplementary
Figure 4g—4h). To further characterize the stage of B-cell
differentiation in these tumors, we performed RT-qPCR
to quantitate the expression of genes involved in B-cell
differentiation. We found that transcripts for Blimpl,
CD43, Bcl6 and Ighd were all more highly expressed in
tumors from miR-146a-deficient mice (Figure 3h—3k).
Interestingly, female mice, which showed a statistically
significant difference in survival, showed similar trends in

their immunophenotypic profiles (Supplementary Figure
Sa—5f) as well as in gene expression of maturation-related
B-cell transcripts (Supplementary Figure 5g—5j) when
compared to the group overall. Together these findings
indicate that miR-146a-deficient tumors are composed
of malignant B-cells that derive from a different stage of
differentiation than tumors sufficient for miR-146a.

miR-146a-deficient tumors show a limited
difference in transcriptome expression, including
many putative targets of miR-146a

To define a mechanistic basis for miR-146a-deficient
B-lymphomagenesis, we performed RNA-sequencing on
four miR-146a sufficient and two miR-146a-deficient
tumors. Based on this comparison, we arrived at a list
of 249 genes that were differentially regulated with an
adjusted p-value of 0.05 or lower (Figure 4a). We then
searched the dataset for miR-146a targets predicted by
TargetScan [2, 3]. Of the differentially regulated genes,
53 genes are predicted to be miR-146a targets (Figure 4b).
When we examined the genes that were upregulated, 29
out of 140 genes were predicted miR-146a targets (Figure
4c), and this did not represent a statistical enrichment.
Next, we confirmed some of the findings by RT-qPCR
in the larger set of tumor samples that we had collected.
Four of the top ten genes from RNA sequencing had
significantly different expression levels in the tumors
when assayed by qPCR. These genes include Jhy and
Camk2b (Figure 4d and 4f). Jhy is a recently described
novel gene with no known function in oncogenesis or
hematopoiesis; while Camk2b has a previously described
putative role in epithelial cancer [24]. The gene Dix3,
which showed differential regulation by RNA-sequencing,
was not differentially expressed in the larger set of tumor
samples (Figure 4h). Other genes that were differentially
expressed included the putative target Egrl, with
Nrp2 showing a trend towards differential expression
(Figure 4e and 4g). A third predicted target, Ax/, failed
to show differential regulation by qPCR in this larger
set of samples (Figure 4i). Hence, the transcriptome
data provided us with a starting point for understanding
tumorigenesis, uncovering putative miR-146a targets in
the setting of B-cell oncogenesis.

The transcriptome regulated by EGRI1 is
differentially regulated in miR-146a-deficient
tumors

The early growth response-1 gene (Egrl),
has previously described functions in hematopoietic
differentiation [25, 26]. Given that Egr/ is overexpressed
in miR-146a-deficient tumors, we undertook an analysis to
determine whether the Egr/ transcriptome is differentially
regulated. Using a publically available ChIP-Seq dataset,
we gathered a list of EGR1 transcription factor binding
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Figure 3: miR-146a deficiency causes a mature B-cell phenotype in Ep-Myc mice. (a) Representative FACS plot showing
staining for B220 and CD3e in Ep-Myc miR-146a”" and Ep-Myc miR-146a " mice. (b) FACS shows that both groups of mice demonstrate
B-cell tumors (n = 24 for Ep-Myc miR-146a"* and n = 19 for Ep-Myc miR-146a"; t-test p = 0.794). (¢) Representative FACS plots
stained for B220 and IgM from tumors derived from Ep-Myc miR-146a"* and Ep-Myc miR-146a" mice. (d) Percentage of IgM positive
cells in tumors from both cohorts showing increased IgM positivity in Ep-Myc miR-146a”~ tumors (n = 25 for Ep-Myc miR-146a"* and
n= 17 for En-Myc miR-146a"; t-test, p = 0.03). (e) Representative FACS plots stained for B220 and CD138 from tumors derived from Ep-
Myc miR-146a"* and Eu-Myc miR-146a” mice. (f) Dichotomized CD138 expression data (see methods for details on dichotomization),
showing animals with CD138+ versus CD138- tumors (7 = 18 for Ep-Myc miR-146a"* and n = 18 for Eu-Myc miR-146a; Chi-square
test, one-sided p = 0.04). (g) Tumors were dichotomized as being either immature (double negative for CD138 and IgM) or mature (having
expression of either marker) (n = 18 for Eu-Myc miR-146a"* and n = 18 for Eu-Myc miR-146a"; Chi-square test, p = 0.0062). (h—k) RT-
qPCR data for Blimp1, CD43, Bcl6, and Ighd in tumors from Ep-Myc miR-146a"* (n = 18)and Ep-Myc miR-146a"~ mice (n = 17). All
comparisons showed statistically significant differences by 7-test (p = 0.05 for Blimp1 (h), p = 0.014 for CD43 (i), p = 0.0070 for Bcl6 (j),
and p = 0.0067 for Ighd(k).
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(right) that are predicted miR-146a targets (29 predicted targets out of 169 upregulated genes). No statistically significant enrichment was
found (Chi-square test). (d—i) RT-qPCR of genes found to be differentially regulated by RNA-sequencing analysis, including Jhy (d; #-test,
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sites (TFBS) around known protein coding genes in
three different human cell lines (K562, GM12878, and
H1-hESC) [27]. This dataset was compared to the list
of differentially regulated genes in miR-146a-deficient
tumors that have human homologs (Supplementary Figure
6a—6b). Remarkably, genes that show TFBS for EGR1 were
statistically overrepresented in the differentially regulated
gene set from miR-146a-deficient tumors (Figure 5a).
We then confirmed several targets of EGR1 that (i) were
differentially regulated in the RNA-sequencing dataset and
(ii)had been previously shown in the literature to be EGR1
targets or had EGR1 binding sites based on the ChIP-Seq
datasets. Several genes that are important in hematopoiesis
and/or cancer were profiled in the larger set of tumors
and showed a significantly differential regulation. These
genes included Mafb (Figure Sb), Nr4al (Figure 5¢), Clga
(Figure 5d), Cacnal h (Figure 5e), Ephb6 (Figure 5f) and
Prtgl (Figure 5g and Supplementary Figure 6¢). Changes
in gene expression in Egrl and a subset of its targets were
conserved in the subset of tumors derived from female
mice, hinting that these molecular changes may underlie the
increased lethality in the knockout mice (Supplementary
Figure 5k—5n). Together, these findings indicate that miR-
146a-regulated Egrl may represent a critical target that
leads to the elaboration of a gene expression signature and
the more aggressive phenotype observed during miR-146a-
deficient, Ep-Myc-mediated oncogenesis.

Egrl is regulated by miR-146a and
overexpression of miR-146a has an anti-growth
effect on B-cell lymphoma cell lines

To elucidate whether miR-146a targets Egrl, we
examined the 3’ untranslated region (UTR) of the cDNA
transcript. In the human EGR! sequence, there is a miR-
146a 7-mer binding site located at position 111-117 of the 3’
UTR (Figure 6a). The DNA sequence surrounding this area
is somewhat conserved between the human and the mouse,
but the complete 7-mer site is not present in the mouse
(Supplementary Figure 6d). To examine direct targeting,
we cloned a 996 bp segment of the human EGRI 3'UTR
into the pmiRGlo vector. Co-transfection of a miR-146a
over- expression vector along with the luciferase-EGRI
3'UTR fusion construct showed significant repression of
luciferase activity, compared to the empty vector, similar
to that observed for 7raf6. Mutation of the binding site
for miR-146a in the EGR1 3” UTR derepressed luciferase
expression. A similar repression was not consistently
observed for the murine Egrl 3’UTR (Figure 6b). Stable
overexpression of miR-146a using a retroviral vector in
the murine leukemia cell lines, 70Z/3 and WEHI-231 led
to a repression of Egr/ at both the transcript and protein
levels (Figure 6¢c—6e, 6i—6j, 61). In addition, overexpression
of miR-146a led to decreased growth of both cell lines at
baseline and following serum starvation (Figure 6f-6g, 6m—
6n). Moreover, we observed repression of the EGR1 target,

Nr4al (Figure 6h, 6k), implicating the same sequence of
regulation with miR-146a overexpression as that observed
with miR-146a deficiency in the tumors. Moreover, miR-
146a overexpressing cells showed a downregulation of
Blimpl and Bcl6 (Supplementary Figure 6i-6l), in line
with the observations made in the tumors. In the human
DLBCL cell line, SUDHL2, miR-146a overexpression
led to repression of EGR1 as well as the expected target
of miR-146a, TRAF6 (Figure 60). Nrp2 was validated as
an additional target of miR-146a (Supplementary Figure
6e—6h). These findings imply a role for miR-146a in the
regulation of B-cell leukemia/lymphoma cell growth and
demonstrate that in the human, miR-146a directly targets
EGRI1 via canonical 3 UTR-mediated targeting. Hence,
miR-146a overexpression and knockout results in significant
effects on Egrl and downstream gene expression, suggesting
a conserved regulatory module in the human and mouse.

DISCUSSION

In this manuscript we describe the modulation of
tumorigenesis by the NF-kB induced tumor suppressor
microRNA, miR-146a. miR-146a plays a very important
role in immune cells and seems to be critical in modulating
feedback inhibition of the NF-kB pathway. Its role in
T-cells, myeloid cells and hematopoietic stem cells is
well-established, with deletion of this miRNA leading to
T-cell hyper activation, myeloid hyperplasia and tumors,
and stem cell exhaustion [9, 11, 14, 16]. The role of miR-
146a in the developmental sequence of B-cells is less
understood. In young miR-146a-deficient mice, B-cell
development appears to proceed normally, but by the
age of six months, lymphoid follicles in the spleen and
other lymphoid tissue demonstrate hyperplasia [9, 28].
Following this phase, myeloproliferative disease becomes
the dominant phenotype and B-cell numbers drop as the
mice age. Nonetheless, aged miR-146a-deficient mice
show an increased incidence of B-cell malignancies.
Interestingly, these tumors show a predilection for the
lymph nodes, similar to what we have observed here with
Ep-Myec driven tumors.

miR-146a-deficient Ep-Myc transgenic  mice
develop mature B-cell neoplasms with IgM and/or CD138
expression, leading to a higher proportion of lymph node
tumors and leukemia in the peripheral blood. There is some
heterogeneity in the proportion of Eu-Myc mice reported
to develop IgM+ tumors in the literature [29, 30], but our
results have been consistently in the 20-30% range. The
immunophenotypic differences, along with concordant
gene expression changes (e.g., Blimpl and Bcl6), indicate
that miR-146a deficiency may alter the stage of B-cell
development that is most susceptible to transformation
by c-Myc. This is an interesting observation as B-cell
neoplasms in humans that have increased levels of c-Myc
can also derive from different stages of development (for
example, B-lymphoblastic leukemia, Burkitt’s lymphoma,
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Figure 6: Egr1 is regulated by miR-146a. (a) The human EGR1 ¢cDNA contains a 1, 188 bp 3’UTR that contains an intact miR-146a
7-mer binding site. Shown is a schematic of the binding between EGR1 and miR-146a. (b) Luciferase assays quantitating repression
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DLBCL, and plasma cell myeloma) [31-35]. Here, the
expression of a miRNA in an experimental model of
Myc-mediated oncogenesis does alter the stage of B-cell
oncogenesis. Although the relevance to human disease
remains to be established, it is interesting to speculate that
miRNA expression may have an important role in defining
the cellular composition of lymphoma from a given driver
mutation.

An important question raised by this study is whether
the observed phenotypes occur as a consequence of cell-
intrinsic or cell-extrinsic mechanisms. The primary tumor
sites showed primarily B-cells, and histologically, the
tumors appeared to be quite homogeneous. In miR-146a-
deficient mice, T-cell activation is thought to occur as a
consequence of repeated bouts of subclinical infection and
inflammation without the “recalibrating” effects of miR-
146a expression. We do not think this is a likely cause for
the augmentation of oncogenesis, since the development
of tumors under specific pathogen free conditions do not
occur early in life in miR-146a singly-deficient mice.
Heterozygotes did not show increased mortality in the
presence of Ep-Myc, whereas miR-146a heterozygosity
alone causes inflammatory changes [9]. Hence, it is likely
that increased tumorigenesis in our mice occurs primarily
as a consequence of B-cell intrinsic mechanisms. However,
we cannot entirely exclude a cell-extrinsic process driven
by benign but hyperactivated T-cells. Future studies to
address this issue will include producing B-cell specific
knockouts and knock-ins of miR-146a to study disease
progression, but are beyond the scope of the current study.

In an effort to further characterize tumorigenesis
in these mice, we undertook gene expression analysis
by high-throughput sequencing. We have found that a
small set of genes are significantly differentially regulated
between miR-146a sufficient and deficient Ep-Myc
tumors. While the functional analysis did not reveal an
overall pattern to the differentially regulated gene set,
the individual genes do seem to be important in various
aspects of tumorigenesis (Supplementary Table 2) [36, 37].
Amongst the differentially regulated genes, many have
roles in oncogenesis and B-cell development. Perhaps
the most interesting gene to be identified by our analysis
is Egrl, a factor known to promote differentiation in the
hematopoietic lineage. EGR1 transcriptionally induces a
range of genes, and the differentially regulated gene set in
miR-146a-deficient mice was enriched for these targets.
Indeed, some of the most differentially regulated genes in
our dataset were previously described targets of EGR1 or
putative targets as defined by the presence of transcription
factor binding sites. Critically, miR-146a regulates Egr],
and provides an explanation for the observed phenotypic
differences in the tumors from these mice. However,
we must note that direct targeting was only seen with
the human EGR1 3’UTR, and hence the mechanism of
this regulation in the mouse may be indirect. This could
include non-canonical mechanisms of miRNA targeting
(such as in the 5’UTR) and/or indirect regulation.

miR-146a overexpression changes the growth of
murine B-cell lines, suggesting the importance of the
EGR1-mediated transcription program in maintaining
growth of these cells. Notably, miR-146a overexpression
also led to the repression of certain mRNAs that are
important in B-cell differentiation including Blimp1 and
Bcl6, once again supporting the notion of miR-146a
playing a role in the maturation stage of the tumor cells.
This is line with prior reports showing that expression
of an Egrl transgene supported the development of
progenitor cells into mature, IgM-expressing B-cells
[26]. Interestingly, some of the genes that contain TFBS
for EGRI1 are also regulated by miR-146a (for example,
Nrp2), suggesting that miR-146a may target several
points in the same pathway during B-cell oncogenesis.
Downstream, genes without a defined role in B-cell
neoplasms were also identified. Przgl is overexpressed
in a wide variety of endocrine and non-endocrine tumors,
modulates tumor invasiveness and recurrence in several
systems, and has functions in chromatid separation
and cell cycle progression [38]. Jhy is another gene we
identified whose deficiency causes juvenile hydrocephalus
in mice [39]. It will be of great interest to study how
miR-146a deficiency causes differential regulation of
these novel genes and what their roles are in normal and
malignant B-lymphopoiesis.

Our findings also point to the cell-type specific
nature of miRNA mediated regulation. The targets
uncovered in a malignant B-cell are different than those
found in an activated T-cell or a myeloid cell. For example,
our findings suggest that 7raf6 and [rakl, which are highly
important in the elaboration of myeloid phenotypes, may
not be as important in B-cell oncogenesis, particularly that
induced by c-Myc, as these genes were not differentially
regulated in the tumors that we examined (data not
shown). These findings highlight the need for experimental
work in carefully defined physiological and pathological
systems to comprehensively understand miRNA function.

In summary, we show that concurrent c-Myc
overexpression coupled with the absence of a bona fide
tumor suppressor miRNA leads to more aggressive tumor
due to a small set of genes that are regulated directly
or indirectly by miR-146a. . Our novel set of targets
may indicate that miR-146a regulates components of
signaling networks other than the NF-kB inflammatory
pathway. Hence, our work opens the door to new areas of
investigation in B-cell oncogenesis and miRNA biology.

MATERIALS AND METHODS

Mice

miR-146a-deficient (miR-146a"") mice were
developed as previously described [9, 11, 16]. Eu-Myc
mice were purchased from Jackson laboratories and
housed under pathogen free conditions at the University of
California, Los Angeles [40]. Ep-Myc and miR-146a” mice
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were bred to obtain Eu-Myc miR-146a" mice with further
miR-146a" intercross producing Ep-Myc miR-146a"
mice. Mice were monitored for tumors and sacrificed when
they became pre-moribund indicated by the following
criteria: tumors larger than 1.5cm, emaciation, or any other
signs of distress. All mouse studies were approved by the
UCLA Office of Animal Research Oversight.

Flow cytometry

Blood, bone marrow, spleen, and lymph node tumors
were collected from the mice under sterile conditions.
Single cell suspensions were lysed in red blood cell lysis
buffer. Fluorochrome conjugated antibodies against B220,
CD3e, CD11b, Ter119, CD19, IgM, CD80, CD138, CD44,
CD21, CD23, and CD5 were used for staining (all antibodies
obtained from Biolegend). Flow cytometry was performed
on a FACSAria and analysis performed using FlowJo
software. Dichotomization of flow cytometric measurements
was accomplished by visual inspection of the data and
identification of clusters within the data. These were then
validated by comparison of the means and averages of
the two clusters. For CD138, this was accomplished by
examining the Mean Fluorescence Intensity and determining
that the low expression cluster had a mean MFI, 154.0 +
13.96 (N = 30) and 557.6 £+ 71.87 (N = 7) for the high
CD138 samples (p <0.0001 for this comparison).

Histopathology

Organs were collected after necropsy and fixed in
10% neutral buffered formalin. These were then embedded
in paraffin, processed for hematoxylin and eosin staining
by the Translational Pathology Core Laboratory at
UCLA. Histopathologic analysis was performed by a
board certified hematopathologist (D.S.R). The degree of
splenic involvement was scored on a 4-point scale for red
and white pulp involvement. Analysis of dichotomized or
ordinal-type histopathologic data was accomplished by the
use of Fisher’s Exact Test.

Statistical analyses

Figures are graphed as mean with the standard
deviation of the mean (SD) for continuous numerical data.
Bar graphs are employed to show dichotomized or ordinal-
type histopathologic data. Student’s ¢-test, Fisher’s exact
test, Chi square test, and Kaplan-Meier survival analysis
were performed using GraphPad Prism software, applied
to each experiment as described in the figure legends.

RNA-sequencing and analysis

Total RNA was extracted from tumors using
Trizol combined with Qiagen miRNEasy mini kit with
additional on column DNAse I digestion. Following
isolation of RNA, cDNA libraries were built using the

[llumina(San Diego, CA) TrueSeq RNA Sample Preparation
kit V2 (RS-122-2001). An Agilent Bioanalyzer was used
to determine RNA quality (RIN > 8) prior to sequencing.
RNA-Seq libraries were sequenced on an Illumina HiSeq
2000 (single-end 100bp). Raw sequence files were obtained
using Illumina’s proprietary software and are available at
NCBI’s Gene Expression Omnibus resource (GEO Series
accession number GSE67113; http://www.ncbi.nlm.nih
.gov/geo/query/acc.cgi?acc=GSE67113) resource. RNA-Seq
reads were aligned using STAR v2.3.0 [41]. The GRCm38
assembly (mm10) of the mouse genome and the junction
database from Ensembl’s gene annotation (release 71)
were used as reference for STAR. The count matrix for
genes in Ensembl’s genome annotation (excluding rRNAs,
Mt rRNAs and Mt tRNAs) was generated with HTSeq-
count v0.5.4p3 (http://www-huber.embl.de/users/anders/
HTSeq/) and normalized using the geometric mean across
samples [42]. DESeq v1.14.0 [42] was used to classify
genes as differentially expressed (Benjamini-Hochberg
adjusted p-value < 0.05). Moderate fold changes between
conditions were obtained from variance-stabilized data [42].
Functional annotation of differentially expressed genes was
generated through the use of DAVID [36, 37]. Hierarchical
gene clustering was performed with GENE-E (http://www.
broadinstitute.org/cancer/software/GENE-E/). To display
the heatmap, the expression levels were re-scaled so that,
for each gene, the limits of the color scale correspond to
the minimum and maximum expression levels across all
samples.

EGR1 transcription factor binding site analysis

Publically available ENCODE data for EGRI1
Transcription Factor Binding Site ChIP-Seq Uniform Peak
analysis was downloaded from the UCSC Genome Browser
for the K562, H1-hESC, and GM 12878 cell lines [27]. For
each line, the locations for all EGR1 Transcription Factor
Binding Sites (TFBS) were grouped based on the closest
known gene based using the UCSC Main (hg19) ccds gene
list. The genes with one or more TFBS were compared to
the mouse (mm10) RNASeq data set to identify genes that
were differentially expressed in the miR-146a-deficient
tumors and also had at least one EGR1 TFBS in close
proximity to the gene (defined as 3 kb). A Chi-Square test
was performed with one degree of freedom to compare
the relative frequency of EGR1 TFBS in the differentially
expressed dataset (Observed) with the frequency across the
genome (Expected). Only the mouse genes with a human
homolog (total of 16288 genes) were used.

RT-qPCR

RNA collected from the murine tumors was reverse
transcribed using qScript reagent and PerfeCTa SYBR
Green FastMix reagent (Quanta Biosciences) or TagMan
MicroRNA Assay (Life Technologies). Primer sequences
used are listed in Supplementary Table 1.
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Western blot

Tumor cell suspensions were lysed in RIPA buffer
(Boston BioProducts) supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Scientific).
Equal amounts of protein lysate (as quantified by
using bicinchoninic acid protein assay, BCA (Thermo
Scientific)) were electrophoresed on a 5-12% SDS—
PAGE and electroblotted onto a nitrocellulose membrane.
Antibodies used were c-MYC Rabbit polyclonal (#9402),
EGR1 (44DS5) Rabbit monoclonal (all antibodies
from Cell Signaling), and B-Actin (AC15) mouse
monoclonal antibody (Sigma Aldrich). Secondary HRP-
conjugated antibodies were purchased from Santa Cruz
Biotechnology.

MTS assay

Cell proliferation was measured using the Promega
Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation
Assay kit. After addition of reagent according to the
manufacturer’s protocol, cells were incubated at 37°, 5%
CO, for 4 hours and absorbance was measured at 490 nm.

Luciferase assays

A 996-bp segment of the human EGRI 3’UTR
containing the miR-146a site was cloned into the pmiRGlo
dual luciferase vector (Promega). A similar cloning strategy
was used to clone murine Egrl 3’UTR and the Nrp2 UTR
(see Supplementary Table 1). For mutation of the miR-
146a binding site, we utilized site-directed mutagenesis
as previously described using the primers shown in
Supplementary Table 1 [43]. Co-transfections were
performed with Lipofectamine 2000 (Life Technologies)
as per the manufacturer’s instructions. Cells were lysed
after 24 hours, substrate was added and luminescence was
measured on a Glomax-Multi Jr (Promega).

Genotyping for miR-146a mice and c-Myc mice

Mice were genotyped for miR-146a deletion and
Ep-Myc presence using DNA extracted from tail samples.
Genotyping for miR-146a deletion was done as described
previously [11]. Primers are listed in Supplementary Table 1.
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Supplementary Figure S1: miR-146a deficiency causes increased mortality in female Ep-Myc mice. (a) Tumor-free survival
curve of male mice with Eu-Myc oncogene and either wild-type or homozygous deficiency of miR-146a (n = 14 for En-Myc miR-146a™*
n =10 for Eu-Myc miR-146a: Log-Rank Test, p = 0.1880). (b) Tumor-free survival curve of female mice with Eu-Myc oncogene and
either wild-type or homozygous deficiency of miR-146a (n = 15 for Eu-Myc miR-146a*, n = 12 for Eu-Myc miR-146a”; Log-rank Test,
p =0.0136). (¢) Tumor-free survival curve of male mice with Eu-Myc oncogene and either wild-type or heterozygous deficiency of miR-
146a (n = 14 for Eu-Myc miR-146a"*, n =11 for Eu-Myc miR-146a"-; Log-Rank Test, p = 0.4218). (d) Tumor free survival curve of female

mice with Ep-Myc oncogene and either wild-type or heterozygous deficiency of miR-146a (n = 15 for Eu-Myc miR-146a™, n = 15 for
Ep-Myc miR-146a""; Log-Rank Test, p = 0.3163).
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Supplementary Figure S2: Blood and bone marrow composition in Ep-Myc animals at the time of death. (a—c)
Quantitation of absolute number of B-cells (a), T-cells (b), and Myeloid cells (c) based on CBC and FACS analysis of blood at time of death
(n=10 Ep-MycmiR-146a"", and n = 10 Eu-Myc miR-146a™"; t-test p = 0.2719, 0.0904 and 0.0052 respectively). (d—i) Hemoglobin levels,
red blood cell, and platelet counts at time of death (n = 11 Ep-MycmiR-146a"*, and n = 9 Ep-Myc miR-146a"; #-test, p = 0.5663, 0.3150
and 0.6521 respectively). Percentage of B-cells (g), Myeloid (h), and Erythroid (i) cells in the bone marrow of mice at time of death (n =
16 Ep-Myc miR-146a™, and n = 17 Ep-Myc miR-146a™"; t-test, p = 0.1250, 0.5529 and 0.0635 respectively).
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Supplementary Figure S3: Analysis of spleens from Ep-Myc animals deficient for miR-146a. (a) Spleen weights at the
time of death for all animals where data was available (n = 19 Ep-Myc miR-146a™* and n = 10 Ep-Myc 146a™; t-test, p = 0.7662). (b—c)
Representative high power images of paraffin embedded H&E stained tumor samples showing red (top panels), and white (bottom panels)
pulp of splenic tumors from Ep-Myc animals sufficient or deficient for miR-146a. (d—e, h—i) Representative FACS plots from Epu-Myc
miR-146a"" and Eu-MycmiR-146a" spleens stained with B220 and CD3e, or CD11b and Terl19, respectively. (f-g, j—k) Quantitation
of the percentage of B-lymphocytes, T-lymphocytes, Myeloid or Erythroid cells in the spleens of Ep-Myc miR-146a"* and Ep-MycmiR-
146a~~ mice, based on FACS (n =28, Epn-Myc miR-146a"*, and n = 19, Ep-Myc miR-146a™"; t-test, p = 0.9505, 0.2568, 0.7114, and 0.0600

respectively).
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Supplementary Figure S4: Immunophenotypic properties of tumors in mice with heterozygous and homozygous
deficiency of miR-146a. (a-d) B-, T-, myeloid, and erythroid cells, respectively, quantitated by FACS in tumors from mice carrying
the Ep-Myc oncogene and wild-type or heterozygous for miR-146a (n = 24 for Ep-Myc miR-146a”* and n = 28 for Ep-Myc miR-146a"";
t-test p = 0.0704, 0.5164 and 0.2368, 0.0427 respectively). (e) Representative FACS plots from Ep-Myc 146a™* or Eu-Myc 146a” tumors
stained with CD44 and B220. (f) Quantitation of all mice where data was available for the percent of CD44 positive cells in tumors from
Epu-Myc 146a** or Ep-Myc 146a (n =27 Epu-Myc 146a"* and n =17 Ep-Myc 146a™; T-Test, p = 0.9922). (g) Representative FACS plots
from Ep-Myc 146a™* or Ep-Myc 146a” tumors stained with CD80 and B220. (h) Quantitation of all mice where data was available for
the percent of CD44 positive cells in tumors from Ep-Myc 146a”* or En-Myc 146a™ (n =27 Ep-Myc 146a”" and n = 17 Ep-Myc 146a™";
T-Test, p = 0.0069).
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Supplementary Figure S5: Analysis of immunophenotypic and gene expression features of tumors from female Ep-
Myec 146a~ mice. (a—f) Quantitation of B220+ (a), CD3e+ (b), IgM+ (c), CD80+ (d), CD44+ (e) and CD138+ (f) cells from female mice
that carry the Eu-Myc transgene and are either sufficient or deficient for miR-146a. Only CD80 expression is significantly different (7-test,
p =0.0487). This may be due to the reduced numbers of animals available for the analysis (» = 12 Eu-Myc 146a** and n = 12 Ep-Myc
146a™). (g—j) RT-qPCR analyses of B-cell maturation associated transcripts from female mice that carry the En-Myc transgene and are
either sufficient or deficient for miR-146a. All comparisons showed a statistically significant difference (» < 0.05 for all comparisons
between the mice; n = 7 Epu-Myc 146a** and n = 9 Ep-Myc 146a”). (k-n). RT-qPCR analyses of Egrl and putative Egrl-regulated
transcripts from female mice that carry the Ep-Myec transgene and are either sufficient or deficient for miR-146a. All comparisons showed
a statistically significant difference (p < 0.05 for all comparisons between the mice; n =7 Eu-Myc 146a™" and n = 9 Ep-Myc 146a™).
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Supplementary Figure S6: High throughput analyses for EGR1 TFBS and demonstration of a novel miR-146a target,
Nrp2. (a) Plot showing the numbers of genes that were differentially regulated in miR-146a deficient tumors that have EGR1 binding sites
in the three different cell lines. Note that the K562 cell line had the highest number of binding sites. The cell lines displayed a wide range
in the total number of EGR1 transcription factor binding sites (TFBS). The K562 cell line had a total of 36,367 sites representing 12,741
genes, the GM 12878 line had 16,530 sites representing 9,170 genes, and the HI1-hESC line had only 8, 818 sites representing 6,349 genes.
There exists a wide range in the total number of EGR1 TFBS sites as well as the total genes with EGR1 binding sites. In the K562 cell line,
62% of total protein coding genes are putatively regulated by EGR1. In the HI-hESC line 31% of genes have EGR1 TFBS and in GM 12878
line 45% of genes have EGR1 TFBS sites. When all three cell lines are combined, there are a total of 62,071 sites representing 13,944
unique genes. (b) Intersection of differentially regulated genes from the RNA-Seq dataset overlaid with the genes containing EGR1 TFBS
obtained from ChIP-Seq data of the three different cell lines. (¢) Prtg! is a differentially regulated gene in miR-146a deficient tumors. It
is found on chromosome 5 and has EGR1 transcription factor binding sites based on the reanalyzed ChIP-Seq data presented above. (d)
Schematic representation of human and mouse Egr/ gene showing the miR-146a binding site in the 3'UTR. (e) Schematic representation
of human and mouse Nrp2 gene showing the miR-146a binding site in the 3'UTR. (f) RT-qPCR analysis of Nrp2 in 70Z/3 cell lines either
expressing MGP or MGP-miR-146a vector (#-test, p = 0.0148). (g) Western blot analysis for NRP2 after miR-146a shows reduction in
the protein levels in 70Z/3 cells when compared to the reference gene actin (upper panel: Nrp2 and lower panel, B-actin). Shown below
are fold repression computed using ImagelJ software. (h) Luciferase assays showing repression seen with MGP/miR-146a co-transfection
relative to MGP alone for each of the UTRs depicted. Each measurement is representative of firefly luciferase normalized to renilla
luciferase, and was performed in duplicate, with the experiment was repeated at least three times (7-test; Trat6 v Vector, p < 0.0001; Nrp2
vs. vector, p = 0.0005; Nrp2 vs. mutant Nrp2, p = 0.033). (i-1). RT-qPCR analyses of Blimp1 and Bcl6 in 70Z/3 and WEHI-231 cells that
are overexpressing miR-146a. All comparisons showed statistically significant downregulation of these genes in miR-146a overexpressing
cell lines (*p < 0.05; **p < 0.005).
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Supplementary Table S1: RT-qPCR primers and genotyping primers used. Listed are the primers
used for RNAseq data validation, genotyping miR-146a and Ep-Myc allele, and cloning. 5’ P* indicates
phosphorylated 5 end.

RT-qPCR primers Direction Sequence
Jhy FOW 5" GGTGCCGGCAGGATGAATAA 3’
REV 5" AAGTTGGTGTGATGGACGGG 3’
Cacnalh FOW 5" ATGCTTGGGAACGTGCTTCTT 3’
REV 5" GTCTGGTAGTATGGCCGCAA 3’
Camk2b FOW 5" TGGTGGAACAAGCCAAGAGTTT 3’
REV 5" GAGGGAGAGATCCTTTGGGG 3’
Myo18b FOW 5" AGAACAATGGAGTCCGCTGG 3’
REV 5" GCTGGCTGTGGATCTTCTGT 3’
Pttgl FOW 5" CCCTCCAACCAAAACAGCC 3’
REV 5' TCCCTTACCAGATTCCCATGAT 3’
Axl FOW 5' GTGGTTTCCAGACAACCTACG 3’
REV 5" CGGATGTGATACGGGGTGTG 3’
Egrl FOW 5' TTGTGGCCTGAACCCCTTTT 3’
REV 5" AGATGGGACTGCTGTCGTTG 3’
Oaf FOW 5" GAAGGGGCAGAGTCAGTTCC 3’
REV 5'GTTTTTCTGCCGGAGCTTGG 3’
Nrp2 FOW 5" GCTGGCTACATCACTTCCCC 3’
REV 5" CAATCCACTCACAGTTCTGGTG 3’
Dtx3 FOW 5" ACCCAATGTCATCACTTGGAAC 3’
REV 5" CCTCTTGCACCCTAGTCAGGT 3’
Mafb FOW 5'TGGATGGCGAGCAACTACC3’
REV 5'CCAGGTCATCGTGAGTCACA3'
Nr4a FOW 5S'TTGAGTTCGGCAAGCCTACC3'
REV 5'GTGTACCCGTCCATGAAGGTG3’
Clqa FOW S'AAAGGCAATCCAGGCAATATCA3'
REV S'TGGTTCTGGTATGGACTCTCC3’
Bcl6 FOW 5'CCGGCACGCTAGTGATGTT3'
REV S'TGTCTTATGGGCTCTAAACTGCT3'
IgD FOW 5'CTTAGCTGCCGAGAGGGATG3'
REV 5'ACACTGTGCTCGAAGGTGTT3'
IgM FOW 5S'AACATTGCTGGCAGGGGTAG3'
REV 5'ACCAGAGGTTGTCCCTCCTT3'
CD43 FOW 5'GACCCACTTCCTTTCCCCCT3'
REV 5'CGTACCCAGCAAGATCATACCC3'

(Continued)
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RT-qPCR primers

Direction

Sequence

Bcl6 FOW 5'CCGGCACGCTAGTGATGTT3'
REV S'TGTCTTATGGGCTCTAAACTGCT3'
Blimpl FOW S'TTCTCTTGGAAAAACGTGTGGG3'
REV 5'GGAGCCGGAGCTAGACTTG3'
Traf6 FOW 5'GCACAAGTGCCCAGTTGAC3'
REV S'TGCAAAATTGTCGGGAAACAGT3’
EGR1 FOW 5'GGTCAGTGGCCTAGTGAGC3’
REV 5'GTGCCGCTGAGTAAATGGGA3'
mmu-miR-146a 5" UGAGAACUGAAUUCCAUGGGUU 3’
Cloning primers
Egrl CDS FOW 5'AGCTAGA-AGATCT-TTCTCCAGCTCGCTGGTCC3'
REV 5'AGCATCT-CTCGAG-TTCCTGCCTCTCCCTTTGCT3'
Egr1-3-UTR FOW S'TAATCTGGTTTAAACGAGCTCTGGAAGATCTCAGAGCCAAG3'
REV 5S'TCGAATCCCTGCAGGCTCGAGGAACTTCATGTTCATAACATAC
AAAAA3'
Egr1-3’-UTR-Mutant |FOW 5'"P*ATGTCCACTGGACTGTCACCTC3'
REV 5'"P*GGCTGTTTCAGGCAGCTGAAG3’
EGRI1-3"-UTR FOW S'TAATCTGGTTTAAACGAGCTCGAGGAGATGGCCATAGGAGA3’
REV S'TCGAATC-CCTGCAGGCTCGAGTACAAAAATCGCCGCCTACT3’
EGR1-3'-UTR-Mutant |FOW 5'P*GATGGAGCTGGACTGGAGCCAA3'
REV 5'"P*TGACCTAAGAGGAACCCTCC3'
Nrp2-3'-UTR FOW S'TAATCTGGTTTAAACGAGCTCACTGTGGTGGCCAAGTGAAT3'
REV 5S'TCGAATCCCTGCAGGCTCGAGCAGCACTGAGTCCCACGTTA3'
Nrp2-3'-UTR-Mutant |FOW 5'P*ACCCTTGCTGGACTGTGTATCT3’
REV 5S'P*GCGACACACACACACACACA3'
Traf6-3'-UTR FOW S'TAATCTGGTTTAAAGAGCTCTGAAAATCACCACTGCCTGT3’
REV 5S'TCGAATCCCTGCAGGCTCGAGGGATCCCCTCTGCTTCCTTA3'
Traf6-3'-UTR-Mutant | FOW 5'P*GGTGTTGCTGGACTGTTTAGTT3’
REV 5'"P*AGAGCGGTAACTTCTCTACTG3'
Bcl6-3'-UTR FOW S'TAATCTG- GTTTAAAC-GAGCTC-CCAGCCCCTTCTCAGAATC3'
REV 5S'TCGAATC-CCTGCAGG-CTCGAG CAACGCACTAATGCAGTTTAGA3'
Genotyping primers
miR-146a WT FOW 5" CTTGGACCAGCAGTCCTCTTGATGCACCTT 3’
miR-146a KO FOW 5" ATCGCGGCCGCTTTAAGTGTAGAGAGGGGGTCAAGTA 3’
REV 5" ATTGCTCAGCGGTGCTGTCCATCTGCACGA 3’
Ep-Myc FOW 5" ACCCAGGCTAAGAAGGCAAT 3’
REV 5" GCTCCGGGGTGTAAACAGTA 3’
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Supplementary Table S2: Functional annotation results for gene expression data from miR-146a
deficient tumors. Genes that were differentially expressed between tumors from Epu-Myc 146a”* and
for Eu-Myc 146a were used as the input in the DAVID Functional Annotation Tool for Functional
Annotation Analysis. Listed are keywords associated with subgroups of genes.

Term Count % P-Value
disulfide bond 67 28.5106383 4.68E-11
signal 74 31.4893617 1.45E-10
Secreted 47 20 2.36E-10
glycoprotein 79 33.61702128 1.03E-08
innate immunity 11 4.680851064 1.82E-08
complement pathway 7 2.978723404 4.80E-07
immune response 12 5.106382979 1.23E-05
collagen 8 3.404255319 6.11E-05
transmembrane protein 15 6.382978723 1.35E-04
inflammatory response 7 2.978723404 3.21E-04
Growth factor binding 4 1.70212766 6.67E-04
chemotaxis 6 2.553191489 8.23E-04
Immunoglobulin domain 15 6.382978723 8.25E-04
inflammation 4 1.70212766 9.79E-04
extracellular matrix 10 4.255319149 9.99E-04
gpi-anchor 7 2.978723404 0.003569296
cell adhesion 12 5.106382979 0.005673897
hydroxylation 5 2.127659574 0.006928978
thiolester bond 3 1.276595745 0.007127014
immunoglobulin ¢ region 3 1.276595745 0.007127014
sulfation 4 1.70212766 0.007435725
phosphoprotein 93 39.57446809 0.007720982
ATP 7 2.978723404 0.009174195
membrane 81 34.46808511 0.01649583
Fatty acid biosynthesis 4 1.70212766 0.01701409
cell membrane 31 13.19148936 0.018684946
tumor suppressor 5 2.127659574 0.020455856
calmodulin-binding 5 2.127659574 0.033890063
sh3 domain 7 2.978723404 0.034520031
ubl conjugation 12 5.106382979 0.047435024
lipoprotein 13 5.531914894 0.047618299
duplication 5 2.127659574 0.054099645
oxidoreductase 12 5.106382979 0.077770979
(Continued)
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Term Count % P-Value

thioester bond 2 0.85106383 0.079863592
Proto-oncogene 4 1.70212766 0.08178812
Pyrrolidone carboxylic acid 3 1.276595745 0.088004782
metalloprotease inhibitor 2 0.85106383 0.090742103

Supplementary Table S3: RT-qPCR analyses of individual animals for expression of B-cell
maturation related antigens.

Animal Genotype Gender Bcl6 Blimp1 CD43 IgM IgD
1451 wt f 0.271339 1.145588 0.705806 0.709198 0.177013
1454 wt m 0.038736 0.093968 0.066144 0.558738 0.029974
1460 wt m 8.20188 0.721423 3.902207 0.250748 0.014211
1520 wt m 0.033797 0.174896 0.127757 0.456917 0.124269
1521 wt m 0.135677 0.924525 0.16494 0.277375 0.037454
1523 wt f 0.028054 0.095877 0.048391 0.195235 0.039226
1526 wt f 0.120526 0.28323 0.324306 0.401445 0.050215
1656 wt m 0.053368 0.108736 0.284504 0.226677 0.057909
1659 wt m 0.161924 0.551277 0.297023 0.653097 0.130972
1749 wt m 0.701637 3.735392 2.918962 0.750918 0.105922
1915 wt m 0.095955 0.336614 0.960706 0.451744 0.13981
2223 wt f 0.283138 0.463385 0.426341 0.613296 0.160568
1910 wt f 0.030032 0.043638 0.063009 0.120665 0.021617
1655 wt m 0.923301 0.619757 0.666354 0.397616 0.31778
1524 wt f 1.150118 0.856506 411.4145 0.382629 2.139207
2937 wt 0.19628 0.954403 0.433843 1.408135 0.364334
2378 wt f 0.065022 0.283746 0.193816 0.22365 0.137365
2962 wt m 0.020592 0.077438 0.069717 0.213156 0.038049
3088 ko 0.130181 0.372912 0.349963 0.264002 0.127249
3091 ko 0.071145 0.721328 0.395792 0.820457 0.138954
1650 ko f 24.11388 5.552898 698.29 0.549226 5.102985
1946 ko m 19.37964 2.64538 603.3702 0.383629 3.693471
1947 ko f 24.67962 2.261896 1709.758 0.580115 6.531063
1948 ko f 32.45105 1.64023 1704.209 0.528875 7.289359
1954 ko m 1.312308 2.83128 0.386467 1.10656 0.11313
2037 ko f 16.44691 1.268977 536.9497 0.668309 5.380701
2038 ko f 35.71832 1.959675 1262.413 0.664103 8.780564

(Continued)
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Animal Genotype Gender Bcl6 Blimp1 CD43 IgM IgD
2222 ko f 6.066195 1.687667 290.3511 0.311407 1.574364
1958 ko f 0.133845 0.609388 0.570343 0.496057 0.051101
2320 ko m 0.043995 0.332472 0.113839 0.673455 0.321443
2581 ko m 0.044904 0.251925 0.063658 0.500618 0.190218
2590 ko f 0.092365 0.496068 0.172707 0.88351 0.284531
2843 ko m 0.203623 0.472634 0.582692 1.103613 0.227785
2949 ko f 1.158255 0.482188 0.921204 0.36023 0.031063
2589 ko m 0.070043 0.372983 0.223328 0.789975 0.045549
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CHAPTER III:

“Functional characterization of miR-34a in B-cell ymphomagenesis”
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Abstract

Background: The p53 DNA damage response pathway induces the miR-34 family
consisting of miR-34a, b, and c. Of the three family members, miR-34a is known to modulate a
number of cancer-related pathways in a wide range of malignancies from prostate cancer to
neuroblastoma. Additionally, in B-cell malignancies, miR-34a has been shown to be
dysregulated, via silencing or deletion events. In B-cell development miR-34a ectopic
expression can arrest B-cells by targeting the FOXP1 transcription factor necessary for cells to
transition from the pro-B to the pre-B cell stage. Given the functional background miR-34a plays
in B-cell development, the dysregulated expression in malignancy, and association with the p53
pathways it remains to be addressed miR-34a absence leads to B-cell ymphomagenesis.

Results: Here, we performed a series of experiments to define the function of miR-34a
in B-cell malignancies. In-vivo deletion of miR-34a in c-Myc driven B-cell malignancies did not
show modulation of tumor phenotype or aggressiveness. Additionally, we performed high-
throughput sequencing on tumors either sufficient or deficient for miR-34a and identified novel
targets Csf1r, Jhy, and Fgfr1. Using 3'UTR-linked luciferase reporter assays, we found that
Csf1r, Jhy and Fgfr1 are direct targets of miR-34a. Finally, ectopic expression of miR-34a in
established cell lines reduced proliferation and repressed novel targets Csf1r, Jhy, and Fgfr1.

Conclusions: Our findings show a role for miR-34a in modulating B cell malignancies in
the context of c-Myc oncogenesis. The novel targets identified in this study add to the pathways
miR-34a modulates in malignant transformation albeit in this case for B-cells. Taken together
this study identifies additional targets for therapeutic approaches in B-cell malignancies with c-

Myc lesions and possibly future development of drugs aimed at these.

Background
Lymphomas comprise a heterogeneous group of malignancies derived from B- and T-

cells.[1] In these cell types aberrant biological events occur at the genetic, epigenetic, and
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proteomic level driving malignant transcriptional programs. Classical translocations in B cell
malignancies include the c-Myc translocaction characterized from Burkitt lymphomas (BL),
which show a juxtaposition of the c-Myc proto-oncogene with the immunoglobulin heavy chain
gene (IgH) or the light chain gene (IgK, IgL). (Bornkamm2009) Additional oncogenic lesions
observed in B-cell malignancies include BCL6 and BCL2 translocations to promoters of the IgH,
IgL.[2] The genesis of these translocations appears to be related to “accidents” during B-cell
development, that normally mediate the rearrangement of the IGH locus. Recent studies have
demonstrated a interplay between c-Myc and p53 in DLBCL'’s that remains to be functionally
studied. (Scheifer2015)

B-cell development relies upon balanced expression of transcription factors in addition to
various checkpoints that serve to eliminate aberrant B-cells such as those that carry the
previously described translocations. MicroRNAs have demonstrated their capacity to regulate
hematopoietic development and play an important role in malignant transformation. To date
numerous oncomiRs as well as tumor suppressive miRNAs have been identified and
characterized. Of importance is miR-34a which is a part of the miR-34 family that consists of
miR-34a, b, and ¢ who share the same seed sequence as miR-449.[3] miR-34a is also part of
the p53 DNA damage response network and as such is capable of inducing apoptosis,
proliferation and cell cycle arrest.[4-7] Consequently, suppression of miR-34a by p63 has been
shown to allow progression of the cell cycle.[8] Independent of p53, miR-34a can also be
activated by ELK1 in the context of cell senescence, wher it has been shown totarget and
repress c-Myc.[9]

Various cancers have inactivation of miR-34a due to events culminating in deletion or
repression of this miRNA.[10-12] Studies in chronic lymphocytic leukemia (CLL) patients have
demonstrated that inactivation of miR-34a accompanies p53 deletion/inactivating mutations and
conversely that ectopic expression leads to induction of apoptosis in cell lines.[13] In gastric

diffuse large B-cell lymphomas (gDLBCL) miR-34a was repressed in the presence of increased
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MYC expression. MYC knockdown in DLBCL leads to increased expression of miR-34a which is
accompanied by reduced proliferation.[14] Methylation studies have shown that a significant
proportion of hematologic malignancies have hypermethylation of the miR-34a locus,
includingNK/T cell lymphomas.[12] Despite the large amount of data that demonstrate a tumor-
suppressive role for miR-34a, one recent study demonstrated that knockdown of this miRNA led
to reduced proliferation.[15]

To definitively address the functional role of miR-34a in B-cell lymphomagenesis
we sought to knockout miR-34a in B-cell specific c-Myc driven lymphomagenesis, as well as
overexpression studies of miR-34a. We found that in the context of c-Myc driven B-
lymphomagenesis, miR-34a deficiency does not alter the incidence or type of B-cell lymphoma.
High-throughput sequencing of lymphoma samples deficient/sufficient for miR-34a revealed an
enrichment of predicted miR-34a targets and identified the novel targets Csf1r, Jhy, and Fgfr1.
Gene set enrichment analysis (GSEA) using publicly available datasets of WT, pre-malignant,
and malignant c-Myc driven murine B-cell malignancies demonstrated an enrichment of putative
miR-34a targets. Ectopic expression of miR-34a in murine and human established B-cell lines
demonstrated a reduction in proliferation with a concomitant repression of Csf1r, Jhy and Fgfr1.
Together these findings identify a role for miR-34a in the regulation of gene expression in c-Myc
driven B-cell malignancies. Furthermore, these studies identify novel putative targets for the

treatment of c-Myc driven lymphomas.

Results
miR-34a deficiency does not alter survival in c-Myc driven lymphomagenesis

To study the role of miR-34a in a B-cell specific context of tumorigenesis we employed
the use of the Ey-Myc murine model. These transgenic mice overexpress the c-Myc oncogene
under the control of the Ey enhancer restricting expression of this oncogene to B-cells.[16] We

crossbred Ep-Myc animals with miR-34a deficient mice to obtain cohorts of animals sufficient
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and deficient for miR-34a. Most tumors that formed in Eu-Myc mice showed a lymphoblastic
morphology with numerous mitotic figures and apoptotic bodies on H&E sections (data not
shown). In miR-34a deficient tumors this morphological pattern, and time to tumor presentation
in animals remained unchanged. All mortality in these animals was attributed to tumor

formation, but miR-34a deficiency did not affect overall survival (Figure. 1).

== Emu-Myc 34a +/+
-+« Emu-Myc 34a -/-

Percent survival

0 100 200 300
Days

Figure 1: miR-34a deficiency does not alter survival in c-Myc driven B-cell malignancies. (a) Kaplan
Meier survival curve of mice with Ey-Myc oncogene and wild-type, or homozygous deficiency of miR-34a
(n = 26 for Ep-Myc miR-34a+/+(Solid line in graph), n = 10 for Ey-Myc miR-34a—/— (Dashed line on
graph); w.t. vs. k.o. comparison, Log-Rank Test, P = 0.9798).

miR-34a deficiency alters the c-Myc driven transcriptome

At the transcriptional level we were interested to know if miR-34a deletion led to changes
in gene expression. To answer this question we performed high-throughput sequencing on a
small cohort of Ey-Myc tumors either sufficient or deficient for miR-34a. Only a small set of
genes was significantly differentially expressed (DE) between these two genotypes (Figure 2a).
To validate our results, we selected genes from our DE dataset and performed RT-qgPCR

analysis on a larger cohort of tumors (Figure 2c-e). DE genes identified by RNAseq were also

57



b.

0301

ES:

025 { 0.32841772
NES:

g 1.3111467
p-value:
0.012158055

Myc341

N
o0
>3

==

0.151

0101

Enrichment score (ES)

qvalue:
0ss] 0.012158055

0.00

w @
| S UM
na_p elated);_

E|J—Myc34a+/+

Differentially
Expressed
Genes

miR-34a
Predicted

Zero cross at 8480

‘na_neg' (negatively correlated)
0 2500 5,000 7,500 10000 12500 15000
Rank in Ordered Dataset

Ranked list metric (PreRanked)

~ Enrichment profile — Hits Ranking metric scores

C . Jhy d . Csfr e . Fgfr1

Eu-Myc 344" Eu-Myc 34a™ Eu-Myc 344" Eu-Myc 34" Eu-Myc 343" Eu-Myc 34a™

Figure 2: miR-34a deficiency alters c-Myc driven B-cell transcriptome. (a) Genes differentially
expressed between Ep-Myc miR-34a+/+ and Epy-Myc miR-34a—/— tumors. The heat map color scale
represents, for each gene, the relative expression level using the average mean gene expression as a
reference (b) Enrichment plot from gene set enrichment analysis (GSEA) genes DE between Ep-Myc
miR-34a+/+ and Ep-Myc miR-34a—/- tumors who enrichment for miR-34a putative targets (normalized
enrichment score = 1.3111, g-value = 0.0121) (c-e) RT-gPCR of genes found to be differentially regulated
by RNA-sequencing analysis, including Jhy (c; t-test, p = 0.0031), Csf1r (e; t-test, p = 0.0212), Fgfr1 (e; t-
test, p = 0.0460). These three genes represent putative targets of miR-34a (For RT-gPCR analysis n = 12
for Ey-Myc miR-34a+/+and n = 16 for Ey-Myc miR-34a—/- for panels c, d, e).

differentially expressed in our larger cohort of tumors. We were also interested to know if miR-
34a putative targets made up a significant proportion of these DE genes identified our analysis.

To answer this we performed gene set enrichment analysis (GSEA) for putative miR-34a targets

in our DE geneset. As expected DE genes were enriched for putative targets of miR-34a (Figure

2b).
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c-Myc driven B-cell malignancies are enriched for miR-34a putative targets

Previous studies in DLBCL have shown that c-Myc is capable of repressing miR-34a
indicating a possible dysregulation of miR-34a targets.[14] Furthermore, there are reports that
miR-34a represses c-Myc. To understand the overlap between Myc and miR-34a regulated
pathways, we performed the following bioinformatics analyses. Briefly, we wanted to answer
the question of whether miR-34a putative targets were overrepresented in c-Myc-driven B-cell
oncogenesis. To answer this we turned to a publicly available c-Myc ChIP-seq dataset (Sabo et
al. 2015 [17]). This dataset contained lists of genes targeted by c-Myc in B-cells from either pre-
malignant or malignant Ep-Myc mice as well as WT animals. We performed GSEA for putative
miR-34a targets obtained from Targetscan release 7.0 in each of these conditions. Indeed we
found that c-Myc driven B-cell malignancies were enriched for putative miR-34a targets (Figure
3c) while premalignant genes contained a trend towards enrichment (Figure 3b) WT B-cells had
no enrichment (Figure 3a). These findings suggested to us that transformation induced by Myc
is partially dependent on the dysregulation of miR-34a targets, and that the study of genes

targeted by both Myc and miR-34a may yield important insights into oncogenesis.
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Figure 3: miR-34a putative targets are enriched in c-Myc driven B-cell malignancies. (a-c)
Enrichment plot from gene set enrichment analysis (GSEA). (a) Genes with binding sites for c-Myc in WT
B-cells did not show significant enrichment for miR-34a putative targets (g-value = 0.3520). (b) Genes
with binding sites in pre-malignant B-cells show a trend towards enrichment of miR-34 putative targets (g-
value = 0.064). (c) Genes with binding sites for c-Myc in tumors show significant enrichment for miR-34a

putative targets (g-value = 0.016).

miR-34a suppresses cell proliferation and represses putative mRNA targets in B-cell
lymphoma lines

Multiple studies have shown cell lines from different tissues have demonstrated that
ectopic miR-34a expression leads to reduced proliferation.[7, 9, 10, 18, 19] Conversely, other
studies have demonstrated a pro-growth role for miR-34a and yet others show no effect with
miR-34a replacement.[15, 20] To clarify whether miR-34a overexpression can modulate cellular
growth, we turned to using both B-cell and myeloid leukemia cell lines. Indeed, ectopic
expression resulted in a reduction in cell proliferation as well as repression in putative targets of

miR-34a (only Reh shown Figure 4a-d).
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Figure 4: miR-34a overexpression suppresses proliferation and putative targets in B-cell
lymphoma lines. (A) miR-34a expression in ectopic expression cell lines by gqRT-PCR. Normalized to
RNU48. (B) Decreased cell proliferation upon miR-34a overexpression in REH cells as measured by MTS
(C) Quantitation of JHY by RT-qgPCR in REH cell lines (D) gRT-PCR quantification of FGFR1 in Reh cell
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lines transduced with vector control, or miR-34a. Normalized to ACTIN. Evaluations were made using a
two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005 (***); p<0.0001 (****).

Csf1r, Jhy and Fgfr1 are novel targets of miR-34a

miRNAs function via targeting of the 3'UTR portion of mRNA transcripts. To date
numerous miR-34a targets that are involved in various cellular functions have been
uncovered.[7, 21-39] To validate Csf1r, Jhy and Fgfr1 as bona fide targets of miR-34a we
performed 3’'UTR-linked luciferase assays using WT and mutated 3’'UTRs from the respective
genes. Briefly, the 3’'UTR for each of these genes, Jhy, Fgfr1, and Csf1r, contain evolutionarily
conserved binding sites for miR-34a. These segments of the respective UTRs were cloned into
the previously described luciferase reporter vector system, following which the site for miR-34a
binding was mutated using site-directed mutagenesis. Luciferase assays were performed using
these reporters with and without expression of miR-34a that was co-transfected into 293T cells.
The results demonstrate that expression of miR-34a led to a repression of luciferase activity in

the wild-type, but not the mutated 3'UTR in these assays (Figure 5).
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Figure 5: CSF1R, JHY, and FGFR1 are novel targets of miR-34a. (a) Shown is a schematic of the
binding between Jhy, Fgfr1, and Csfir and miR-34a. (b) Shown is a schematic of site directed
mutagenesis in Jhy, Fgfr1, and Csf1r. (¢) Luciferase assays quantitating repression with MGP/miR-34a
co-transfection relative to MGP alone for each of the UTRs depicted. Each measurement is
representative of firefly luciferase normalized to renilla luciferase, and was performed in duplicate, with
the experiment repeated at least three times. Evaluations were made using a two-tailed T-test, p<0.05 (*);
p<0.005 (**); p<0.0005 (***); p<0.0001 (****).

Discussion

In this study we demonstrate that the deletion of miR-34a in Myc driven B-cell
oncogenesis resulted in no significant change in latency of disease onset, mortality or the
phenotype of B-cell tumors. This stands in stark contrast to our results with miR-146a (see
chapter 2). Myc-driven oncogenesis was accelerated with the deletion of miR-146a, and this
was correlated with increased maturity of the B-cell neoplasms that developed in these mice.
Likely, this is due to the fact that miR-34a and miR-146a regulate different transcriptomes, given
their distinct specificity in targeting. Indeed, some of our further analysis bore out this possibility.
Also, genetic redundancy is a possibility, as miR-34a family miRNAs are more numerous than
miR-146 family miRNAs. Hence, the presence of other family members that are also induced
upon p53 activation and share common targets may temper the effects of miR-34a deletion.

Interestingly, gene expression analysis demonstrated that putative miR-34a targets were
enriched in the differentially expressed gene set when comparing Myc tumors that were either
miR-34a sufficient or deficient. This, again, was in contrast to the analyses we carried out with
miR-146a. miR-146a targets, as a class, were not significantly enriched in the differentially
expressed gene set (Contreras et al 2015), and instead, a single target, Egr1, was found to lead
to the many downstream changes in gene expression. This leads us to believe that miR-34a
may act as a fine-tuner of gene expression, causing small changes in many different genes, and
the deregulation of these genes by knockout of miR-34a was insufficient to cause a significant

increase in oncogenesis.
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An additional reason for the lack of a phenotypic effect of miR-34a deletion may relate to
how the pathways regulated by miR-34a and miR-146a relate to the Myc-related transcriptome.
We found that the transcriptome regulated by Myc during oncogenesis (as defined by ChIP-seq
data) is enriched in miR-34a targets, suggesting that there may be an interplay between the two
pathways. Hence, targets that are being massively upregulated by Myc overexpression may not
incur an increment significant enough to cause a phenotypic change in oncogenesis via deletion
of miR-34a. In contrast, miR-146a is thought to regulate NFkB pathway related targets- and
miR-146a deficient Myc-driven oncogenesis may therefore have more severe consequences.

Our work also allowed us to extract novel direct miR-34a targets, which lay the
foundation for our future work. Interestingly, the gene Jhy was found to be deregulated in both
miR146a and miR-34a deficient c-Myc driven tumors. Hence, it will be of great interest to
determine how this gene plays a role in B-cell oncogenesis. The role of Csfir is well-
established in the myeloid lineage (indeed, this is the cellular version of the viral oncogene,
fms). However, how this may act to regulate B-cell oncogenesis is an open question, and one
that opens up therapeutic possibilities if it is found to be deregulated in human B-cell tumors.
The Fgfr1 is another receptor tyrosine kinase that is known to play a role in the growth of
various mesenchymal cells, and disruptions of this receptor have been discovered in plasma
cell neoplasms.[40] These novel targets of miR-34a may therefore have varying roles in the
regulation of B-cell malignancies.

In addition to clarifying a role for miR-34a in the regulation of certain novel targets, our
work also confirms the general tumor suppressive role for miR-34a in the B-cell and myeloid
lineages. Therapeutic possibilities are suggested for constitutively expressing miR-34a in
various hematolymphoid tumors, as we demonstrate that cell lines with overexpression have
decreased survival. Moreover, our analyses suggest that in Myc-driven oncogenesis, miR-34a
overexpression may counter the effects of Myc, given that miR-34a targets are overrepresented

as Myc transcriptional targets. Hence, we will examine whether miR-34a delivery via retroviral
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overexpression in the bone marrow or via delivery as a chemically modified oligonucleotide can
serve a therapeutic purpose. Our future studies in this direction may lay the groundwork for

future work in therapeutics in this area.

Methods

Mice

miR-34a deficient (miR-34a—/-) mice were donated and generated as previously described.[41]
Eu-Myc mice were purchased from Jackson laboratories and housed under pathogen free
conditions at the University of California, Los Angeles.[16] Ey-Myc and miR-34a—/— mice were
bred to obtain Epy-Myc miR-34a+/—mice with further miR-34a—/— intercross producing Ep-Myc
miR-34a—/— mice. Mice were monitored for tumors and sacrificed when they became pre-
moribund indicated by the following criteria: tumors larger than 1.5cm, emaciation, or any other

signs of distress. The UCLA Office of Animal Research Oversight approved all mouse studies.

Statistical Analysis

Figures are graphed as mean with the standard deviation of the mean (SD) for continuous
numerical data. Bar graphs are employed to show dichotomized or ordinal type histopathologic
data. Student’s t-test, Fisher’'s exact test, Chi square test, and Kaplan-Meier survival analysis
were performed using GraphPad Prism software, applied to each experiment as described in

the figure legends.

RT-gPCR
RNA collected from the murine tumors was reverse transcribed using qScript reagent and
PerfeCTa SYBR Green FastMix reagent (Quanta Biosciences) or TagMan MicroRNA Assay

(Life Technologies). Primer sequences used are listed in Supplementary Table 1.
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Cloning and Cell culture

mmu-miR-155 formatted miR-34a constructs were cloned into BamHI and Xhol sites in the
MSCV vector using the strategy that we have previously described to generate knockdown
vectors.[29, 42, 43] Primer sequences used are listed in Supplemental Table 1 or mentioned
previously.[43] RS4;11, Reh (TEL-AML1-translocated; CRL-8286, Nalm-6 , 70Z/3 (ATCC TIB-
158) murine pre B-cell leukemic cell line, and the HEK 293T cell line (ATCC CRL-11268) were
grown in their corresponding media at 370C in a 5% CO; incubator as previously described [16,

53].

Transduction and sorting of cell lines

Lentiviruses and MSCV-based retroviruses were produced to generate knockdown constructs
as previously described.[29, 42, 43] In brief, 5.0 x 10° cells were spin-infected at 30°C for 90
minutes in the presence polybrene (4 ug/mL). Transduced cell lines were sorted for high green
expression using a BD FACSAriall cell sorter, and analysis was performed using BD FACSDiva

software.

Biological assays

For MTS proliferation assays, cells were cultured for at least 5 days before plating. Cells were
plated at a density of 2,500 cells per 100 pl of media in each well of a 96 well plate. Reagents
were added according to the manufacturer’s instructions (Promega CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay kit) and cells were incubated at 37°C, 5% CO, for 4 hours

before absorbance was measured at 490 nm.

Co-transfections were performed with BioT (Bioland Scientific LLC) in 24 well plates as per the
manufacturer’s instructions. Cells were lysed after 48 hours and supernatant lysate was

collected as per manufacturer’s instructions (Promega). The dual luciferase assay kit (Promega)
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was used as substrates for Renilla and firefly luciferase activity. Luminescence was measured
on a Glomax-Multi Jr (Promega). The ratio of firefly to Renilla luciferase activity was calculated
for all samples. The luminescence for the sample co-transfected with MSCV empty vector and

pCMV3 empty vector, was used as a normalization control.

Histology

Organs were collected after necropsy and fixed in 10% neutral buffered formalin. These were
then embedded in paraffin, processed for hematoxylin and eosin staining by the Translational
Pathology Core Laboratory at UCLA. Histopathologic analysis was performed by a board
certified hematopathologist (D.S.R). The degree of splenic involvement was scored on a 4-point
scale for red and white pulp involvement. Analysis of dichotomized or ordinal-type

histopathologic data was accomplished by the use of Fisher’'s Exact Test.

RNA-sequencing and analysis

Total RNA was extracted from tumors using Trizol combined with Qiagen miRNEasy mini kit
with additional on column DNAse | digestion. Following isolation of RNA, cDNA libraries were
built using the lllumina (San Diego, CA) TrueSeq RNA Sample Preparation kit V2 (RS-122-
2001). An Agilent Bioanalyzer was used to determine RNA quality (RIN > 8) prior to sequencing.
RNA-Seq libraries were sequenced on an lllumina HiSeq 2000 (single-end 100bp). Raw
sequence files were obtained using Illlumina’s proprietary software and are available at NCBI's
Gene Expression Omnibus resource (GEO Series accession number) resource. RNA-Seq reads
were aligned using STAR v2.3.0 [41]. The GRCm38 assembly (mm10) of the mouse genome
and the junction database from Ensembl’s gene annotation (release 71) were used as reference
for STAR. The count matrix for genes in Ensembl’s genome annotation (excluding rRNAs,
Mt_rRNAs and Mt _tRNAs) was generated with HTSeqg-count v0.5.4p3 (http://www-

huber.embl.de/users/anders/ HTSeq/) and normalized using the geometric mean across
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samples [42]. DESeq v1.14.0 [42] was used to classify genes as differentially expressed
(Benjamini-Hochberg adjusted p-value < 0.05). Moderate fold changes between conditions were
obtained from variance-stabilized data [42]. Functional annotation of differentially expressed
genes was generated through the use of DAVID [36, 37]. Hierarchical gene clustering was
performed with GENE-E (http://www. broadinstitute.org/cancer/software/GENE-E/). To display
the heatmap, the expression levels were re-scaled so that, for each gene, the limits of the color

scale correspond to the minimum and maximum expression levels across all samples.

Flow cytometry of samples

Blood, bone marrow, spleen, and lymph node tumors were collected from the mice under sterile
conditions. Single cell suspensions were lysed in red blood cell lysis buffer. Fluorochrome
conjugated antibodies against B220, CD3¢, CD11b, Ter119, CD19, IgM, CD80, CD138, CD44,
CD21, CD23, and CD5 were used for staining (all antibodies obtained from Biolegend). Flow
cytometry was performed on a FACSAria and analysis performed using FlowJo software.
Dichotomization of flow cytometric measurements was accomplished by visual inspection of the
data and identification of clusters within the data. These were then validated by comparison of
the means and averages of the two clusters. For CD138, this was accomplished by examining
the Mean Fluorescence Intensity and determining that the low expression cluster had a mean
MFI, 154.0 + 13.96 (N = 30) and 557.6 + 71.87 (N = 7) for the high CD138 samples (p <0.0001

for this comparison)

All antibodies were procured from eBiosciences (San Diego, CA) or Biolegend (San Diego, CA).
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Oncogenesis

B-cell neoplasms are a heterogeneous group of diseases capable of arising at
any stage of B-cell development. As mentioned previously, rearrangements of transcription
factors, such as c-Myc and Bcl6, with immunoglobulin genes is a commonly found feature in
these neoplasms.[1] More recently, the discovery and characterization of oncomiRs and tumor
suppressive miRNAs has elucidated their importance in post-transcriptional regulation in tumor
progression.[2-5] miR-146a is an NF-kB responsive gene initially found to modulate the innate
immune response to inflammatory insult in monocytes.[6] In transgenic animals deficient for this
miRNA, a complex phenotype arose consisting of a myeloproliferative disease characterized by
increased numbers of myeloid cells and infiltration in various tissues.[7] Given enough time,
these animals also develop B- and T-cell lymphoid malignancies.[8] In this study, we sought to
characterize the role of miR-146a in c-Myc driven B-cell oncogenesis using transgenic mice.
Deletion of miR-146a in these transgenic mice gave rise to more aggressive B-cell
malignancies, as demonstrated by a reduction in survival and differential levels of involvement
in the lymph nodes and spleen. Histopathologically, tumors of miR-146a deficient animals
appeared similar to controls but, upon closer examination, experimental tumors contained cells
of a more mature type as demonstrated by cells with immunoglobulin concretions. This would
indicate miR-146a modulates B-cell maturation in addition to HSCs as shown by Zhao et al. In
vitro studies further demonstrated miR-146a can serve as a tumor suppressor. Upon
overexpression of miR-146a in established cell lines, we observed a reduction in proliferation.
The in vivo as well as the in vitro studies here demonstrate that miR-146a does indeed

modulate B-cell oncogenesis— warranting further studies to fully characterize its function.

Identified as a downstream target of the genome guardian p53, miR-34a is induced upon
genotoxic stress.[9-11] Once activated, it is capable of targeting genes involved in cell cycle

progression and apoptosis such as E2F3 and BCL2, among others.[12, 13] In B-cell
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development, miR-34a targets the transcription factor FOXP1 allowing cells to transition from
the pro-B to pre-B cell stage.[14] Its overexpression in numerous malignant cell lines is known
to reduce proliferation, yet in others it is has no effect.[15, 16] In this study, we aimed to
characterize miR-34a deficiency in c-Myc driven B-cell oncogenesis. Using transgenic animals
overexpressing c-Myc and sufficient or deficient for miR-34a, we found miR-34a deficiency does
not alter c-Myc driven B-cell oncogenesis. Upon histopathological examination of tumors from
both genotypes, we found no difference between the two. Overexpression studies of miR-34a
corroborated previous studies, demonstrating stunted cell proliferation in overexpressing lines.
Taken together, these studies demonstrate miR-34a is dispensable in c-Myc driven

oncogenesis, but miR-34a plays an unknown role in B-cell neoplasms.

Novel Targets

Over a decade ago, a seminal study was able to subgroup a panel of diffuse large B-cell
(DLBCL) type lymphomas using gene expression profiles.[17] miRNAs act as post-
transcriptional gene regulators by binding to partially complementary sequences in the 3' UTR
on target messenger RNAs, thereby causing downregulation of the target.[18] Studies on
established cell lines have demonstrated miRNAs ability to modulate the transcriptome in
malignant cells.[15, 19] In this study, we aimed to identify novel targets for miR-146a in a B-cell
transcriptome driven by c-Myc oncogenesis. To do this, we performed high-throughput
sequencing (HT-seq) on c-Myc driven malignancies sufficient or deficient for miR-146a. We
identified 249 significantly differentially expressed (DE) genes between the two genotypes.
Although we did not see enrichment of putative targets, we did identify novel targets of miR-
146a in B-cell ymphomas. One of these novel targets is Egr1, which previous studies have
shown is a positive regulator of B-cell development. Given this gene’s role as a transcription

factor, this reveals a pathway for further studies in B-cell malignancies. Given the functional
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targets identified in various tumor types such as pancreatic cancer, breast cancer, etc., we were
interested to find novel targets of miR-34a in B-cell oncogenesis.[20] Similar to our miR-146a
study, we used c-Myc driven lymphomas sufficient or deficient for miR-34a to perform HT-seq
and found 24 genes DE between the two genotypes. Upon manual examination of this dataset,
we identified the following putative targets of miR-34a: Csf1r, Jhy, and Fgfr1. Taken together,
this study has identified previously unknown downstream targets of miR-34a in c-Myc driven

oncogenesis. These targets are novel and specific to B-cell oncogenesis that will warrant further

0-0-0- 0-0 T

Pre-B Cell B Cell Naive ABC

analysis.

miR-146a

Figure 1: Schematic of miR-146a/Egr1 model in Ey-myc mice. In Ey-myc tumors miR-146a represses
Egr1 and these mice primarily develop pre-B cell tumors. In Ep-myc/miR-146a'/' tumors Egr1 is
derepressed and in these mice predominantly develop mature B-cell tumors.

Contextual study
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Prior studies have demonstrated the changes in gene expression profiles (GEP) of
mMRNAs as well as microRNAs as B-cells mature.[21-23] Not surprisingly malignant B-cells can
be subset by both their mMRNA, and microRNA GEP’s.[17, 23] Given how miRNAs function, the
context in which miRNAs are studied is very important for two reasons; 1) a microRNA can only
modulate mRNAs that are being expressed, 2) microRNAs mainly function as fine tuning
mechanism. In these studies, we sought to characterize the role of miR-146a and miR-34a in
the context of B-cell malignancies. For these miRNAs, previous studies established their role as
tumor suppressors in different cell lineages. Here, we were interested in delineating their tumor
suppressor capabilities in B-cell malignancies. For miR-146a, we found accelerated
oncogenesis as demonstrated by reduced survival of animals deficient for this miRNA. In miR-
34a, we characterized its tumor suppressive capabilities in established B-cell and myeloid
leukemia cell lines. Interestingly, for miR-34a we found that the c-Myc oncogene deregulates
several miR-34a putative targets, as identified by our GSEA analysis of c-Myc driven
malignancies. Not surprisingly, when we deleted miR-34a in this context we found miR-34a did
not modulate c-Myc driven oncogenesis. Nonetheless, in B-cell leukemia cell lines we found that
miR-34a replacement does inhibit proliferation with a concomitant repression of newly identified
targets in this study. As mentioned previously the context of miRNA study is fundamental to the
outcome for the two reasons mentioned. In our miR-146a study we identified a novel result due
to genes regulated by miR-146a being expressed in our model but tempered by this microRNA.
As shown in Fig. 1 in plain Eg-myc mice Egr1 is suppressed by miR-146a and consequently a
majority of tumors derive from the pre-B cell stage. When we remove miR-146a Egr1 is
derepressed and alters the transcriptome leading to a majority of tumors coming from a more
mature B-cell stage. In our miR-34a study we found that in our model a significant proportion of
miR-34a targets are upregulated due to c-Myc. As the function of most miRNAs appears to fine

tune the transcriptome it is not surprising that deletion of this miRNA failed to modulate c-Myc
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oncogenesis. In this case deficiency of miR-34a is overshadowed by the c-Myc lesion, or put

another way miR-34a deficiency and c-Myc overexpression modulate similar pathways.

Future directions

In this study, we have uncovered the novel targets Egr1, Jhy, Csf1r, and Fgfr1 which
have established novel pathways or, at the least, downstream effectors of previously identified
pathways in miR-146a and miR-34a. In order to fully comprehend the role that these targets
play in B-cell oncogenesis, future studies need to be undertaken such as knockdown of these
genes in the presence of their respective miRNAs to characterize complementation. In the case
of Jhy, Csf1r, and Fgfr1, we are currently attempting a CRISPR-Cas9-mediated deletion of
these targets in leukemia cell lines. In these cell lines, we will characterize cell proliferation,

apoptosis, and cell cycle progression to further delineate this pathway regulated by miR-34a.

As we have discovered a deregulation of miR-34a putative targets in the context of c-
Myc driven B-cell oncogenesis, the next step is to characterize miR-34a replacement therapy in
Eu-myc animals. To this end, we have begun a series of bone marrow transplant experiments in
conjunction with ectopic expression of miR-34a. In these animals, we suspect miR-34a will

reduce the aggressiveness of c-Myc driven tumors.
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Posttranscriptional control of gene expression is important for defining both normal and pathological cellular phenotypes.
In vitro, RNA-binding proteins (RBPs) have recently been shown to play important roles in posttranscriptional regulation;
however, the contribution of RBPs to cell specification is not well understood. Here, we determined that the RBP insulin-like

growth factor 2 mRNA-binding protein 3 (IGF2BP3) is specifically overexpressed in mixed lineage leukemia-rearranged (MLL-
rearranged) B-acute lymphoblastic leukemia (B-ALL), which constitutes a subtype of this malignancy associated with poor
prognosis and high risk of relapse. IGF2BP3 was required for the survival of B-ALL cell lines, as knockdown led to decreased
proliferation and increased apoptosis. Enforced expression of IGF2BP3 provided murine BM cells with a strong survival
advantage, led to proliferation of hematopoietic stem and progenitor cells, and skewed hematopoietic development to the

B cell/myeloid lineage. Cross-link immunoprecipitation and high throughput sequencing uncovered the IGF2BP3-regulated
transcriptome, which includes oncogenes MYC and CDKG6 as direct targets. IGF2BP3 regulated transcripts via targeting
elements within 3’ untranslated regions (3'UTR), and enforced IGF2BP3 expression in mice resulted in enhanced expression
of Myc and Cdké in BM. Together, our data suggest that IGF2BP3-mediated targeting of oncogenic transcripts may represent
a critical pathogenetic mechanism in MLL-rearranged B-ALL and support IGF2BP3 and its cognate RNA-binding partners as

potential therapeutic targets in this disease.

Introduction

Oncogenesis in early B cell progenitors results in B cell acute lym-
phoblastic leukemia (B-ALL), the most prevalent hematological
neoplasm in children and young adults (1). The majority of B-ALL
cases exhibit genetic alterations, including recurring chromoso-
mal rearrangements, which contribute to the heterogeneity of the
observed clinical behavior (2). Specifically, B-ALL with chromo-
somal rearrangements of the mixed lineage leukemia (MLL) gene
accounts for 5%-6% of all B-ALL cases and is associated with poor
prognosis and risk of early relapse after treatment (3). MLL, which
encodes a H3K4 methyltransferase, plays a critical role in the tran-
scriptional dysregulation that occurs during leukemogenesis (3,
4). Previously demonstrated targets of MLL include genes critical
in cell survival and proliferation, such as BCL2, MYC, and CDK6
(5-7). Additionally, MLL is known to regulate hematopoiesis, and
its expression correlates with the maintenance of hematopoietic
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stem cell (HSC) self-renewal and differentiation (8, 9). In line with
such a role in normal HSC function, MLL fusion proteins induce
HOXA9 and MEISI, generating leukemia that displays stem cell-
like properties (10-12). These findings demonstrate an intimate
connection between the dysregulation of gene expression and
malignant transformation, and they highlight the importance of
investigating key players in the regulation of gene expression.
Simplistically, gene expression may be regulated at the
transcriptional and posttranscriptional levels. Recent work has
revealed the complexity of the latter mechanism, which not only
includes sequences intrinsic to the regulated mRNA but also other
factors such as miRs, RNA-binding proteins (RBPs), and noncoding
RNA (13). A complex interplay between the protein coding mRNA
and the 3’ untranslated region (3'UTR) targeting miRs and RBPs
has been reported (14). However, the role of gene expression reg-
ulation by RBPs in the malignant transformation of B cells is not
understood. In an effort to identify critical RBP-mediated regula-
tion in B-ALL, we began by examining a high throughput dataset
generated in our laboratory, identifying the insulin-like growth
factor 2 mRNA-binding protein 3 (IGF2BP3) as one of the top dys-
regulated genes in MLL-translocated B-ALL. IGF2BP3 belongs to a
family of mRNA-binding proteins that consists of 3 structurally and
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functionally related paralogs (IGF2BP1, IGF2BP2, and IGF2BP3)
that influence the cytoplasmic fate of mRNAs through localization,
stability, and translation (15, 16). IGF2BP3 is an oncofetal protein
with high expression during embryogenesis, low expression in
adult tissues, and reexpression in malignant tissues. In epithelial
cancer, IGF2BP3 expression is associated with a range of neoplas-
tic phenotypes (17-20). However, many of these studies have been
largely correlative, and a bona fide functional role of IGF2BP3, or
any RBP, in B cell oncogenesis has not been established.

In this study, we sought to delineate the function of IGF2BP3
in B cell leukemogenesis. We overexpressed IGF2BP3 in the BM
of lethally irradiated mice and found that it plays a critical role
in the proliferation of hematopoietic stem and progenitor cells,
recapitulating some features of MLL-rearranged B-ALL. IGF2BP3
provided BM progenitors with a competitive survival advantage
and increased their proliferation. We also found that IGF2BP3 was
essential for the survival of B-ALL cell lines. We used individual
nucleotide resolution cross-linking immunoprecipitation (iCLIP)
to capture the in situ specificity of protein-RNA interactions and
to reveal the positional context of protein binding sites across the
transcriptome. In total, we identified IGF2BP3 binding sites in sev-
eral hundred transcripts in 2 B-ALL cell lines. IGF2BP3 cross-link-
ing sites are strongly enriched in the 3"UTRs of target transcripts.
Of the many IGF2BP3 target transcripts, we demonstrated
IGF2BP3-mediated enhancement of the expression of oncogenic
targets CDK6 and MYC in B-ALL cells and hematopoietic progeni-
tor cells in vivo. Deletion of the RNA-binding domains of IGF2BP3
abrogated target mRNA binding as well as the hematopoietic
stem and progenitor expansion. Together, our studies suggest that
IGF2BP3-mediated upregulation of oncogenic targets represents a
key pathogenetic mechanism operant in MLL-rearranged B-ALL.

Results

IGF2BP3 is differentially expressed in MLL-rearranged B-ALL. We
have previously described a microarray experiment performed
on patient B-ALL samples (21). Following correction for multi-
ple-hypotheses testing, we performed unsupervised hierarchical
clustering with significantly differentially expressed protein-cod-
ing genes (adjusted P < 0.01). This generated a list of RBPs differ-
entially expressed between the 3 cytogenetic subtypes of B-ALL
used in our microarray experiments (ETV-RUNX1, E2A-PBX,
and MLL-rearranged). In the list of RBPs whose expression was
highest in MLL-rearranged leukemia, IGF2BP3 was among the
top candidates (Figure 1A). MLL-rearranged leukemias show a
stem-cell signature with high expression of stemness-associated
genes like HOXA9, MEISI, and CD44 (11, 22). Concordant with
this, we observed that HOXA9, MEIS1A, CDK6, and MYC — puta-
tive targets of the oncogenic MLL fusion protein — were signifi-
cantly overexpressed in the MLL-rearranged group when com-
pared with the other 2 subsets (Supplemental Figure 1, A-D). By
performing quantitative PCR (qPCR) on a large cohort of B-ALL
patient-derived BMs, we confirmed that IGF2BP3 and CD44
were highly expressed in the MLL group (total n = 134) (Figure
1, B and C). Additionally, IGF2BP3 expression was significantly
higher in all B-ALL samples when compared with CD19* B cells
isolated from healthy donors (Figure 1B). To examine the depen-
dence of IGF2BP3 on MLL-mediated effects on gene expression,
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we utilized I-BET151, a bromodomain and extra terminal (BET)
domain inhibitor that has recently been shown to inhibit MLL-
dependent gene expression (23). Treatment of RS4;11 —an MLL-
AF4-expressing human B-ALL cell line — with I-BET151 caused a
dose-dependent decrease in the expression of MYC, CDK6, and
IGF2BP3 (Figure 1D). It also caused cell cycle arrest in the G1-S
phase (Figure 1, E and F). These experiments confirm the overex-
pression of IGF2BP3 in B-ALL, with the highest expression seen in
MLL-rearranged B-ALL. In line with IGF2BP3 being downstream
of MLL fusion proteins, a fall in IGF2BP3 mRNA levels, along with
a fall in other MLL-AF4 target levels, is seen after BET inhibition.
IGF2BP3 loss of function causes apoptosis in B-ALL cells. Given
the oncogenic expression pattern of IG2BP3 in human B-ALL,
we proceeded to examine its expression in 4 different B-ALL
cell lines, including 697 (E2A-PBX translocated), RS4;11, REH
(ETV-RUNXI1 translocated), and NALM6 (Figure 2A). To exam-
ine the effects of IGF2BP3 knockdown, we used a lentiviral vector
expressing 2 different miR formatted siRNA sequences to trans-
duce RS4;11 cells (Figure 2B). Both siRNAs caused decreased
IGF2BP3 expression by qPCR (Figure 2C). Propidium iodide
staining showed an increase in the apoptotic sub-G1 fraction, and
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay showed a significant
reduction in cell proliferation with IGF2BP3 knockdown, con-
firming the dependence of B-ALL cell lines on IGF2BP3 for sur-
vival (Figure 2, D and E). Deletion of the IGF2BP3 locus using the
CRISPR-Cas9 system was also undertaken in the RS4;11 cell line.
We utilized the LentiCRISPR system (24) with 2 different guide
strands, Crl and Cr2, to target the IGF2BP3 locus for deletion.
CRISPR-mediated deletion was confirmed by a T7 endonuclease
assay (Supplemental Figure 2, D and E) with complete abrogation
of IGF2BP3 protein with the guide RNA Cr2, whereas residual
protein was detected with Crl (Figure 2F). Cr2-mediated dele-
tion resulted in reduced cell proliferation by MTS assay, increased
sub-Gl staining, and increased annexin V positivity (Figure 2, G-I).
To confirm these findings, we also targeted IGF2BP3 for knock-
down in NALMS6 cells using a lentiviral siRNA expression system
(Supplemental Figure 2A). Reduced IGF2BP3 mRNA levels were
observed with both siRNAs, with si2 giving a stronger reduction in
cell proliferation, as seen by the MTS assay (Supplemental Figure
2, B and C). Together, these findings highlight the importance of
IGF2BP3 in maintaining cell survival and proliferation in B-ALL.
Enforced expression of IGF2BP3 leads to high levels of engraftment
and increased leukocytes. To directly assess the role of IGF2BP3 in
the hematopoietic system, we undertook an in vivo experiment to
examine the effects of enforced expression. We initially cloned the
human or mouse coding sequence of IGF2BP3 into MIG, a murine
stem cell virus-based (MSCV-based) retroviral vector (Figure 3A),
and confirmed the functionality of the vector in expressing both
IGF2BP3 and the GFP marker (Figure 3, B-D, and data not shown).
A peripheral bleed of these mice at 4 weeks showed a significant
increase in GFP* cells that was sustained over time in mice with
enforced expression of human and mouse IGF2BP3, as measured
by the congenic CD45.2 versus CD45.1 FACS markers (Figure 3, E
and F). Moreover, significantly increased GFP* leukocyte cells were
found, confirming increased hematopoietic output attributable to
IGF2BP3 expression (Figure 3G). These changes were restricted to
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the B cell and myeloid cell counts in the peripheral blood following
complete engraftment (Figure 3, H and I). There was no difference
in the number of T cells in the periphery (Figure 3]). Interestingly,
the number of platelets and red blood cells were significantly lower
with IGF2BP3-enforced expression (Figure 3, K and L). Together
these findings suggest that IGF2BP3 promotes overall hematopoi-
etic output from the BM and skews BM development toward the
B cell/myeloid lineage and away from T-cells, erythroid cells, and
megakaryocytes. These findings, notably the preferential increase
in B cells and myeloid cells, are interesting in light of the fact that
MLL rearrangements are found not only in B-ALL, but also in acute
myeloid leukemia and mixed lineage acute leukemia, most com-
monly expressing both B cell and myeloid markers.

Enforced expression of IGF2BP3 leads to increased progenitors
in the BM with higher rates of proliferation. To further characterize
these hematopoietic changes, IGF2BP3-overexpressing mice were
sacrificed and hematopoietic organs were collected for analysis at
6 months after transplant. The percentage of GFP* cells was sig-

nificantly higher in the IGF2BP3-overexpressing BM, similar to
the peripheral blood (Supplemental Figure 3, A and B). The overall
proportion of myeloid and B cells in the BM were similar between
control and IGF2BP3-expressing mice (Supplemental Figure 3, C
and D). qPCR from the RNA collected from the mouse BM con-
firmed human and mouse IGF2BP3 overexpression (Supplemen-
tal Figure 3, E and F). These changes led us to query whether there
were changes in hematopoietic progenitors in the BM. Indeed,
enforced expression of IGF2BP3 led to an increase in the fraction
of HSCs, lymphoid-primed multipotent progenitors (LMPPs),
and common lymphoid progenitors (CLPs) (Figure 4, A-C). We
followed the developmental pathway of B cells by following the
schema created by Hardy et al. (25). Among the Hardy fractions,
we observed a significant increase in the number of cells in frac-
tions A and B with no significant differences observed in develop-
mentally subsequent stages (Supplemental Figure 3, H, I, and K).
Hence, overexpression of IGF2BP3 led to an increase in immature
hematopoietic fractions starting at the level of the HSC and on to
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the pro-B cell stage. To analyze the proliferation rate of the vari- ~ LMPPs in IGF2BP3-overexpressing BM (Figure 4, D and E). The
ous progenitor cells in the BM, we performed intracellular stain- ~ CLPs did not show a significant difference in Ki67 expression (Sup-
ing with Ki67 in conjunction with progenitor cell stains. Ki67 was  plemental Figure 3, G and ]). These findings imply an increase in
significantly higher in LinScal*c-Kit* (LSK) population and the the proliferation rate of the early progenitors (HSCs and LMPPs),
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secondary to increased IGF2BP3 expression. Presumably, this
leads to an increase in their numbers and differentiation into more
committed downstream progenitors (CLPs and Hardy fractions A
and B). Hence, the enforced expression of IGF2BP3 causes a pref-
erential increase in numbers and proliferation of early progenitor
populations, leading to the observed B cell- and myeloid biased
leukocytosis seen in the periphery.

IGF2BP3 increases the number of B cells in the thymus and myeloid
cells in the spleen. The normal mouse thymus is composed mostly
of T cell progenitors, but in many murine models of leukemia
and lymphoma, it becomes enlarged and overrun by malignant
leukocytes (26). On microscopic examination, IGF2BP3 caused
thymic medullary expansion with infiltration by large cells. One
of the thymi expressing human IGF2BP3 had complete ablation
of the cortico-medullary junction (Figure 5A). Hence, IGF2BP3
expression may serve as a precursor to malignant transforma-
tion. We observed a significantly higher percentage of GFP*B220*
B cells in the thymus when human or mouse IGF2BP3 was over-
expressed, with the effect being more pronounced with mouse
IGF2BP3 (Figure 5, B and C). Mice with enforced expression of
mouse IGF2BP3 also showed a substantial decrease in the number
of CD3¢" T cells. There was no significant difference in the level
of GFP* cells in these thymi, indicating a lineage-specific expan-
sion of B cells (Supplemental Figure 4, G-1). Four of 8 of the thymi
overexpressing human IGF2BP3 and 1/8 of the thymi overexpress-
ing mouse IGF2BP3 weighed over 50 mg, with no such increase in
control mice (data not shown). Interestingly, the spleens were also
enlarged following enforced expression of IGF2BP3. Differences
in splenic weight were statistically significant for mice with over-
expression of human IGF2BP3 with a trend noted for the mouse
IGF2BP3 group (Supplemental Figure 4A). IGF2BP3 led to an
increase in the number of myeloid cells in the spleen with a sig-
nificant decrease in the number of CD3¢" T cells (Supplemental
Figure 4, B-F). Overall, IGF2BP3 appears to tilt the hematopoietic
developmental program toward the B cell and myeloid lineages.
Hence, the changes seen in the BM — increased numbers and pro-
liferation of B-lymphoid and myeloid progenitors — may result in
alterations in hematopoietic homeostasis in the periphery.

IGF2BP3 provides hematopoietic progenitors with a survival
advantage. To confirm that IGF2BP3 overexpression equipped the
BM progenitors with an advantage while repopulating the irradi-
ated host mouse BM, we performed a formal competitive repop-
ulation transplant assay. Fifty percent of CD45.1 BM cells were
mixed with 50% of MIG or IGF2BP3- or HOXA9-overexpressing
CD45.2 BM cells and injected into lethally irradiated mice. The
IGF2BP3-overexpressing CD45.2 cells had a clear advantage over
the MIG- or MIG-HOXA9-expressing cells in engraftment in the
peripheral bleeds over time (Figure 5, D and E). Harvesting of the
BM revealed that IGF2BP3 conferred a competitive advantage to
cells in the BM (Figure 5F). This was also reflected in the thymus
(Figure 5G). This corroborates our earlier data showing IGF2BP3
overexpression (Figure 5H) leading to an increase in BM progeni-
tor numbers as well as proliferation rate.

iCLIP identifies the IGF2BP3-RNA interactome in B-ALL cells.
The molecular basis of the action of RBPs has recently been inves-
tigated using iCLIP and high throughput sequencing. To gain
insight into the role of IGF2BP3 in cell growth and MLL-driven
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leukemogenesis, we performed an iCLIP assay with this protein.
iCLIP exploits the photoreactivity of nucleic acid and protein res-
idues and nuclease fragmentation of protein-bound transcripts
to capture protein-RNA interactions occurring in situ. Antibodies
against IGF2BP3 were used to immunoprecipitate protein-RNA
complexes from control or UV-irradiated RS4;11 and REH cells
(input shown in Supplemental Figure 5, A and C). As expected, the
immunoprecipitated material was antibody dependent and UV
dependent, and the electrophoretic mobility of the complex was
nuclease sensitive, as predicted for a protein-RNA complex (Sup-
plemental Figure 5, B and D). Coprecipitated RNA was converted
to cDNA libraries (Supplemental Figure 5E) and subject to high
throughput sequencing. After accounting for PCR duplications,
we obtained about 1 million reads per replicate, of which >70%
mapped uniquely to the human genome (Supplemental Table 1).
Replicate iCLIP sequences from both RS4;11 and REH cells were
highly reproducible (Supplemental Figure 6, D and E). Compared
with iCLIP cross link sites for heterogeneous ribonucleoprotein Al
(hnRNPA1; HEK cells) and with simulated data drawn randomly
from the genome, IGF2BP3 cross-link sites, located at the 5’ end of
the iCLIP sequences, were enriched in exons (Figure 6A).

We identified peaks using a negative binomial model (see
Methods) in each biological replicate from RS4;11 and REH cells.
In total, 849 peaks in 669 genes and 1,937 peaks in 1,149 genes
were identified in REH and RS4;11 iCLIP experiments, respec-
tively. Of the peaks called within mRNA sequences, the majority
were located within the 3'UTRs (Figure 6B and Supplemental
Figure 6, A-C). A search for sequence specificity in cross-linked
regions revealed an 8- to 16-fold enrichment of GCAC tetramer-
containing motifs over background in both the REH and RS4;11
datasets (Figure 6C). Given the apparent bias of IGF2BP3 binding
sites in 3'UTR of target transcripts, we investigated the positional
bias of cross-linking sites at a single nucleotide resolution relative
to mRNA stop codons. The cross-link density of IGF2BP3 differed
from hnRNPA1in the 3'UTR, reaching its apex just downstream of
the stop codon. These data suggested that IGF2BP3 binding sites
within the 3'UTR specifically target sequences close to the stop
codon in both B-ALL cell lines (Figure 6D).

Based on the distribution of IGF2BP3 cross-linking sites within
3'UTRs (Figure 6D), we hypothesized that IGF2BP3 binding sites
may overlap with cis-regulatory features associated with 3'UTR-
mediated gene regulation. To investigate this possibility, we
examined the distribution of IGF2BP3 cross-linking sites relative
to miR target sites in the 2 different cell lines. After correcting for
the uniform background distribution of simulated cross-link sites,
we found that IGF2BP3 cross-link density in both REH and RS4;11
cell lines is highly enriched within a 25-bp window centered on
predicted miR target sequences (Figure 6E). By contrast, the den-
sity of hnRNPA1 cross-linking sites were uniformly distributed rel-
ative to miR target sites. Among the genes with a strong signal by
iCLIP-sequencing (CLIP-Seq) were CDK6 and MYC. To confirm
our findings demonstrating interaction of IGF2BP3 with these 2
targets by iCLIP (Figure 6, F and G), we utilized RNA immunopre-
cipitation (RIP; Figure 6H), which showed enrichment of MYC and
CDKG6 (Figure 61) in IGF2BP3 RIPs over mouse IgG control. These
data demonstrate, for the first time to our knowledge, a compre-
hensive IGF2BP3 RNA interaction site atlas from human leukemia
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Figure 4. Analysis of BM progenitor populations from IGF2BP3-overexpressing mice. (A) Enumeration (left panel) and representative flow cytometry

histograms to define HSCs from control vector- (second panel from left), human IGF2BP3- (second from right), and murine IGF2BP3-overexpressing mice
(right panel). (B and C) Analysis for LMPPs and CLPs from mice noted as in A. Statistically significant differences were found in LMPPs and CLPs. (D) Intra-
cellular Ki67 staining and FACS-based analyses, depicted in the same manner, with enumeration on the left hand side, within the LSK population enriched
for HSCs. Significant differences in the high Ki67-expressing population were found. (E) Intracellular Ki67 staining and FACS analysis of proliferation in the
LMPP population shows significant differences in the proliferative fraction. All comparisons used one-way ANOVA followed by Bonferroni’s test. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. LSK, Lin-Sca1"c-Kit". Three separate BMT experiments were completed for validation. Data represent mean +SD.
See also Supplemental Figure 3. hi3, human IGF2BP3; mI3, murine IGF2BP3.
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Figure 5. Analysis of thymic cellular composition and competitive repopulation advantage from IGF2BP3-overexpressing mice. (A) Histologic images

of thymic sections from mice with enforced expression of IGF2BP3. H&E staining. Scale bar: 40 um. (B and C) Representative FACS plots and enumeration
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tal Figure 4. n = 8 for all 3 groups. Three separate BMT experiments were completed for validation. (D-H) Competitive repopulation study. (D) Quantitation of
GFP expression in the PB between 4 and 20 weeks after transplant in competitive repopulation study of IGF2BP3. (E-G) FACS of PB (E), BM (F), and thymus
(G) done at 20 weeks after BMT, showing CD45.2 and GFP positivity (one-way ANOVA followed by Bonferroni's test; **P < 0.01, ***P < 0.001). (H) gPCR
confirmation of overexpression of IGF2BP3 in mouse BM (t test; ***P = 0.0006). n = 8 (MIG), n = 8 (Hoxa9), n = 5 (hI3), and n = 4 (100% CD45.1). Competitive
repopulation study was completed 3x for validation. Data represent mean +SD. hi3, human IGF2BP3; mI3, murine IGF2BP3; PB, peripheral blood.

cells. This extensive interaction map reveals a strong preference of ~ in REH and RS4;11 cells. In both cell lines, we found that target
IGF2BP3 binding nonuniformly to 3'UTRs with a preference fora  transcripts were enriched for KEGG pathways related to ribosome
GCAC-rich consensus motif near miR target sites. biogenesis and translation (Supplemental Table 2). By contrast,

IGF2BP3 modulates the expression of its targets. The ENRICHR transcripts classified by ENRICHR as involved in pathogenic E.
tool (27) was used to functionally classify IGF2BP3 mRNA targets  coli infection, and perhaps most importantly, chronic myeloid
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Figure 6. iCLIP analysis of IGF2BP3 in human leukemia cell lines. (A) Proportion of IGF2BP3 (REH and RS4;11 cells), hnRNPA1(HEK cells), and simulated
(Genome) cross-linking sites observed in exons, introns, or unannotated regions of the human genome. (B) Proportion of IGF2BP3 (REH and RS4;11 cells),
hnRNPA1 (HEK cells), and simulated (mRNA background) binding sites in coding and noncoding exons. (C) Tetramer sequence enrichment at IGF2BP3-
cross-linking sites in RS4;11 and REH cells (upper and lower panel, respectively). (D) IGF2BP3 (REH, RS4;11) and hnRNPA1 (HEK cells) cross-link site den-
sity relative to termination codons. (E) IGF2BP3 cross-linking density from REH (dark blue line) and RS4;11 (light blue line) cell lines mapped relative to
annotated miR target sites. hnRNPAT1 (black line) cross-linking sites from HEK293 cells are included as a control. (F and G) UCSC Genome Browser snap-
shot of the CDK6 and MYC 3'UTR loci, respectively. Each panel shows the exon-intron structure of the gene, sequence conservation across vertebrate
species, and unique read coverage from 2 iCLIP replicates from each cell line. The maximum number of reads at each position is indicated to the left of
each histogram. See also Supplemental Figures 5 and 6. (H) Western blot of protein samples from IGF2BP3 RIP. Input refers to RS4;11 cell lysate used for
immunoprecipitation. FT is flowthrough of immunoprecipitation from either control (mouse IgG) or IGF2BP3 RIP. RIP is RNA immunoprecipitation from
control (mouse IgG) or a-IGF2BP3 antibody (D-7). (I) Scatter bar plots comparing the fold-enrichment for MYC (n = 4, t test; **P < 0.01) and CDK6 (n = 3,

t test; *P < 0.05) in control (mouse IgG) and a-IGF2BP3 antibody RNA immunoprecipitations. Levels of MYC and CDK6 are normalized to input levels
from total RNA with 18s rRNA as reference.

leukemia (CML) were enriched in RS4;11 but not the REH data-
set (Supplemental Table 2). Hence, we wanted to further explore
the functional consequences of IGF2BP3 binding on gene expres-
sion at the global level. To determine if IGF2BP3 iCLIP targets
(Supplemental Table 3) are regulated by IGF2BP3 expression
levels, we performed RNA-Seq on control and IGF2BP3-depleted
RS4;11 cells (Supplemental Table 4). Cross-validation of genes
differentially expressed by at least 1.5-fold with RS4;11-specific
IGF2BP3 iCLIP targets found 216 common genes. Of these tar-
gets, the majority showed decreased expression of IGF2BP3iCLIP
targets with IGF2BP3 depletion (157 decreased vs. 59 increased;
Figure 7A). Using the ENRICHR tool to classify the common
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genes cohort, OMIM disease gene ontology analysis (GO analy-
sis) revealed genes associated with leukemogenesis (Figure 7A;
black circles), including CDK6 and MYC. GO analysis for down-
regulated IGF2BP3 iCLIP targets revealed genes associated with
posttranscriptional control, hematopoietic cell differentiation,
and chromatin modification (Figure 7C). KEGG Pathway analysis
also suggested these targets are involved in cell cycle and a vari-
ety of cancer pathways (Figure 7C). By contrast, the upregulated
IGF2BP3 iCLIP targets revealed genes primarily associated with
translation and protein localization (Figure 7B).

CDK6 and MYC mRNAs are targets of IGF2BP3 in vitro and in
vivo. Among the many IGF2BP3 mRNA targets, CDK6 and MYC
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are very important in the pathogenesis of MLL-translocated B-ALL
(6, 7). In our patient data set, MLL-translocated cases of B-ALL
demonstrated high levels of these genes, in line with their pro-
posed role as targets bound by and regulated by IGF2BP3 (Sup-
plemental Figure 1, A and B). To test the hypothesis that IGF2BP3
posttranscriptionally regulates the expression of CDK6 and MYC
via binding sites in their 3'UTR, we generated a series of vectors
using a dual-luciferase reporter system containing the respective
UTRs (Figure 8A). The CDK6 3'UTR (10 kb) was cloned in 5 sep-
arate pieces (CDK6-1 to CDK6-5). Cotransfection of the lucifer-
ase vectors with IGF2BP3 resulted in increased luciferase activity
in CDK6-3 to CDK6-5, as well as the MYC 3'UTR reporters (Fig-
ure 8B). This, along with the iCLIP and RNA-Seq data, confirms
IGF2BP3 binding to the 3'UTRs of these genes may stabilize the
mRNA and/or enhance translation. Mutation of one of the bind-
ing sites within the MYC 3'UTR, designated MYC A3, resulted
in a small but reproducible attenuation of IGF2BP3-dependent
enhancement of the MYC 3'UTR reporter (Figure 8C). However,
mutation of individual IGF2BP3 binding sites in the CDK6 3'UTRs,
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followed by IGF2BP3 overexpression and a luciferase assay, did not
show any significant difference (data not shown). These findings
may result from one of the following possibilities: (i) binding may
not be sufficient for alterations of gene expression, or (ii) coopera-
tive binding at multiple sites may be required for an effect on gene
expression. Indeed, some parallels have been seen in the case of
miRs, where increased repression is seen in targets with multiple
binding sites (28). Nonetheless, IGF2BP3 binding would be pre-
dicted to lead to increased levels of CDK6 and MYC in cells over-
expressing IGF2BP3 and to decreased levels in knockdown cells.
To elucidate whether IGF2BP3 targets CDK6 and MYC in
vivo, we performed intracellular staining in BM cells from mice
with enforced IGF2BP3 expression and measured mean fluores-
cence intensity (MFI) by flow cytometry. BM GFP* cells derived
from human IGF2BP3-expressing mice had increased MFI for
CDK6 and MYC (Figure 8, D and F). As a control, GFP- cells of
both groups did not show any difference (Figure 8, E and G). To
complement these in vivo data, we analyzed CDK6 and MYC pro-
tein levels in cell lines where IGF2BP3 was knocked down using
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Figure 8. CDK6 and MYC are targeted by IGF2BP3. (A) Schematic of the luciferase assay used. (B) Luciferase assay showing targeting of the CDK6 and
MYC 3'UTRs by IGF2BP3 (t test *P = 0.05; P = 0.0250 CDK6-4, P = 0.0475 CDK6-5, P = 0.0165 MYC). (C) Deletion of the MYC 3'UTR binding sites of IGF2BP3
led to modest but significantly decreased luciferase activity (t test *P = 0.05; P = 0.0120 MYC, P = 0.0294 MYC A3). (D and E) CDK6 analysis of BM progeni-
tors shows a significantly increased amount of CDK6 protein in the GFP* BM cells (t test; *P = 0.0213) (D) but not in the GFP- (E) cells. (F and G) Intracellular
staining for MYC reveals significantly increased levels in the GFP* BM cells after IGF2BP3-enforced expression (t test; ****P < 0.0001) (F) but not

in the GFP- (G) cells. n = 8 for all 3 groups. (H and 1) After Igf2bp3 knockdown in 70Z/3 cells (t test IGF2BP3 si1 and si2, respectively; ***P = 0.0007,

***p = 0.0005), there is reduced expression of CDK6 and MYC protein (H). In the R54;11 cell line, Western blot confirmed knockdown of IGF2BP3 protein
and reduced expression of CDK6 protein (I). Experiments were conducted 3x for validation. Data represent mean +SD. See also Supplemental Figure 7. hi3,

human IGF2BP3; PE, phycoerythrin.

siRNAs previously. There was a substantial decrease in CDK6
protein levels in RS4;11 cells after IGF2BP3 knockdown (Figure
81). Similarly, Igf2bp3 knockdown in the murine pre-B 70Z/3 cell
line led to a reduction in CDK6 and MYC protein (Figure 8, H and
I). These findings are in agreement with the RNA-Seq data and
demonstrate a conserved function for IGF2BP3 (Figure 7A).

At the mRNA level, IGF2BP3 overexpression led to a slight but
significant increase in Myc mRNA levels, but not in Cdk6, in bulk
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BM (Supplemental Figure 7, A and B). It is possible that an increase
in Cdk6 mRNA may not be detected due to the heterogeneity of
the BM cells or because effects on mRNA stability by IGF2BP3
may be mRNA specific. Similarly, murine 70Z/3 cells showed a
modest increase in the Cdk6 mRNA levels when murine IGF2BP3
was overexpressed (Supplemental Figure 7, C-E). These find-
ings corroborate IGF2BP3 binding and subsequent translational
augmentation of these target genes. Overall, these experiments
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Figure 9. Expression of IGF2BP3 RNA-binding domain mutants in vivo and in vitro. (A) Schematic of IGF2BP3 with its binding domains and the respec-
tive mutants (KH and RRM). (B) Time course of normalized engraftment to MIG in PB between 4 and 20 weeks after transplant. (C) FACS of PB done

at 4 weeks after BMT, showing CD45.2 and GFP positivity (one-way ANOVA followed by Bonferroni's test; ***P < 0.001). (D) B cells in PB 16 weeks after
transplant. (E) Myeloid cells in PB 12 weeks after transplant. n = 8 for all groups. Mutant BMT experiment was completed twice for validation. (F) Western
blot confirmed expression of IGF2BP3 (64 kDa), KH (47 kDa), and RRM (22 kDa) proteins in 70Z/3 using anti-T7 (top panel) and anti-IGF2BP3 (bottom)
antibodies. Actin used as a loading control. (G) Luciferase assay shows increased luciferase activity for the MYC 3'UTR when cotransfected with hi3 and
decreased luciferase activity for the MYC 3'UTR when cotransfected with KH and RRM mutants (t test hi3, K,H and RRM; ***P < 0.001; ****P < 0.0001).
Experiment was completed 3x. Data represent mean +SD. hi3, human IGF2BP3; PB, peripheral blood.

demonstrate targeting of CDK6 and MYC by IGF2BP3 in a variety
of systems, and that may underlie the observed phenotypic effects
of enforced expression.

Mutated IGF2BP3 does not increase hematopoietic progenitor
numbers in vivo. IGF2BP3 has 6 RNA-binding domains: 2 RNA
recognition motif domain (RRM) and 4 K homology domain
(KH) domains that are predicted to mediate the RNA-binding
function of IGF2BP3. We created 2 deletion mutants: the KH
mutant, containing only the 4 KH domains and devoid of both
the RRM domains, and the RRM mutant, containing the 2 RRM
domains and lacking the 4 KH domains (Figure 9, A and F). A
murine BM transplant was performed with MIG, WT IGF2BP3,
KH, and RRM mutants into lethally irradiated recipients. Unlike
the WT protein, enforced expression of these mutant proteins
failed to cause enhanced hematopoiesis or the skewing toward
the B cell and myeloid lineages that we observed previously.
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The mutant recipient mice showed reduced engraftment (Fig-
ure 9, B and C). B cell and myeloid cell counts in the periphery
showed a trend toward normalization in IGF2BP3 mutant mice
(Figure 9, D and E). A luciferase assay using the MYC 3'UTR and
comparing WT and mutant IGF2BP3 demonstrated decreased
luciferase activity, confirming the idea that these mutants no
longer bind to and/or stabilize target mRNAs (Figure 9G). Inter-
estingly, one study reported that the role of KH domains is not
well understood in IGF2BP3, among the various IGF2BP family
members (29). Although the precise determinants of RNA bind-
ing are not known, our findings provide an impetus to perform
detailed structure-function analyses to elucidate domains and
residues important for IGF2BP3 function. Together with our
high throughput data, these experiments provide some of the
first comprehensive studies that link the RNA binding function
of this protein to organism-level phenotypes.
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Discussion

The molecular mechanism of leukemogenesis mediated by MLL-
fusion proteins is not completely understood, despite knowl-
edge of the translocation and the resulting fusion proteins for 2
decades. Increasingly, it is recognized that secondary, nongenetic
changes are necessary for elaboration of leukemia. For example,
deregulation of epigenetic marks by DOT1L, which is recruited by
the MLL-AF4 fusion protein, is a key oncogenic mechanism (30).
In this study, we found that an RBP, IGF2BP3, is overexpressed in
cases of B-ALL that carry a translocation of the MLL gene. We pro-
pose that posttranscriptional gene expression dysregulation may
also play an important role in leukemogenesis. This is borne out
by prior studies of another RBP, musashi-2, which demonstrated
that it was highly expressed in acute myeloid leukemia and that
its overexpression could collaborate with BCR-ABL to promote
myeloid leukemogenesis (31). Another recent example is the HuR
protein, which is upregulated in multiple epithelial malignancies
and is known to stabilize its targets by binding to AU-rich elements
within the 3'UTR of target mRNAs (32). Our findings here extend
the repertoire of dysregulated RBP expression to B-ALL, providing
new insights into this disease.

The mechanism of IGF2BP3 upregulation in MLL-AF4-
expressing leukemia is an important question. Our studies showed
that a BET domain inhibitor could downregulate IGF2BP3 in
RS4;11, and this is thought to specifically target MLL-mediated
transcription at low doses (23). Previous reports have also shown
IGF2BP3 to be upregulated after MLL-AF4 overexpression in
murine BM cells (4). Interestingly, an indirect ChIP-Seq assay done
in SEM cells (which carry the MLL-AF4 translocation) showed bind-
ing of the fusion protein to the genomic locus containing IGF2BP3
(33). Therefore, it is tempting to speculate that IGF2BP3 is a direct
transcriptional target of MLL fusion proteins. However, IGF2BP3 is
also overexpressed in most of the B-ALL cell lines tested, various
mature B cell neoplasms (34-37), and a number of epithelial malig-
nancies. Furthermore, differential regulation of this protein has
been observed in B-ALL (38). Hence, the mechanism of its upregu-
lation may include other oncogenic pathways.

Previously, knockdown of IGF2BP3 in epithelial cell lines has
been shown to reduce cell proliferation and cause apoptosis (18, 37,
39). We found that knockdown or deletion of IGF2BP3 by siRNA
or by the CRISPR-Cas9 system led to reduced cell proliferation
and increased apoptosis in RS4;11, an MLL-AF4-expressing cell
line, and NALMS6, another B-ALL cell line that shows high levels
of IGF2BP3. These findings highlight the important role that post-
transcriptional gene regulation can play in maintaining the malig-
nant behavior of B-ALL cells. It will be of great interest to study
whether B-ALL with low expression levels of IGF2BP3 demonstrate
an altered RNA-binding repertoire, with an aim toward illuminat-
ing key mRNAs that mediate downstream effects of IGF2BP3.

To study the pathogenetic function of this protein, we also cre-
ated the first in vivo model of IGF2BP3-enforced expression in the
murine hematopoietic system. We found that IGF2BP3 increases
the number of HSCs, LMPPs, and CLPs in the BM with a con-
comitant increase in the proliferation rate of HSCs and LMPPs.
IGF2BP3 conferred a competitive reconstitution advantage and
skewed mouse hematopoiesis toward the B cell and myeloid lin-
eage in the periphery, with leukocytosis in the peripheral blood,
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atypical B cell infiltration into the thymic medulla, and increased
myeloid cells in the spleen. Although the mice did not develop
overt leukemia by 6 months after transplantation, these abnormal
developmental features are similar to those seen early in MLL-
driven leukemogenesis, which include the expansion of the B cell
and myeloid lineage. Such IGF2BP3-driven effects on stem and
progenitor cells and differentiation fates may extend beyond the
hematopoietic system. IGF2BP3 can cause remodeling of the exo-
crine pancreas when specifically overexpressed in that tissue and
is highly expressed in cancer stem cells/tumor-initiating cells in
hepatocellular carcinoma (40, 41).

It has been known that IGF2BP3 targets mRNAs for IGF2,
CD44, and the transcription factor HMGA2 (16, 42). Further
reports on HMGA2 and IGF2BPs have suggested that they may
play arole in the self-renewal potential of fetal HSCs (43, 44). Let-7
miR has been known to inhibit tumor cell migration and invasion
by targeting IGF2BP3 (45). Thus, IGF2BP3 may function in regu-
lating both developmental and oncogenic processes. To examine
the molecular mechanism behind the observed disruptions in
cellular and hematopoietic homeostasis, we performed iCLIP-
Seq analyses. Remarkably, we identified numerous RNA targets
of IGF2BP3 in B-ALL cell lines that were known targets of MLL,
including CDK6 and MYC. CDKG6 has recently been implicated as
a highly important target in B-ALL, and inhibition of CDK6 may
form the basis of a new therapeutic intervention in B-ALL (7).
MYC is a quintessential oncogene, and its overexpression plays a
direct, causative role in many B cell leukemias and in lymphoma.
Reporter assays confirmed that the interaction of IGF2BP3
with the 3'UTRs of MYC and CDK6 are functionally important.
IGF2BP3 with deletions of RNA-binding domains failed to bind
and stabilize MYC mRNA in the luciferase reporter assay. How-
ever, when single IGF2BP3 binding sites were deleted in the MYC
and CDK6 3'UTR, the majority of these deletions failed to reverse
the phenotype in the reporter assay. The complexity of 3'UTR tar-
geting is illustrated by the variety of RBPs and noncoding RNAs
that have been reported to bind to the MYC and CDK6 3'UTRs
(46-49). Hence, RBP action on its cognate targets is likely dose
dependent and cooperative; multiple RBPs have to bind to the
same 3'UTR at different locations to exert an effect. In vivo and
in vitro targeting of CDK6 and MYC protein was confirmed in the
mouse BM and leukemia cell lines, in both the loss- and gain-of-
function settings. Hence, we have validated iCLIP as a powerful
technique for uncovering disease-relevant targets. It is impor-
tant to point out that there are likely mRNAs other than MYC and
CDKG6 that interact with IGF2BP3, including those we identify
here, that play important roles in cellular proliferation and/or dif-
ferentiation. This is illustrated by our attempt to rescue IGF2BP3
knockdown-mediated cell death by cotransducing RS4;11 cells
with MYC constructs containing or lacking the 3'UTR. MYC alone
was not sufficient to rescue changes in the cell cycle engendered
by the loss-of-function of IGF2BP3 (data not shown).

The iCLIP-Seq analyses provide a global view of the tran-
scriptome regulated by IGF2BP3. Prior studies have demonstrated
single or a few targets for this protein, but our work here shows
several hundred mRNAs bound by this protein. To refine our list
of possible transcripts, we combined this biochemical target iden-
tification with gene expression studies in cells with IGF2BP3 loss
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of function. Distinct sets of genes that were bound by IGF2BP3
showed upregulation or downregulation, with downregulated
genes demonstrating enrichment for pathways related to cell cycle
and leukemia. These findings suggest that IGF2BP3 upregulation
in B-ALL serves to stabilize leukemogenic gene expression. Like
other modes of posttranscriptional gene expression regulation,
the actions of IGF2BP3 are dependent on the cellular transcription
program. IGF2BP3 is itself induced by MLL-AF4, and it binds to
and upregulates several mRNAs (e.g., CDK6 and MYC) that are
also induced by MLL-AF4. In this way, IGF2BP3 may reinforce
certain aspects of the gene expression program, thereby sustain-
ing oncogenesis. Interestingly, however, enforced expression of
this protein alone also led to proliferation of hematopoietic pro-
genitor cells, suggesting that specificity of RNA stabilization and/
or translational enhancement can direct development and influ-
ence lineage choice and proliferation.

As oncogenic mutations and translocations are being cata-
logued via various high throughput sequencing approaches, it
is also becoming apparent that single genetic abnormalities are
insufficient to cause oncogenesis. Prior work has implicated non-
genetic mechanisms, including epigenetic regulation, as key fac-
tors in the pathway to full-blown oncogenesis. Here, our studies
have uncovered a posttranscriptional mechanism of stabilizing
oncogenic gene products such as CDK6 and MYC. This mecha-
nism requires further study and clarification and is likely to yield
important insights into the nature of gene expression regulation in
leukemogenesis. With targeted therapies emerging against CDK6
and MYC, it will become critical to consider the role of posttran-
scriptional mechanisms in regulating oncogene-mediated gene
expression programs. Moreover, therapeutic avenues are also sug-
gested by the current study, including the generation of sink RNAs
to block the binding of IGF2BP3 to its targets or small molecule
inhibitors of this protein designed to block its RNA-binding func-
tion. Given the expression of IGF2BP3 in many different types of
cancer, it will be of great interest to define whether the repertoire
of bound mRNAs is similar in tumors of distinct histogenesis and
whether conserved oncogenic pathways can be targeted in hema-
tologic and nonhematologic malignancies.

Methods

Patient samples, CD19* cell isolation, and microarray data analysis.
All procedures and protocols related to these have been previously
described, and the microarray data set has been made publically avail-
able (NCBI’s Gene Expression Omnibus [GEO GSE65647]) (21).

Apoptosis, proliferation, and cell cycle analysis. To measure cell pro-
liferation, 2,000-4,000 cells per well were cultured in 96-well plates.
MTS reagents were added according to the manufacturer’s instruc-
tions (Promega CellTiter 96 AQ,.ous Non-Radioactive Cell Prolifera-
tion Assay kit) and cells were incubated at 37°C, 5% CO, for 4 hours
before absorbance was measured at 490 nm. To measure apoptosis,
cells were stained with APC-tagged annexin V and analyzed by flow
cytometry. For cell cycle analysis, cells were fixed with 70% ethanol
and stained with 1x propidium iodide solution in PBS and analyzed
using flow cytometry.

qPCR. RNA collected from human samples was reverse tran-
scribed using iScript reagent (Quanta BioSciences). RNA from cell
lines was reverse transcribed using gScript (Quanta BioSciences).
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qPCR was performed with the StepOne Plus Real-Time PCR System
(Applied Biosystems) using PerfeCTa SYBR Green FastMix reagent
(Quanta BioSciences). The qPCR primer sequences used are listed in
Supplemental Table 5.

Western blot. Cells were lysed in RIPA buffer (Boston BioProducts)
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific). Equal amounts of protein lysate (as quantified
by using bicinchoninic acid protein assay, BCA [Thermo Scientific])
were electrophoresed on a 5%-12% SDS-PAGE and electroblotted
onto a nitrocellulose membrane. Antibodies used were c-MYC rabbit
polyclonal (catalog 9402, Cell Signaling Technology), CDK6 rabbit
monoclonal (catalog DCS83, Cell Signaling Technology), IGF2BP3
goat polyclonal (catalog sc-47893, Santa Cruz Biotechnology Inc.),
T7 rabbit polyclonal (catalog AB3790, Millipore), and B-actin (cata-
log AC15, Sigma-Aldrich) mouse monoclonal. Secondary HRP-con-
jugated antibodies (Santa Cruz Biotechnology Inc.) and SuperSignal
West Pico kit (Pierce Biotechnology) were used for enhanced chemilu-
minescence-based detection.

Cell culture, plasmids, and spin infection. mmu-miR-155 or hsa-
miR-21 formatted siRNAs were cloned between NotI and BamHI sites
of a pHAGES lentiviral vector (pHAGE6-CMV-siRNA-UBC-ZsGreen)
or between Notl and BamHI sites of a modified pHAGE6 vector down-
stream of GFP (CMV-GFP-siRNA-UBC-Puromycin). In mouse cell
lines, siRNAs and protein-coding inserts were cloned into MGP and
MIG vectors (50). The WT IGF2BP3 and deletion mutants (KH and
RRM) with a T7 epitope tag were cloned between BglII and Xhol sites
in a MIG-based vector (MSCV-T7 tag-Mutant CDS-IRES-GFP; See
Supplemental Table 5). For CRISPR-Cas9-mediated targeting, guide
RNAs were designed using the Zhang lab website (http://crispr.mit.
edu/) and cloned into the LentiCRISPR vector (24). RS4;11 cells were
spin-infected at 30°C for 90 minutes in the presence of polybrene. Cells
were selected with 5 pg/ml of puromycin for 7 days and used for cell
proliferation and apoptosis assays. The human B-ALL cell lines RS4;11
(MLL-AF4 translocated; ATCC CRL-1873), NALMG (gift from K. Saka-
moto, Stanford University, Stanford, California, USA), 697 (E2A-PBX1-
translocated; gift from K. Sakamoto), Reh (TEL-AMLI-translocated;
ATCC CRL-8286), murine pre-B leukemic cell line 70Z/3 (ATCC TIB-
158), and HEK 293T cell line (ATCC CRL-11268) were grown in their
corresponding media at 37°C in a 5% CO, incubator. Lentiviruses and
retroviruses were generated as previously described (50, 51).

BM transplant and competitive repopulation assay. BM was har-
vested and spin-infected from 8-week-old CD45.2* donor C57BL/6]
female mice as previously described (50). We also transplanted donor
mice with T7 epitope-tagged IGF2BP3 and mutant constructs, includ-
ing deletion mutants lacking RNA-bining domains. Eight-week-old
CD45.1* recipient B6.SJL-Ptprc-Pep3/Boy] female mice were lethally
irradiated and injected with donor BM 6 hours after irradiation. Eight
mice were used per group. In some experiments, the normalized
engraftment was calculated as the percent engraftment/transduction
efficiency. For competitive repopulation experiments, 8-week-old
CD45.1" donor B6.SJL-Ptprc-Pep3/Boy] female mice and 8-week-
old CD45.2* donor C57BL/6] female mice were harvested for BM.
CD45.2* BM was infected with viruses overexpressing MIG, HOXA9,
or IGF2BP3. CD45.1* and CD45.2* BM cells were mixed in a ratio of
1:1 and injected into lethally irradiated 8-week-old CD45.2* recipient
C57BL/6] female mice. A negative control group had 100% CD45.1*
BM cellsinjected into lethally irradiated 8-week-old CD45.2* recipient
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C57BL/6] female mice. Mice were bled at 4, 8, 12, 16, and 20 weeks
after BM injection for analysis of the peripheral blood. All mice were
purchased from the Jackson Laboratory and housed under pathogen-
free conditions at UCLA.

Flow cytometry. Blood, BM, thymus, and spleen were collected
from the mice under sterile conditions at 27 weeks after transplant.
Single cell suspensions were lysed in red blood cell lysis buffer. Flu-
orochrome-conjugated antibodies were used for staining. The list of
antibodies used is provided in Supplemental Table 6. For intracellu-
lar staining, after initial staining with surface marker antibodies and
fixation with 1% paraformaldehyde (PFA), cells were incubated with
antibodies against intracellular antigens (Ki67, Cdké, and Myc) in 1%
Triton containing MACS buffer. After 30 minutes of staining at 4°C,
cells were washed twice with PBS and fixed with 1% PFA. Flow cytom-
etry was performed at the UCLA JCCC and at the Broad Stem Cell
Research Flow Core. Analysis was performed using FlowJo software.

Histopathology. Fixation and sectioning has been described pre-
viously (51). Analysis was performed by a board certified hemato-
pathologist (D.S. Rao).

iCLIP. iCLIP was performed as previously described (52). Briefly,
RS4;11 or REH cells were irradiated with UV-C light to form irrevers-
ible covalent cross-link proteins to nucleic acids in vivo. After cell
lysis, RNA was partially fragmented using micrococcal nuclease, and
IGF2BP3-RNA complexes were immunopurified with anti-IGF2BP3
antibody (MBL International Corporation) immobilized on protein
A-coated magnetic beads (Invitrogen). After stringent washing and
dephosphorylation (FastAP, Fermentas), RNAs were ligated at their
3" ends to a 3’ preadenylated RNA adaptor, radioactively labeled, run
using MOPS-based protein gel electrophoresis, and transferred to a
nitrocellulose membrane. Protein-RNA complexes 15-80 kDa above
free protein were cut from the membrane, and RNA was recovered
by proteinase K digestion under denaturing (3.5 M urea) conditions.
The oligonucleotides for reverse transcription contained 2 inversely
oriented adaptor regions adapted from the Bioo NEXTflex small
RNA library preparation kit (Bioo Scientific), separated by a BamHI
restriction site and a barcode region at their 5’ end containing a 4-nt
experiment-specific barcode within a 5-nt random barcode to mark
individual cDNA molecules. cDNA molecules were size purified using
denaturing PAGE, circularized by CircLigase II (Epicenter, Illumina),
annealed to an oligonucleotide complementary to the restriction site
and cut using BamHI (New England Biolabs Inc.). Linearized cDNAs
were then PCR-amplified using Immomix PCR Master Mix (Bioline)
with primers (Bioo Scientific) complementary to the adaptor regions
and subjected to high throughput sequencing using Illumina HiSeq.
A more detailed description of the iCLIP protocol has been published
(53). The data discussed in this publication have been deposited in
NCBI's GEO (54) (GSE76931).

iCLIP data analysis. Following transcriptomic and genomic align-
ment with “TopHat2” (55), individual reads were truncated to their
5" ends to represent the site of cross-linking. To denote specific sites
of protein-RNA interaction, 30-bp regions of enrichment over back-
ground were determined using “Piranha” (56) in zero-truncated neg-
ative binomial mode with a custom local covariate. The covariate was
calculated by uniformly distributing the cross-link number of each
30-bp bin across the neighboring 6 bins (3 on each side) to control for
regions of overall higher depth as an indication of protein-RNA inter-
action. Adjacent bins with significant P values from Piranha (o < 0.05)
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were combined into single regions. Only overlapping peak regions
found to be statistically significant in all 3 replicates were considered
biologically reproducible candidates for further analysis. To derive
the intragenic distributions of iCLIP-Seq sites, we queried the UCSC
Genome Browser MySQL database for hgl9 (57) and determined the
nearest overlapping gene based first on CCDS gene annotations (58)
to determine the canonical ORF and second on Gencode V19 compre-
hensive for other features (59). Following this, the nearest intragenic
anchor (transcription start site, start codon, 5’ splice site, 3 splice site,
stop codon, and polyadenylation site) was recorded, and the spliced
distance to the nearest ORF boundary was calculated. As a back-
ground control, uniformly distributed cross-link sites were simulated
by pseudo-random intervals from hgl9 using “bedtools” (60). The
intragenic distribution of these sites was determined following the
same methodology as the iCLIP cross-link sites.

To determine the binding specificity of IGF2BP3, a 10-nt win-
dow surrounding each cross-link site occurring within a biologically
reproducible and statistically significant peak from a last exon was
extracted, and the counts of each n-mer (4 through 6) were calculated.
Random 20-bp intervals from a window of 100-300 nucleotides adja-
cent to each cross-link site were included as a normalized frequency of
n-mers to represent the background probability (p) of observing each
n-mer. For each n-mer size, the probability of observing k occurrences
of some n-mer out of N total observations is binomially distributed
(k ~ Bin[p, N]) and Poisson approximated, given sufficiently large val-
ues for N (>1,000) and small values of P (<0.01). Individual n-mers
with Poisson-approximated P values significant ata 5% false discovery
rate (61) were then aligned with one another and grouped into motifs
using k-medoid clustering for optimal values of k (using average sil-
houette width). The frequency of occurrence of each nucleotide was
then plotted in a position-specific manner for each motif cluster.

RNA immunoprecipitation. Protein A Dynabeads (Invitrogen) in
100 mM sodium phosphate buffer (pH 8.1) were treated with either
IgG mouse antibody (Jackson ImmunoResearch Laboratories Inc.) or
a-IGF2BP3 (Santa Cruz Biotechnology Inc.) for 1 hour at 4°C. Beads
were then washed 3x with RSB-100 buffer (10 mM Tris-Cl [pH 7.4],
100 mM NacCl, 2.5 mM MgCl,, 0.5% NP-40). Cytoplasmic lysates
were prepared from suspension RS4;11 cells in RSB-100 containing
RNase inhibitors. Lysate supernatants were combined with the bead/
antibody, rotated at 4°C overnight, and washed, and a portion was
removed for Western blot analysis. Pelleted beads were resuspended
in Proteinase K buffer (100 mM Tris-HCI [pH 7.4], 50 mM NaCl, 10
mM EDTA [pH 8.0]). Samples were treated with RQ DNase I (Pro-
mega) and then treated with Proteinase K (Ambion); both were incu-
bated at 37°C. The RNA was extracted with acid phenol-chloroform
and precipitated with sodium acetate, absolute ethanol, and copre-
cipitate GlycoBlue (Ambion). RNA was recovered by centrifugation,
washed, and resuspended in RNase-free water. Quantity and quality
were checked with Nanodrop and Total RNA NanoBioanalyzer kit
(Agilent Technologies). RNA samples (200 pg of each sample; trip-
licates of both IgG controls and a-IGF2BP3 immunoprecipitations)
were subjected to reverse transcription using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Scientific) and subsequent gPCR
using the Lightcycler 480 (Roche Diagnostics).

RNA sequencing experiments. RNA was purified from both cytoso-
lic fractions of IGF2BP3-depleted or control RS4;11 cells using TRI-
Reagent LS (Sigma-Aldrich), converted to double-stranded libraries
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using the NEXTflex Rapid Directional qRNA-Seq Library Prep Kit
(Bioo Scientific), and sequenced using Illumina HiSeq 2500 platform.
High throughput RNA sequencing data generated by Illumina High-
Seq 2500 and corresponded to approximately 30-115 million reads
per sample (Supplemental Table 4) was mapped to hg19 build of the
human genome (Feb. 2009 GRCh37, NCBI Build 37.1) using Bowtie
and TopHat software (62, 63). All data collection and parsing was per-
formed with Perl, and statistical analyses with R, version 2.14.1. All
external library packages used are available on CPAN or CRAN. Dif-
ferentially expressed genes were identified using DESeq. The data are
accessible through NCBI's GEO (GSE76931).

Luciferase assays. The CDK6 3'UTR is approximately 10-kb long
while the MYC 3'UTR is approximatley 300 bp. MYC A3 and MYC A4
are mutant MYC 3'UTRs lacking IGF2BP3 binding sites determined
from iCLIP data. Primers were designed to exclude these binding
sites, fusion PCR was completed, and MYC and MYC A 3'UTRs were
cloned downstream of firefly luciferase in the pmirGlo vector between
the Sacl and Xhol sites (64). The CDK6 3'UTR was divided into 5
pieces (CDK6 1-5; ~2 kb each) and cloned individually downstream
of the firefly luciferase. 293T cells were transfected with the pmir-
Glo, 3'UTR, or A 3'UTR containing reporter vectors along with the
MIG empty vector, MIG-hIGF2BP3 overexpression vector, MIG-T7-
hIGF2BP3 overexpression vector, or MIG-T7-KH/RRM mutant vec-
tors at a 1:10 ratio (50:500 ng). Cotransfections were performed with
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instruc-
tions. Cells were lysed after 24 hours, substrate was added, and lumi-
nescence was measured on a GloMax-Multi Jr (Promega). The ratio of
firefly to Renilla luciferase activity was calculated for all samples. The
hIGF2BP3/MIG or mutant/MIG luminescence for the pmirGlo empty
vector was used as a normalization control.

Statistics. Data represent mean +SD for continuous numerical
data. One-way ANOVA followed by Bonferroni’s multiple compari-
sons test or 2-tailed Student’s ¢ tests were performed using GraphPad
Prism software and applied to each experiment as described in the
figure legends. A P value less than 0.05 was considered significant.
*P<0.05, **P < 0.01, ***P< 0.001, and **P < 0.0001.

Study approval. Written informed consent was obtained from all
of the parents of the patients by the Italian Association of Pediatric
Hematology and Oncology (AIEOP) and the Berlin-Frankfurt-Muen-
ster (BFM) ALL-2000 trial. The University of Padova IRB approved
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all procedures, and the study was considered exempt from review at
UCLA. Peripheral blood mononuclear cells derived from anonymized
donors were obtained from the Center for AIDS Research Virology Core
Lab at UCLA or following diagnostic work from the UCLA Department
of Pathology and Laboratory Medicine with written consent and IRB
approval. All mouse experimental procedures were conducted with the
approval of the UCLA Chancellor’s Animal Research Committee (ARC).
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Figure S1: MLL-AF4 target gene expression by microarray. Scatter plots comparing the
expression of (A) CDK6 (B) MYC (C) HOXA9 and (D) MEIS1 from the corresponding
normalized fluorescence intensities on the microarray. n=14 (ETV/RUNX1); n=15 (E2A/PBX1);
n=15 (MLL). (1-way ANOVA followed by Bonferroni’s test, *P < 0.05; **P < 0.01;***P < 0.001).

Data represent mean = SD.
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< 0.05) and (C) Reduced cell proliferation (MTS assay) in NALM6 after IGF2BP3 knockdown (t
test, ***P < 0.001 for all comparisons) (D) T7 Endonuclease assay of PCR done using primer pair
F1 and R1 (top panel) and DNA extracted from RS4;11 cells stably integrated with LentiCRISPR,
Cr1 or Cr2 (Lanes 1-3 and 5-7). On addition of T7 enzyme cleavage, is seen only in the Cr1
integrated cells (arrowheads). Bottom panel shows T7 assay done using the same samples and
primer pair F2 and R2. Cleavage is seen only in the Cr2 integrated cells (arrowheads) (E) Human
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Figure S3: Bone marrow immunophenotypic analyses. Analysis at 24 weeks after
IGF2BP3 overexpression shows (A) similar engraftment, (B) increased GFP expressing cells
(1-way ANOVA followed by Bonferroni’s test, **P < 0.01;***P < 0.001). and (C) similar numbers
of myeloid and (D) B-cells. n=8 for all three groups. (E and F) Confirmation of overexpression of
human and mouse IGF2BP3 in mouse bone marrow by gPCR (¢ test, ****P < 0.0001). Mouse
Actin was used as internal control. n = 16 for all groups. (G) Ki67 staining of CLPs showing no
significant difference and (J) representative FACS plots. (H-l) Increased Hardy fractions A (1-
way ANOVA followed by Bonferroni’s test, *P < 0.05; **P < 0.01) and B after IGF2BP3 over
expression with (K) representative plots. n=8 for all three groups. hl3, human IGF2BP3; ml3,
murine IGF2BP3; CLP, common lymphoid progenitor; BMT, bone marrow transplantation. Three
separate BMT experiments were completed for validation. Data represent mean + SD.
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Figure S4: Immunophenotypic analyses of spleen and thymus with enforced expression
of IGF2BP3 (A) Spleen analysis at the end of 27 weeks after IGF2BP3 overexpression shows
significantly elevated spleen weights (1-way ANOVA followed by Bonferroni’s test, **P < 0.01),
(B) similar engraftment, (C) GFP expressing cells and (D) B-cells. (E) Decreased numbers of T-
cells (1-way ANOVA followed by Bonferroni’s test, *P < 0.05) and (F) elevated myeloid cells are
also seen in the spleen (G-1) Enumeration of CD45.2, GFP, and CD3e+ cells, respectively, in
thymi from control and human and murine IGF2BP3 overexpressing mice show no statistically
significant differences. n=8 for all three groups. Three separate BMT experiments were

completed for validation. Data represent mean £ SD.
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Figure S5: Purification of IGF2BP3-RNA complexes from human leukemia cell lines

using crosslinking immunoprecipitation (CLIP). (A) Western blot of RS4;11 whole cell lysate
and anti-IGF2BP3 immunoprecipitate. Membrane is probed with anti-IGF2BP3. 1gG heavy chain
(HC) and a cross-reactive protein (*) are indicated on the blot. (B) Autoradiograph of protein-RNA
complexes isolated by CLIP from RS4;11 cells. UV-dependent and nuclease-sensitive IGF2BP3-
RNA complexes are indicated. (C and D) As in panels A and B, but using REH cell lysates. (E)
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IMP3, IGF2BP3; MNase, micrococcal nuclease.

105



A RS4:11 cells

Intronless

Last Exon

Intron

Internal Exon

D. RS4;11 iCLIP Correlations

Pk 4 BIU0EZ0- TS0

'R=0.851

£
FAeplicala 1

VA B 19U Ze=T174
R=0.875

& 20000
[

.r.mnu

First exon3 ‘11

Internal Exon

REH cells

106

Overlap of Genes targets
identified by iCLIP

Intronless

REH RS4;11

767

Intron

REH iCLIP Correlations

4 R=0LBET, pval< 4 520036 T30

PR TIRTEITe-T/G -
R=0,864

& 1000

® =om

L pVER B T22a5e-Th
FR=0.835

H
Feplicale 2



Figure S6: Annotation and overlap of IGF2BP3 binding sites identified in human
leukemia cell lines. (A) Annotation of peaks called in RS4;11 cells. (B) Annotation of peaks
called in REH cells.(C) Pie charts showing the count of significant CLIP peaks in different
regions of protein coding genes. Venn Diagram of genes identified in the iCLIP analysis of
IGF2BP3 in REH (red) and RS4;11 cells (Yellow). (D and E) Correlation of replicate IGF2BP3
iCLIP experiments (D) Comparison of iCLIP from RS4;11 cells and (E) REH cells. Spearman’s
rank correlation coefficient (R) and P value are given for each comparison.
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Figure S7: Expression of putative targets of IGF2BP3 (A and B) mRNA expression of Cdk6
and Myc in mouse bone marrow after IGF2BP3 over expression (1-way ANOVA followed by
Bonferroni’s test, **P < 0.01). n = 16 for all groups. Three separate BMT experiments were
completed for validation. (C) gPCR confirmation of overexpression of h13 and (D) mI3 in mouse
70Z/3 cells. (t test, **P = 0.0018, **P = 0.0017, respectively) (E) gPCR of Cdk6 in 70Z/3 after
IGF2BP3 overexpression (1-way ANOVA followed by Bonferroni’s test, *P < 0.05). (F) gPCR
confirmation of overexpression of Hoxa9 in mouse bone marrow of competitive repopulation
study (t test, **P = 0.0054). Competitive repopulation study was completed three times for
validation. Data represent mean + SD.
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Table S5: List of primers, siRNAs and CRISPR guide RNAs

Primer Sequence

Human primers for gPCR

ghActinF CATGTACGTTGCTATCCAGGC
ghActinR CTCCTTAATGTCACGCACGAT
ghL32F GGAGCGACTGCTACGGAAG
ghL32R GATACTGTCCAAAAGGCTGGAA
ghlGF2BP3F CCTGGTGAAGACTGGCTACG
ghlGF2BP3R ATCCAGCACCTCCCACTGTA
ghCDK6F GCTGACCAGCAGTACGAATG
ghCDK6R GCACACATCAAACAACCTGACC
qhCD44F AGTCACAGACCTGCCCAATG
ghCD44R AACCTCCTGAAGTGCTGCTC
g-h-POLR2AF CATCAAGAGAGTCCAGTTCGG
g-h-POLR2AR CCCTCAGTCGTCTCTGGGTA
MYCF GCTGCTTAGACGCTGGATTT
MYCR TAACGTTGAGGGGCATCG
CDK6F TGATCAACTAGGAAAAATCTTGGA
CDK6R GGCAACATCTCTAGGCCAGT
18s-rRNAF CTTCCACAGGAGGCCTACAC
18s-rRNAR CGCAAAATATGCTGGAACTTT

Mouse primers for gPCR

gmL32F AAG CGA AAC TGG CGG AAAC
gmL32R TAA CCG ATG TTG GGC ATC AG
gmActin1F GATCTGGCACCACACCTTCT
gmActin1R GGGGTGTTGAAGGTCTCAAA
gmIGF2BP3F GGATCGGTGTCCAAGCAGAA
gmIGF2BP3R GCCTTCAGGGGTAGAGAGGA
gmCdk6F TCTCACAGAGTAGTGCATCGT
gmCdk6R CGAGGTAAGGGCCATCTGAAAA
gmMycF TCT CCATCC TAT GTT GCG GTC
gmMycR TCC AAG TAA CTC GGT CAT CAT CT

CRISPR primers for T7 assay

IMP3Cr1DNAF TTCTGCAGGATTCGGAAACT
IMP3Cr1DNAR GCACGGGTCATAGGAGAAGA
IMP3Cr2DNAF GAACACTGACTCGGAAACTGC
IMP3Cr2DNAR CACCTACCAGCCCTTCTCAG
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siRNA sense strand sequence

IGF2BP3 si1

AATTCCTGCAATGGAGATATC

IGF2BP3 si2

TTCATGATCTCCTCCTCAGCT

Cloning primers

IGF2BP3, T7 IGF2BP3, KH, RRM into MIG: Between Bglll
and Xhol

hIMP3CDS1F atctgaGGATCCcgagaagacgaggggaacaa
hIMP3CDS1R atgcagCTCGAGtctgtggtgggctgtttcct
mIMP3CDS1F atctgaGGATCCtgggtcactgtgtgggtttg
mIMP3CDS1R atgcagCTCGAGttggtttggcatctgcctct
T7IMP3F agcataAGATCTatggcatcgatgacaggtggc
T7IMP3R atgcagCTCGAGcaccctgaagttctcaggatc

Cloning primers

CDK6 and MYC 3’ UTR into pMirGlo: Between Sacl and
Xhol unless specified

MYC 3’ UTR binding site deletions into pMirGlo:
Between

CDK6UTR1F atcgagGAGCTCgaaaacctggattcccacct

CDKBUTR1R cgttcaCTCGAGAGTGCAGCAACCTCCATTCT
CDKBUTR2FNhe atcgagGCTAGCGGAGGTTGCTGCACTCAGA
CDKBUTR2R cgttcaCTCGAGTGGTGGCATATTCACTTTTAACAT
CDKBUTR3F atcgagGAGCTCTCCAAAAGCAGGCTTTAATTG
CDKBUTR3R cgttcaCTCGAGCCTAAGTTGTTATGCTCATATACTTCA
CDK6BUTR4F atcgagGAGCTCGCCCTAAAATACCAAAAGACCA
CDKBUTR4R cgttcaCTCGAGTGATAAAACACCTAGATACCCAAAA
CDKBUTR5F atcgagGAGCTCCTAAGCCCCCAAATAAGCTG
CDKBUTR5R cgttcaCTCGAGAAGACATCCAGTTTCCAAAGGA

mycUTRpMirF

atcgagGAGCTCGGAAAAGTAAGGAAAACGATT

mycUTRpMirR

cgttcaCTCGAGTTTGGCTCAATGATATATTTG

5’MYCUTR-3R GTACTATATATGTAACTGCTATAAACGTTTTA
3'MYCUTR-3F AGCAGTTACATATATAGTACCTAGTATTATAG
5’MYCUTR-4R AATCAACTTTTTAAATAAAAAAAATTAGGGT
3'MYCUTR-4F TTTTATTTAAAAAGTTGATTTTTTTCTATTG

Cloning CRISPR guide RNAs

Top and bottom strands to anneal and insert into
LentiCRISPR

CrIMP31T caccgATATCCCGCCTCATTTACAG

CriIMP31B aaacCTGTAAATGAGGCGGGATATc
CrIMP32T caccgAGCTTGGTCCTTACTGGAAT
CrIMP32B aaacATTCCAGTAAGGACCAAGCTc
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Table S6: List of antibodies used for flow cytometry and gating schematics

Lineage staining

CD3e (100308) PE

CD11b (101216) PE-Cy7
B220 (103236) PercP-Cy 5.5
CD45.1 (110715) APC-Cy7
CD45.2 (109813) APC

Bone marrow HSC/LMPP

staining

CD117 (105826) APC-Cy7
Sca1 (108123) PerCP-Cy 5.5
CD135 (17-1351-82) APC

CD127 (135013) PE-Cy7
CD150 (115903) PE

Biotin (100304,13-0041-82,
100704, 103204,108703,
116204,118103,109203)

CD3e, CD4, CD8, B220, NK1.1, Ter119, TCR
beta, TCR gamma-delta

Streptavidin-Pacific Blue (48-
4317-82)

HSC Lin- CD117 hi Sca1 hi CD150++
LMPP Lin- CD117 hi Sca1 hi CD135+ CD127-
CLP Lin- CD117 int Sca1 int CD135+ CD127+

For intracellular staining, CD150-
PE was replaced by Ki67-
PE(652403), CDK®6 (sc-177) with
goat anti-rabbit IgG-PE (sc-
3739), or MYC-PE (sc-40 PE).

Bone marrow Hardy staining

B220 (103236) PerCP-Cy 5.5
IgM (1020-09S) PE

CD43 (BDB560663) APC

CD24 (25-0242-80) PE-Cy7
Ly51(108303) APC-Cy7
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Hardy Fractions

A B220+ IgM- CD43+ CD24- Ly51-

B B220+ IgM- CD43+ CD24+ Ly51-
C B220+ IgM- CD43+ CD24+ Ly51+
D B220+ IgM- CD43-

E and F B220+ IgM+

All antibodies were procured from Biolegend, ebioscience, Santa Cruz Biotechnology, Southern
Biotech, or BD Biosciences. Catalog numbers are listed in parenthesis.
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BALR-6 regulates cell growth and cell @

survival in B-lymphoblastic leukemia

Norma I. Rodriguez-Malavé'?, Thilini R. Fernando', Parth C. Patel', Jorge R. Contreras'?,
Jayanth Kumar Palanichamy'”, Tiffany M. Tran', Jaime Anguiano', Michael J. Davoren>®, Michael O. Alberti’,
Kimanh T. Pioli', Salemiz Sandoval', Gay M. Crooks'*** and Dinesh S. Rao'***"

Abstract

Background: A new class of non-coding RNAs, known as long non-coding RNAs (IncRNAs), has been recently described.
These INcRNAs are implicated to play pivotal roles in various molecular processes, including development and oncogenesis.
Gene expression profiling of human B-ALL samples showed differential INCRNA expression in samples with particular
cytogenetic abnormalities. One of the most promising INcRNAs identified, designated B-ALL associated long RNA-6
(BALR-6), had the highest expression in patient samples carrying the MLL rearrangement, and is the focus of this study.

Results: Here, we performed a series of experiments to define the function of BALR-6, including several novel splice forms
that we identified. Functionally, siRNA-mediated knockdown of BALR-6 in human B-ALL cell lines caused reduced cell
proliferation and increased cell death. Conversely, overexpression of BALR-6 isoforms in both human and mouse cell lines
caused increased proliferation and decreased apoptosis. Overexpression of BALR-6 in murine bone marrow transplantation
experiments caused a significant increase in early hematopoietic progenitor populations, suggesting that its
dysregulation may cause developmental changes. Notably, the knockdown of BALR-6 resulted in global
dysregulation of gene expression. The gene set was enriched for leukemia-associated genes, as well as for the
transcriptome regulated by Specificity Protein 1 (SP1). We confirmed changes in the expression of SP1, as well
as its known interactor and downstream target CREB1. Luciferase reporter assays demonstrated an
enhancement of SP1-mediated transcription in the presence of BALR-6. These data provide a putative mechanism for
regulation by BALR-6 in B-ALL.

Conclusions: Our findings support a role for the novel INcRNA BALR-6 in promoting cell survival in B-ALL. Furthermore,
this INcRNA influences gene expression in B-ALL in a manner consistent with a function in transcriptional regulation.
Specifically, our findings suggest that BALR-6 expression regulates the transcriptome downstream of SP1, and that this
may underlie the function of BALR-6 in B-ALL.

Keywords: INcRNA, B-ALL, MLL, SP1, Microarray, Leukemia, RNA, Non-coding RNA

Background

The human genome produces thousands of non-coding
transcripts [1]. These include the recently described class
of long non-coding RNAs (IncRNAs), which have distinct
chromatin signatures and epigenetic marks, designating
them as unique structures that are conserved in mammals
[2, 3]. More recently, comparison of IncRNA expression
in zebrafish to that of mammals has suggested that

* Correspondence: drao@mednet.ucla.edu

'Department of Pathology and Laboratory Medicine, UCLA, Los Angeles, USA
“Cellular and Molecular Pathology Ph.D. Program, UCLA, Los Angeles, USA
Full list of author information is available at the end of the article

although these structures retain limited overall sequence
conservation among vertebrates, they show strong conser-
vation of short stretches of sequence, chromosomal syn-
teny and functional conservation [4]. Prior studies have
shown that IncRNAs play a variety of roles in the regula-
tion of transcription, splicing and miRNA function [5-7].
This may not be an exhaustive description of the functions
of IncRNAs, as new functions are being discovered in
other cellular processes [8, 9]. As might be expected, con-
sidering their roles in critical cellular functions, IncRNAs
have been found to be dysregulated in cancer, with
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functional roles in oncogenesis described for a handful of
IncRNAs so far [10-13].

B-lymphoblastic leukemia (B-acute lymphoblastic
leukemia, B-ALL) is a malignancy of precursor B-cells har-
boring mutations and translocations that result in dysregu-
lated gene expression [14, 15]. We have recently completed
a comprehensive description of IncRNAs in B-ALL and
analyzed the association of IncRNA expression with clini-
copathologic parameters. Our study showed differential
IncRNA expression in samples with particular cytogenetic
abnormalities [16]. One of the IncRNAs from our study,
designated B-ALL associated long RNA-6 (BALR-6), was
significantly upregulated in all subsets of patient samples
when compared to normal CD19+ cells. Interestingly, the
highest expression of BALR-6 was seen in patient samples
carrying the MLL rearrangement [16]. MLL rearranged B-
ALL cases have a very poor prognosis and occur in infants,
making them particularly hard to treat [17].

Located on chromosome 3p24.3 in humans, BALR-6 ex-
ists in a syntenic gene block with neighboring genes SATB1
and TBC1DS that is conserved in several vertebrate species
(Fig. 1a, b and d) [16]. Analysis of publically available data
from the Broad Institute/ENCODE shows H3K4m3 and
H3K36m3 modifications along the promoter and gene
body at LOC339862, where BALR-6 resides, indicating that
it is a transcriptional element (Fig. 1a) [4, 16, 18—20]. Alter-
native splicing analysis by the Swiss Institute of Bioinfor-
matics predicted multiple transcripts expressed at this gene
locus (Additional file 1: Figure S1A) [21]. Moreover, 100
Vertebrate PhastCons analyses of the BALR-6 locus
demonstrated significant conservation of the gene body,
suggesting a functional transcript (Fig. 1b) [22].

To further study this IncRNA we undertook loss-of-
function analyses in B-ALL cell lines and gain-of-
function analyses in vivo. We found that BALR-6 is a
pro-survival factor for B-ALL cell lines, and that its
knockdown led to decreased growth and increased apop-
tosis of these cells. In vivo, overexpression of BALR-6
led to an alteration of hematopoiesis with a shift to more
immature progenitor populations. Gene expression ana-
lyses of knockdown cell lines showed a differentially
expressed gene set in BALR-6 knockdown cells, with en-
richment for SP1 transcriptional targets and leukemogenic
genes. Finally, luciferase assays demonstrated an increase
in transcriptional activity when SP1 and BALR-6 were co-
expressed. Together, these findings point to a role for
BALR-6 in cellular survival, leukemogenesis and highlight
the role of novel elements of gene regulation in B-ALL.

Results

BALR-6 knockdown inhibits proliferation of human B-ALL

cell lines

To comprehensively study the function for this novel
IncRNA, we first characterized the transcripts originating

at the genomic locus corresponding to BALR-6. Using
RS4;11 cell line mRNA, Rapid Amplification of cDNA
Ends (RACE) uncovered multiple isoforms; from these,
three were cloned and sequenced corresponding to the
genomic locus as shown (Additional file 1: Figure S1A-B).
Northern Blot analysis of RS4;11 DNAse treated RNA re-
vealed the expression of two isoforms containing exon 3
and exon 5 sequences, one sized at ~3.8 Kb and the other
at ~1.2 Kb (Additional file 1: Figure S1C). The annotated
mRNA and new alternative splice forms, including unan-
notated exons, were confirmed as depicted in Fig. lc.
Isoform 1 contains several small open reading frames
(ORFs), however no Kozak sequences are found in their
initial ATG region, and the predicted ORFs do not
resemble any known functional proteins or peptide
[23]. Isoforms 2 and 3 lacked open reading frames
and translation initiation sites as evaluated by EMBOSS
Transeq, predicting them to be non-coding transcripts
(Additional file 1: Figure S1D).

To map the murine homologous transcript, we carried
out 5'RACE and 3'RACE using mRNA extracted from
murine pre B-ALL cell line 70Z/3. The sequences uncov-
ered matched the human BALR-6 sequence, confirming
that there is a murine transcript originating from this same
locus (Additional file 1: Figure S1E). Further analysis by
BLAT showed genomic conservation of syntenic blocks
in a variety of vertebrates, including Xenopus tropicalis
(Fig. 1d). Together, these data demonstrate a highly
conserved, functional and complex gene locus that ex-
presses multiple non-coding transcripts, some yet to be
discovered. During normal B cell development, BALR-6
is dynamically expressed, with high expression in pre-B
cells and subsequent downregulation (Fig. 2a). This
suggests that the high expression of BALR-6 in B-ALL
could represent a stage-specific expression pattern in
leukemia derived from early stages of B-cell develop-
ment. To elucidate a cellular function for BALR-6, we
first evaluated the expression levels of the transcripts in
human B-ALL cell lines. BALR-6 expression was high-
est in RS4;11 cells and MV(411) cells, which carry the
MLL-AF4 rearrangement, when compared to other
lines (Fig. 2b). Additionally, RS4;11 cells treated with
bromodomain and extra-terminal (BET) motif binding
protein inhibitor I-BET151 [24] showed decreased levels
of BALR-6 in a dose-dependent manner (Fig. 2¢). Given
that I-BET151 has previously been shown to inhibit tran-
scription downstream of MLL, we propose that BALR-6
expression is induced by MLL, although this effect may
not be entirely specific to MLL-AF4.

Using the approach described previously, siRNAs
against the splice junctions between exons of BALR-6
were cloned into a mmu-miR-155 expression cassette
(Additional file 1: Figure S2A) [4, 16, 25, 26]. We ob-
served knockdown of all the identified transcripts in
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multiple B-ALL cell lines (Fig. 2d and Additional file 1:
Figure S2B). Transduced B-ALL cells showed a reduction
in proliferation as early as 48 h after plating, with consist-
ent reduction in proliferation observed over the full dur-
ation of the assay (up to 144 h) (Fig. 2e, f and Additional
file 1: Figure S2C). siRNA-transduced B-ALL cells had sig-
nificantly higher levels of apoptosis, as measured by
AnnexinV, when compared with vector-transduced lines
(Fig. 2g, h and Additional file 1: Figure S2D). Flow cytome-
try demonstrated that the siRNA2-transduced RS4;11 cell
lines had an increase in Sub-GO cells and a decrease in all

other cell stages, consistent with increased apoptosis and
decreased flux through the cell cycle (Fig. 2i). Together,
these findings suggest a modest yet conserved role for
BALR-6 in the regulation of B-ALL cell survival and
proliferation.

Constitutively expressed BALR-6 supports cell survival
and proliferation

To examine the effects of BALR-6 gain of function, we
overexpressed the previously identified isoforms in the
human B-ALL cell line Nalm-6, which has relatively low
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endogenous levels of the transcript (Figs. 2b and 3a).
Gene transfer was conducted via a lentiviral expression
system that has proven successful in our previous
studies (Additional file 1: Figure S2E) [16]. Constitutive
overexpression of BALR-6 Isoforms 2 and 3 led to a sig-
nificant increase in proliferation as measured by MTS
(Fig. 3c). In addition to an observed increase in overall
growth rate, BALR-6 Isoforms 2 and 3 caused an increase
in S phase cells and G2-M cells (Fig. 3d). Furthermore,
AnnexinV staining showed significantly lower numbers of
apoptotic cells under basal growth conditions in cell lines
overexpressing any of the BALR-6 isoforms (Additional
file 1: Figure S2G).

To overexpress BALR-6 in mouse cells, we con-
structed a set of MSCV-based bicistronic vectors (Fig. 3b,
Additional file 1: Figure S2F). Successful overexpression
of these constructs in murine pre B-ALL 70Z/3 cells led
to a modest increase in proliferation (Fig. 3e and f). Cell
cycle analysis of these lines showed an increase of S
phase cells, G2-M cells (in Isoform 3 overexpressing lines)
and a reduction in Sub-GO cells, similar to the effects in
Nalm-6 cells (Fig. 3g and h). Analysis by AnnexinV staining
confirmed the lower number of apoptotic cells in Isoform 3
expressing cell lines (Additional file 1: Figure S2H). More-
over, these 70Z/3 Isoform 3 overexpression lines were less
vulnerable to prednisolone-induced apoptosis (Additional
file 1: Figure S2I). Conversely, siRNA-transduced RS4;11
cells were more prone to prednisolone-induced apoptosis
(Additional file 1: Figure S2I). Therefore, knockdown and
overexpression of BALR-6 had opposing phenotypes
in B-ALL cell lines, and gain-of-function phenotypes
were conserved in both human and mouse cells.

Enforced BALR-6 expression promotes expansion of
hematopoietic progenitor populations in vivo
Since BALR-6 is highly expressed in B-ALL, we tested
the effects of constitutive expression in an in vivo model
[16]. 5-FU enriched bone marrow was transduced with
retrovirus expressing the BALR-6 Isoform 3 and trans-
planted into lethally irradiated hosts (Fig. 3 and Additional
file 1: Figure S2F, 2H). Mice were followed with peripheral
bleeds for 16 weeks and then sacrificed for analysis.
Peripheral white blood cell counts were not statisti-
cally different between the control and experimental
groups. However, mice with enforced expression of
BALR-6 showed a trend towards lower red blood cell
counts, hematocrit and platelet counts (Additional file 1:
Figure S3A). Flow cytometry revealed a lower percentage
of CD11b + myeloid cells and a higher percentage of
B220+ B-cells, but no difference in CD3e + T-cell per-
centage in the eGFP+ population of experimental mice
(Additional file 1: Figure S3B-C).

Mice were sacrificed following 4 months of reconstitu-
tion. Gross analysis showed no changes in the thymus,

spleen, livers or kidneys. Microscopic inspection of
hematoxylin and eosin — stained tissues did not reveal
any differences (Additional file 1: Figure S3D). In the
bone marrow, qRT-PCR confirmed successful overex-
pression of BALR-6 (Additional file 1: Figure S4A-B).
Analysis by flow cytometry revealed an increase in pre-
cursor cell populations in the eGFP+ population of the
experimental mice, when compared to the control group
(Fig. 4a and b, Additional file 1: Figure S5C). After ex-
clusion of differentiated cells in the bone marrow, we
observed increased relative proportion of Lin-Scal + c-
Kit + (LSK) cells, hematopoietic stem cells (HSCs) and
lymphoid-primed multipotent progenitors (LMPPs) in
mice overexpressing BALR-6 (Fig. 4a and b). An increase
in the relative population of Lin-Scal'c-Kit' cells and a
trend towards increased relative population of common
lymphoid progenitors (CLPs) was also observed (Additional
file 1: Figure S4C). The developmental pathway of B-cells
in the bone marrow was investigated by the method of
Hardy et al. [27]. Once again, trends towards higher relative
proportions of these B-cell developmental stages were ob-
served (fractions A-F, Additional file 1: Figure S4D). Taken
together, these results suggest that BALR-6 overexpression
leads to an enrichment of early developmental stage cells
in murine bone marrow, indicating that its expression
confers a survival advantage or increased proliferation
for cells in these earlier stages.

BALR-6 regulates expression of genes involved in
multiple biological processes

At the molecular level, several studies have demon-
strated that many IncRNAs act as transcriptional regula-
tors [5, 11, 23, 28, 29]. To explore whether or not
BALR-6 regulates gene expression, RNA isolated from
knockdown cell lines was analyzed by microarray [30,
31]. Upon siRNA mediated knockdown of BALR-6, 2499
probes showed differential expression. Of these, 1862
unambiguously mapped to 1608 unique Entrez Gene IDs.
Unsupervised hierarchical clustering analysis identified
differentially expressed genes in the siRNA-expressing cell
lines (Fig. 5a).

Further data analysis was carried out using WebGES-
TALT [32, 33]. Gene Ontology (GO) slim classification
of differentially expressed genes by molecular function
was utilized to provide insight into the pathways in
which BALR-6 is involved, with protein binding function
category having the most dysregulated genes (Fig. 5b). A
number of biological processes, as annotated in the GO
database, were significantly dysregulated in BALR-6
knockdown cell lines, including cell death and cell pro-
liferation (Fig. 5¢). Disease associated enrichment ana-
lysis, which was inferred using GLAD4U, showed an
enrichment of genes known to be dysregulated in various
disease states (Fig. 5e). Of the 38 significantly associated
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(See figure on previous page.)

Fig. 2 BALR-6 knockdown reduces cell proliferation and increases apoptosis in human B-ALL cells. a BALR-6 expression in human bone marrow
B-cell subsets by gqRT-PCR. Normalized to ACTIN. b Quantitation of BALR-6 expression in human B-ALL cell lines by gRT-PCR confirming elevated
levels in MLL translocated cell lines RS4;11, and MV(411). Normalized to ACTIN. ¢ RS4;11 cell lines treated with 1 uM, and 2 uM of I-BET151 inhibitor for

36 h, presented a decrease in BALR-6 expression levels. Normalized to ACTIN. d gRT-PCR quantification of BALR-6 in RS4;11 and Reh cell lines transduced
with vector control, SIRNAT or siRNA2. Normalized to ACTIN. e, f Decreased cell proliferation, upon siRNA mediated knockdown of BALR-6 in RS4;11 cells e,
and Reh cells f as measured by MTS. g, h AnnexinV staining showed that siRNA mediated knockdown of BALR-6 in RS4;11 cells g, and Reh cells h resulted
in an increase of apoptosis. i Propidium iodide staining of RS4;11 knockdown cell lines showed an increase in Sub-GO and a decrease in
GO0-G1, S and G2-M cells. Representative histogram of (i) confirms cell cycle changes by siRNA2, shown to the right. HSC, hematopoietic
stem cell; CLP, common lymphoid progenitor; pro-B, progenitor B; pre-B, precursor B; DMSO, dimethyl sulfoxide. Evaluations were made
using a two-tailed T-test, p <0.05 (*); p<0.005 (**); p <0.0005 (***); p <0.0001 (****)

disease states, 14 were of leukemic origin. Transcription
factor enrichment analysis showed a significant enrich-
ment of genes that are predicted targets of SP1, among
other transcription factors (Fig. 5d). Taken together, these
data revealed the biological importance of BALR-6. A de-
tailed description of the microarray analyses can be found
in the methods.

SP1 transcriptome is modulated by BALR-6

As indicated by the transcription factor enrichment ana-
lysis, we confirmed that the expression SP1 and CREBI,
a target and interactor of SP1, were dysregulated upon
BALR-6 knockdown (Fig. 6a). The strongest phenotype
was seen in the siRNA2-mediated knockdown, which
also showed the strongest cellular phenotypes in the
majority of pre B-ALL cell lines (Figs. 2d, i and 6a,
Additional file 1: Figure S2B-D and Figure S5A-B).
Conversely, increased levels of SP1 and CREBL1 correlated
with overexpression of BALR-6 isoforms in both human
and murine cell lines (Nalm-6 and 70Z/3) (Fig. 6b).

To confirm our findings, a second microarray analysis
was carried out with technical duplicates of RS4;11 cell
lines transduced with empty vector or siRNA2. 2756
probes showed differential expression. Of these, 2280
unambiguously mapped to 2128 Entrez Gene IDs and
were analyzed by hierarchical clustering (Additional file 1:
Figure S6A). Enrichment analysis in WebGESTALT re-
vealed similar GO slim classifications (Additional file 1:
Figure S6B-C), and transcription factor target enrich-
ment analysis confirmed the significant enrichment of
SP1 targets seen previously (Fig. 5d, Additional file 1:
Figure S6D). Additionally, enrichment of CREBI tar-
gets was significant (Additional file 1: Figure S6D).
Notably, leukemic diseases were the only ones signifi-
cantly enriched in the disease association analysis
(Additional file 1: Figure S6E). Together, these findings in-
dicated a consistent change in the transcriptome, particu-
larly downstream of SP1, upon knockdown of BALR-6 in
MLL rearranged B-ALL.

To further understand the relationship of BALR-6 and
SP1, we examined promoter regions of known SP1 tar-
gets (CREBI1 and p21) and cloned these sequences into
the luciferase reporter vector, pGL4.11 (Fig. 6c). The

CREBI1 promoter contained 7 putative SP1 binding sites,
while the p21 promoter contained 6 such sites (Additional
file 1: Figure S5C-D). Luciferase reporter assays in HEK
293 T cells with constitutive expression of SP1, Isoform 1,
Isoform 3 or a combination of these vectors, revealed in-
creased luciferase activity in both promoters (Fig. 6d and e).
Notably, when SP1 and BALR-6 were co-overexpressed, we
noted a strong increase in transcriptional activity with both
the CREBI and p21 promoter.

Discussion
The discovery of IncRNAs has revolutionized how we
think about gene expression. The genomic organization
of many IncRNAs is indeed complex. Some are found in
regions overlapping with protein coding genes, while
others that are exclusively intergenic [2, 4]. Some IncRNAs
contain microRNAs within either their exonic or intronic
sequence [34, 35]. Here, we have characterized several iso-
forms of a IncRNA that is overexpressed in leukemia and
shows dynamic expression in hematopoietic development
[16]. Expressed from a locus adjacent to genes important
in lymphocyte development, BALR-6 itself is dynamically
regulated during human B-cell development [36-38].
Our work significantly adds to the known repertoire
of RNA molecules that are expressed from this locus,
and several of these appear to be functional within a
cellular context.

In this manuscript, we describe the cellular function of
a second IncRNA that was discovered as being overex-
pressed in MLL-translocated B-ALL. In some ways,
BALR-6 shows some similarities with the other IncRNA
we studied, BALR-2 [16]. Indeed, knockdown of both
IncRNAs led to decreased cell growth and increased
apoptosis, and overexpression led to increased growth
and a partial resistance to prednisolone treatment. These
findings are not altogether surprising given that these
IncRNAs may be contributing to the poor clinical behavior
of an aggressive cytogenetic subtype of B-ALL [17].
However, there are important differences between these
IncRNAs—the genomic locus for BALR-6 is more com-
plex, there are multiple isoforms and no comparable
murine transcript is described in publically available da-
tabases. Nonetheless, we have obtained fragments of a
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(See figure on previous page.)

Fig. 3 BALR-6 overexpression increases proliferation in human Nalm-6 and murine 70Z/3 cells. a gRT-PCR quantitation of BALR-6 isoform expres-
sion in Nalm-6 human pre B-ALL cell line. Normalized to ACTIN. b gRT-PCR quantification of BALR-6 isoforms in 70Z/3 mouse pre B-ALL cell line.
Normalized to Actin (ISO1) or L32 (ISO3). ¢ Increased cell proliferation in BALR-6 overexpressing Nalm-6 cell lines, as measured by MTS. d Representative
histogram of Nalm-6 overexpression lines, stained with propidium iodide, shows an increase in S phase cells and G2-M cells. e, f Increased cell proliferation
in BALR-6 Isoform 1 () and Isoform 3 (f) overexpressing 70Z/3 cell lines, as measured by MTS. g, h Propidium iodide staining of 70Z/3 cells overexpressing
BALR-6 Isoform 1 (g) and Isoform 3 (h), shows a consistent increase in G2-M cells, and a decrease in Sub-GO cells. Representative histogram of
figures (g-h) confirmed the increase in cells in the G2-M when compared to the empty vector, shown to the right. ISO1, Isoform 1; 1SO2, Isoform 2;
1SO3, Isoform 3. Evaluations were made using a two-tailed T-test, p < 0.05 (*); p < 0.005 (**); p < 0.0005 (**¥); p < 0.0001 (****)

low-expression transcript from murine hematopoietic
cell lines that encoded portions homologous to human
BALR-6. Further characterization of the murine transcripts
will be the goal of future studies.

Significantly, our study is amongst the few character-
izations of IncRNA dysregulation in the hematopoietic
system [16, 39-41]. LncRNAs have been ascribed func-
tions in lymphopoiesis, myelopoiesis and erythropoiesis
[42-45]. Additionally, their differential expression has
been described in peripheral T-cell subsets [46]. Here,
we discovered the effect of BALR-6 overexpression on
early hematopoietic progenitors in the marrow, includ-
ing LSK cells, HSCs and LMPPs. Constitutive expression
of BALR-6 isoforms led to increased survival or prolifer-
ation of normally transient bone marrow progenitor
cells. Furthermore, Hardy fractions showed a trend to-
wards being increased when compared to control, par-
ticularly those that developmentally precede the large
pre B-cell stage (fraction C; early pre-B). The relative
percentages of more mature B-lineage cells downstream
of these developmental stages are largely normal. Despite
increased proportions of early progenitor cells, passage
through a checkpoint (such as the pre-BCR checkpoint)
may reduce cell numbers back to baseline. This sug-
gests that the function of BALR-6 in vivo may be in
directing differentiation and adequate lymphoid cell
development. The upregulation of this IncRNA causes
a survival or proliferative advantage, a hallmark
of leukemogenesis. Coupling BALR-6 overexpression
with an appropriate oncogenic co-stimulus may lead
to full-blown leukemogenesis or enhancement thereof,
and this is currently an active area of investigation in
the laboratory.

In line with a function in promoting the survival of
early hematopoietic progenitors, BALR-6 clearly affects
proliferation in cell line experiments. Upon siRNA medi-
ated knockdown, we saw reduced cell proliferation and
increased cell death. We observed the opposite effect
when we constitutively expressed BALR-6 in human and
murine B-ALL cell lines. Moreover, similar mechanisms
may be operant in B-ALL with MLL translocations, and
loss-of-function experiments in primary patient samples
and mouse models of MLL-driven leukemia are areas for
further investigation.

Given prior reports of IncRNAs serving to regulate
transcriptional complexes, our finding that BALR-6 knock-
down causes changes in the SP1 transcriptome is compel-
ling. SP1 is a transcriptional regulator that is associated
with dysregulated cell cycle arrest in multiple myeloma
[47-49]. CREBI is a well-known proto-oncogene that pro-
motes cellular proliferation in hematopoietic cells [50, 51].
Here we demonstrate that SP1-mediated transcription at
the CREBI and p21 promoters are positively regulated by
BALR-6, providing a putative mechanism for our ob-
servations of BALR-6's role in B-ALL.

Conclusions

In this study, we demonstrate that the MLL-AF4-
dysregulated IncRNA, BALR-6, plays a role in cell sur-
vival and regulates hematopoietic progenitors. At the
molecular level, BALR-6 regulates the transcriptome of
B-ALL cell lines, likely through regulating SP1-mediated
transcription. In summary, our study has several novel
and unique findings that help uncover a role for a poorly
understood class of molecules in a pathogenetic process.
This will undoubtedly have impacts on our understanding
of molecular biology within cancer cells.

Methods

Cloning and cell culture

mmu-miR-155 formatted siRNAs were cloned into
BamHI and Xhol sites in the pHAGE2-CMV-ZsGreen-
WPRE vector using the strategy that we have previously
described to generate knockdown vectors [16, 25, 26, 52].
Using the sequence information from 5" and 3" RACE
products we cloned full length transcripts into an MSCV-
based bicistronic viral vector between the BamHI and
Xhol sites, as described previously and into a pHAGEG6-
UBC-ZsGreen-CMV-LNC (P6UZCL) variant of the third
generation lentiviral vector system, between the NotI and
BamHI sites [16, 52]. Primer sequences used are listed in
Additional file 2: Table S1 or mentioned previously [16].
RS4;11 and MV(411), (MLL-AF4-translocated; ATCC
CRL-1873 and CRL-9591), Reh (TEL-AMLI1-translocated;
CRL-8286), 697 (E2A-PBX1-translocated), Nalm-6, 70Z/3
(ATCC TIB-158) murine pre B-cell leukemic cell line, and
the HEK 293 T cell line (ATCC CRL-11268) were grown
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Fig. 4 BALR-6 overexpression causes an increase in hematopoietic precursor cells in vivo. a Representative FACS plots of hematopoietic progenitor
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mice when compared to control. Number of mice used in this analysis: VECTOR, n = 8; 1S03, n = 6. 1503, Isoform 3; HSC, hematopoietic stem cell; LMPP,
lymphoid primed multipotent progenitor; LSK; lineage- Scal+ c-Kit+. Evaluations made using a two-tailed T-test, p < 0.05 (*); p < 0.005 (**)

in their corresponding media at 37 °C in a 5 % CO,
incubator as previously described [16, 53].

Rapid amplification of cDNA ends (RACE)
To determine the 5° and 3’ transcript ends of the
IncRNAs, we performed RACE using First Choice

RLM-RACE kit (Ambion). Using the sequence infor-
mation from 5 and 3" RACE products, we cloned
full length transcripts into P6UZCL, and into the
MSCV  viral vector. Primer sequences used and
isoform sequences obtained are listed in Additional file 2:
Table S1.
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Fig. 5 BALR-6 knockdown leads to global differential expression of genes. a Unsupervised hierarchical gene clustering of differentially expressed
genes upon BALR-6 siRNA mediated knockdown in RS4;11 cells (PPDE 2 95 %, fold change 2 1.5). gRT-PCR confirmation of BALR-6 knockdown
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Transduction and sorting of cell lines high green expression using a BD FACSAriall cell sorter,

Lentiviruses and MSCV-based retroviruses were pro-
duced to generate knockdown constructs as previously
described [16, 25, 26, 52]. In brief, 5.0 x 10° cells were
spin-infected at 30 °C for 90 min in the presence poly-
brene (4 pg/mL). Transduced cell lines were sorted for

and analysis was performed using BD FACSDiva software.

Biological assays
For pharmaco-induced assays, cells were cultured at a
concentration of 1.0 x 10° cells per mL and treated for
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36 h. I-BET151 was dissolved in dimethyl sulfoxide to
desired concentrations. After treatment, cells were har-
vested for RNA extraction. For MTS proliferation assays,
cells were cultured for at least 5 days before plating.
Cells were plated at a density of 2500 cells per 100 pl of
media in each well of a 96 well plate. Reagents were
added according to the manufacturer’s instructions
(Promega CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay kit) and cells were incubated at
37 °C, 5 % CO, for 4 h before absorbance was measured at
490 nm. For apoptosis assays, cells were plated at 5.0 x 10°
cells/mL for 24 h with or without prednisolone treatment.
Prednisolone (TCI America) was dissolved in dimethyl sulf-
oxide to desired concentrations. Cells were harvested after
24 h and stained with APC-tagged AnnexinV. For cell cycle
analysis, cells were synchronized by serum starvation for
12 h (human cell lines) or 4 h (murine cell lines) then
plated at 5.0 x 10° cells/mL and incubated at 37 °C, 5 %
CO, for 24 h. Cells were harvested, fixed with EtOH and
then stained with propidium iodide. AnnexinV stained
and PI stained samples were analyzed using a BD FACS
HTLSRII flow cytometer and further analysis was
performed using FlowJo.

Luciferase assays

Promoter sequences for CREB1 and p21 were cloned
upstream of synthetic firefly luciferase (luc2p) in the
pGL4.11 vector. Renilla luciferase is expressed in the
pGL4.75 vector downstream of the PGK promoter. HEK
293 T cells were transfected with the pGL4.75 and
pGL4.11 containing reporter vectors at a 1:20 ratio
(5 ng:100 ng), along with a combination of MSCV vector
(empty, Isoform-1 or Isoform-3) and pCMV3 (empty or
SP1-HA, Sino Biological Inc.) vector at a 1:1 ratio
(200 ng:200 ng). For the last condition SP1, Isoforml
and Isoform 3 were transfected together at a ratio of
2:1:1 (200 ng:100 ng:100 ng). Co-transfections were per-
formed with BioT (Bioland Scientific LLC) in 24 well
plates as per the manufacturer’s instructions. Cells were
lysed after 32 h and supernatant lysate was collected as
per manufacturer’s instructions (Promega). The dual lu-
ciferase assay kit (Promega) was used as substrates for
Renilla and firefly luciferase activity. Luminescence was
measured on a Glomax-Multi Jr (Promega). The ratio of
firefly to Renilla luciferase activity was calculated for all
samples. The luminescence for the sample co-transfected
with MSCV empty vector and pCMV3 empty vector, was
used as a normalization control.

gRT-PCR and PCR

RNA from cell lines was reverse transcribed using
qScript (Quantas Biosciences). Real Time quantitative
PCR was performed with the StepOnePlus Real-Time
PCR System (Applied Biosystems) using PerfeCTa SYBR

Green FastMix reagent (Quantas Biosciences). cDNA
from mice samples was amplified using KOD Master
Mix (EMD Millipore) and ran on a 1.2 % agarose gel
stained with ethidium bromide. Primer sequences used
are listed in Additional file 2: Table S1.

Northern blot

Total RNA was separated on a 1.2 % (w/v) formaldehyde
agarose gel and then blotted onto Hybond N+ nylon
membranes (Amersham Biosciences) by semi-dry transfer
(Bio-Rad,

Trans-Blot SD Semi-Dry Transfer Cell). DNA probes
were ordered from Integrated DNA Technologies (IDT,
San Diego, CA) with digoxigenin incorporated at 3’end.
For ACTIN we used the RNA probe provided in the
DIG Northern Starter Kit (Roche). Membranes were
hybridized overnight using ULTRAhyb-Oligo Buffer
(Ambion) at 37 or 42 °C with probes. Visualization was
done by X-Ray film using CDP-Star reagents (Roche).
X-Ray film was scanned and saved as jpeg files. Bright-
ness and contrast was increased by 20 % for ease of
visualization.

Data sources

Human genome assembly GRCh37/hgl9 and the mouse
genome assembly GRCm38/mm10 were used. Methyla-
tion patterns for the four cell lines were obtained from
Chip-Seq data available in the UCSC genome browser
generated by the Broad/ENCODE group [18—20]. Peak
viewing range set from 1-50 for H3K4m3 modifications,
and 1-15 for H3K36m3 modifications. Alternative splice
form information was obtained from the Swiss Institute
of Bioinformatics, via UCSC Genome Browser [21].
Genome alignments of RefSeq transcripts from human,
mouse and other vertebrates, GenBank mRNAs and ESTs,
as well as PhastCons scores were obtained from the UCSC
Genome Browser [22].

Microarray data analysis

Microarray data was generated from samples of 3 differ-
ent transduced RS4;11 cell lines with siRNAs against
BALR-6, or the control empty vector. Samples were
hybridized at the UCLA Clinical Microarray Core fa-
cility using Affymetrix HG-U133_Plus_2 microarray.
The Affymetrix raw data files (.cel files) were loaded into
the R program for quality control analysis. Additionally,
raw hybridization intensities were normalized using the
MAS5 method with the affy package in R. Normalized
values were sorted by detection p-value < 0.05. Differential
expression analysis was performed using unpaired Bayesian
comparison model (CyberT Website) [30, 31]. Data was
then sorted for genes with a posterior probability of
deferential expression (PPDE) =95 % and a fold change >
1.5. Analysis of differentially expressed genes was carried
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out using the WEB-based GEne SeT AnaLysis Toolkit
(WebGESTALT, http://bioinfo.vanderbilt.edu/webgestalt/)
[32, 33]. This online tool uses information from different
public data sources for enrichment analysis, including
the Gene Ontology data base, and GLAD4U. A sec-
ond (validation) microarray was carried out, as de-
scribed above, with technical duplicates for RS4;11
cell lines transduced with siRNA2 or the empty vec-
tor. For differential analysis the raw data files were
loaded into the R environment and analyzed using
the R library of Linear Models for Microarray Data
(LIMMA). Pairwise comparison and eBayes fit was carried
out. Data was then sorted for genes with a p-value < 0.05.

Further analysis was done as described above, using
WebGESTALT.

Mice and bone marrow transplantation

Mice were housed under pathogen free conditions at the
University of California, Los Angeles (UCLA). Donor
mice were injected intraperitoneally with 200 mg/kg of
5-fluorouracil. After 5 days the mice were sacrificed. The
bone marrow was collected under sterile conditions and
plated in media enriched with IL-3, IL-6 and mSCF
(Gibco). 24 h after plating, the bone marrow was spin
infected twice, at 30 °C for 90 min in the presence poly-
brene (4 pg/mL), with retroviruses expressing the empty
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MSCYV vector or BALR-6 Isoform 3. Recipient mice were
lethally irradiated and injected with donor bone marrow
6 h after irradiation. 8 mice were used per group. One
mouse in the ISO3 group died due to engraftment
failure after 2 weeks post injection. These mice were
bled at 8, 12 and 16 weeks post bone marrow injec-
tion. At 16 weeks the mice were sacrificed for full
analysis. For statistical analysis, one mouse was ex-
cluded due to low eGFP expression. This experiment
was repeated, and had similar results. All animal
studies were approved by the UCLA Animal Research
Committee (ARC).

Flow cytometry of samples

At 16 weeks post bone marrow transplant, blood, bone
marrow, thymus and spleen were collected from the
mice under sterile conditions [53]. Single cell suspen-
sions were lysed in red blood cell lysis buffer. Fluoro-
chrome conjugated antibodies were used for staining
(antibodies were obtained from eBiosciences, and Biole-
gend). Cells were stained with surface marker antibodies
for 30 min at 4 °C, washed twice with 1X PBS, and fi-
nally fixed with 1 % PFA. Flow cytometry was performed
at the UCLA Jonsson Comprehensive Cancer Center
(JCCC) and at the BROAD Stem Cell Research Flow
Core. Analysis was performed using FlowJo software.
The lists of antibodies used and gating schematics are
provided in Additional file 2: Table S2. Normal adult
human bone marrow was obtained commercially from
healthy adults (All Cells, Inc.) as previously described
[51]. CD34 enrichment from human bone marrow was
performed using the magnetic activated cell sorting
(MACS) system (Miltenyi Biotec, San Diego, CA) prior
to isolation of CD34+ subsets by flow cytometry. Bone
marrow CD34 selected cells were incubated with a cock-
tail of antibodies as well as FITC-labeled lineage deple-
tion antibodies (Additional file 2: Table S3). CD19 was
not included in the lineage depletion cocktail used for
sorting the progenitor B population. The immunopheno-
typic definitions used to isolate progenitors from human
bone marrow CD34 selected cells are described in
Additional file 2: Table S3. All populations were purified
using fluorescence-activated cell sorting on a FACSAria
(355, 405, 488, 561 and 633 nm lasers) (BD Immunocyto-
metry Systems).

Additional files

Additional file 1: Figure S1. BALR-6 locus encodes numerous
alternative splice forms. Figure S2. Knockdown and overexpression of full
length BALR-6 isoforms in mammalian cell lines. Figure S3. Constitutive
expression of BALR-6 in mice periphery. Figure S4. Elevated levels of
immature B cell populations in mice with BALR-6 overexpression. Figure
S5. SP1 targets in siRNA mediated knockdown cell lines. Figure S6.

Confirmation of global differential expression findings seen in initial
microarray. (PDF 1.19 mb)

Additional file 2: Tables S1. Primers and RACE sequences for BALR-6.
Table S2. Antibodies used for bone marrow transplant flow cytometry
analysis, and population gating schematics. Tables S3. Antibodies used
for CD34 enrichment of human bone marrow flow cytometry analysis,
and population gating schematics. (PDF 125 kb)
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Supplemental Figure 1. BALR-6 locus encodes numerous alternative splice forms.

(A) Top: Diagram of RACE products obtained from LOC339862. 5’ and 3’ RACE primers are shown in
yellow, with the newly discovered exons shown in magenta, as seen in Figure 1C. Known annotated exons
are shown in green. Middle: Alternative splicing graph from the Swiss Institute of Bioinformatics of the
predicted alternative splicing transcripts shown in the SIB Genes track. Blocks represent exons, lines
indicate introns. Bottom: Schematic depiction of BALR-6 isoforms cloned from RACE sequences.
Annotated exons in green, unannotated in magenta. (B) Gel confirmation of the isoforms cloned, including
the annotated mRNA sequence (Isoform 1). (C) Northern blot of endogenous levels of two BALR-6
isoforms in RS4;11 cells. (D) EMBOSS analysis of the new isoforms confirmed lack of open reading
frames, and lack of translation initiation sites. (E) Diagram of RACE products obtained from mouse cell
lines with homology to BALR-6. chr, chromosome.
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Supplemental Figure 3. Constitutive expression of BALR-6 in mice periphery.
(A) Peripheral white and red blood, hematocrit, and platelet cell counts. (B) Levels of B-cells (B220+), T-
cells (CD3e+) and Myeloid cells (CD11b+) in the eGFP+ compartment of the peripheral blood at 16 weeks.
(C) Average levels of eGFP+ B cells (B220+) and eGFP+ Myeloid (CD11b+) cells in the peripheral blood
throughout the experiment. Number of mice used in this analysis: VECTOR, n=8; ISO3, n=6. (D)
Hematoxylin and eosin stained liver and spleen samples from bone marrow transfer mice. Scale bar, 200
mm. ISO3, Isoform 3. Evaluations made using a two-tailed T-test, p<0.05 (*).
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Supplemental Figure 2. Knockdown and overexpression of full length BALR-6 isoforms in
mammalian cell lines.

(A) Schematic representation of mmu-miR-115 knockdown expression cassette. (B) Successful knockdown
of BALR-6 using siRNA2 in MV(411), and Nalm-6 cells. (C) Decreased cell proliferation in transduced
MV(411), and Nalm-6 lines as measured by MTS assay. (D) Increased apoptosis at basal levels in MV(411),
and Nalm-6 stable lines as measured by AnnexinV staining. (E-F) Schematic representation of dual
promoter phage (E) and MSCV (F) expression cassettes. (G) AnnexinV staining showed that Nalm-6 stably
transduced with BALR-6 isoforms, had lower number of apoptotic cells at basal level. (H) 70Z/3 cells
overexpressing BALR-6 Isoform 3 had fewer apoptotic cells at basal level, as analyzed by AnnexinV
staining. (I) 70Z/3 cells stably transduced with BALR-6 Isoform 3, resulted in reduction of apoptosis upon
treatment with 250 pg/mL prednisolone for 6 hours. The opposite effect was seen with RS4;11 cells with
siRNA mediated knockdown of BALR-6 and treated with 250 pg/mL prednisolone for 24 hours. Evaluations
were made using a two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005(***). UBC, ubiquitin C promoter;
ZsGreen, Zoanthus green fluorescent protein; CMV, cytomegalovirus promoter; LTR, long terminal repeats;
PGK, phosphoglycerate kinase promoter; eGFP, enhanced green fluorescent protein.
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Supplemental Figure 4. Elevated levels of immature B cell populations in mice with BALR-6
overexpression.

(A) Levels of e+ cells in the bone marrow of experimental mice. (B) Expression levels of BALR-6 Isoform 3
in the experimental mice by qRT-PCR. Normalized to L32. Gel of cDNA PCR, obtained from bone marrow
samples, confirming expression of full length transcript, shown to the right. (C) Representative FACS plots
of CLP cells in the eGFP+ compartment of the experimental mice. Quantitation of the population gating and
of LScal°c-Kit!® cells, shown to the right. (D) Percentage of cells in the Hardy fractions from the eGFP+
compartment of experimental mice. Number of mice used in this analysis: VECTOR, n=8; ISO3, n=6. ISO3,
Isoform 3. Evaluations made using a two-tailed T-test, p<0.005 (**).
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Supplemental Figure 5. SP1 targets in siRNA mediated knockdown cell lines.

(A-B) Transcript levels of SP1 (A) and CREBI1 (B) in MV(411) and Nalm-6 knockdown cells. qRT-PCR
quantitation of expression, normalized with ACTIN. Only expression levels upon siRNA2 mediated
knockdown, which was successful, are shown. (C-D) Schematic representation of CREB1 (C) and p21 (D)
promoter sequences cloned into the pGL4.11 luciferase expression vector. Promoter sequence distance
shown in relation to the luc2p start codon. SP1 binding sites shown as blue boxes. luc2p, synthetic firefly

luciferase.
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Supplemental Figure 6. Confirmation of global differential expression findings seen in initial
microarray.

(A) Hierarchical gene clustering of differentially expressed genes in validation microarray upon siRNA2-
mediated knockdown of BALR-6 in RS4;11 cells, p-value < 0.05. Technical replicates of samples shown.
(B-C) Bar graphs of GO Slim classification enrichment analysis of differentially expressed genes by
molecular function (B) and biological processes (C) as analyzed by WebGESTALT. Proportions are highly
similar to initial microarray. (D) Enrichment analysis of transcription factor targets. Top ten transcription
factors with a p-value < 0.02 are shown. In addition, CREB1 was shown as a significantly enriched for its
targets with p-value = 0.04. For unknown transcription factors, transcription site sequence is shown. SP1
(shown in light green) had the most dysregulated targets. (E) Disease association analysis by GLAD4U,
revealed a significant enrichment of genes solely associated to leukemic diseases, p-value < 0.05.
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Supplemental Table 1: Primers and RACE sequences for BALR-6

RT-qPCR primers

BALR-6 FOW | 5' CGTGTGCTGGGGAAGGCACTG 3'
Set 1 REV | 5' CCAGGCTCAGAGCAACACAGGGA 3'
BALR-6 FOW | 5' GATCACTTTGATTGCCATGTGGA 3'
Set 2 REV | 5' ATCTCTTATCTGGACTACGGTGAC 3'
ACTIN FOW | 5' CATGTACGTTGCTATCCAGGC 3'

REV | 5'CTCCTTAATGTCACGCACGAT 3'
SP1 FOW | 5' TGGCAGCAGTACCAATGGC 3'

REV | 5' CCAGGTAGTCCTGTCAGAACTT 3'
CREBI FOW | 5' TTAACCATGACCAATGCAGCA 3'

REV | 5' TGGTATGTTTGTACGTCTCCAGA 3'
Spl FOW | 5' AGGGTCCGAGTCAGTCAGG 3'

REV | 5'CTCGCTGCCATTGGTACTGTT 3'
Crebl FOW | 5' TGTAGTTTGACGCGGTGTGT 3'

REV | 5' GCTGGTTGTCTGCTCCAGAT 3'
L32 (mouse) FOW | 5' AAGCGAAACTGGCGGAAAC 3’

REV | 5’ TAACCGATGTTGGGCATCAG 3'
Actin FOW | 5' GCTACAGCTTCACCACCACA 3'

REV | 5' GGGGTGTTGAAGGTCTCAAA 3'

Cloning primers for POUZCL

Notl site-1 FOW | 5’ATGGGCTTAGCTGCGGCCGCTTTCTTCATACTATCCAGAGCT
CCAAA3'

BamHI site-1 REV | 5’ATGGCAATTATCGGATCCTTTTTTTTTTTTCGAAAAAATTTCT
TTTATTGAGATGCT3'

Notl site-2 FOW | 5’ATGGCA ATTGCGGCCGCCCACGCGTCCGGGACTGAGCA 3'

BamHI site-2 REV | 5'ATGGGCTGATGATCATTTTTTTTTGGTTCATAGAAAGTATTT

TCTTCTAGAGTCTC3'

Cloning primers for MSCV

HindIIl_eGFP FOW | 5’ATGGGCTTAGCTAAGCTTATGGTGAGCAAGGGCGAGGAGC3'

Dralll_eGFP REV | 5’ATGGCAATTATCCACCTGGTGTTTACTTGTACAGCTCGTCCA
TGCCGA3'

Bell_Bglll site FOW | 5' ATGGGCTGAGGATCTCCACGCGTCCGGGACTGAGCA 3'

Xhol site-1 REV | 5'ATGGCAATTCTCGAGTTTTTTTTTGGTTCATAGAAAGTATTTT
CTTCTAGAGTCTC3'

BamHI Bglll site | FOW | SATGGGCTTAGCTGGATCCTTTCTTCATACTATCCAGAGCTCC
AAA3

Xhol site-2 REV | 5'ATGGCAATTATCCTCGAGTTTTTTTTTTTTCGAAAAAATTTCT

TTTATTGAGATGCT3'

Sequencing primers for MSCV

Upstream Puro

FOW

5'GCTGTTCTCCTCTTCCTCATCTCC 3'

Upstream _eGFP

FOW

5' CTTTATCCAGCCCTCACTCCTTCTCT 3'
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RACE primers

3-RACE 6 FOW | 5' CCATGTGAAGAAGATGCTGGCTTC 3'
3-RACE 7 FOW | 5' TAGGAAGCCAGAAGCGTCTCCTTT 3'
3-RACE 8 FOW | 5' GGAGGCAGGAAGACTAAACCAGAA 3
5-RACE 2 REV | 5' CTCGCGAAACTCACAATCATGGCA 3'
5-RACE 4 REV | 5" ATCTTCCATGTGCATGTGGCTGCA 3'

Northern probes

BALR-6 probe 1

5'GGGCACAGAGTGTTGCATGCTCATTTCTGTTGATTTTTAATT
AGCAGTAATTCATTT/3DiG_N/3'

BALR-6 probe 2

5'CTGGAAATCTAGGATCAGGACTAGCCTAAATTAGTAGATCT
ATGTGATAGTATATTGGTA/3DiG_N/3'

mmu-miR-155 formatted siRNA oligos

siRNA1 5'GAAGGCTGTATGCTGGTGAACATACCACTTACCATTGTTTTG
GCCACTGACTGACAATGGTAAGGTATGTTCACCAGGACACAA
GGCCTG3'

siRNA2 5'GAAGGCTGTATGCTGGACTTCTGCACACCATGCCTGGTTTTG

GCCACTGACTGACCAGGCATGGTGCAGAAGTCCAGGACACAA
GGCCTG3'

BALR-6 sequences

Isoform-2

S'TTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCA
GAAGCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTAT
CCTTTCCTCTCTCCTCTTTCTGATTCCAGTCAATATGTGTTATG
GAGTCTGTGGTCTCCACAAGGCCTTGGGATAGGCATCCAAAG
GAAGATCACTTTGATTGCCATGTGGAGAGTGAACTGTGGGAG
GACCCCAGTGGAGGCAGGAAGACTAAACCAGAAGACAGTCA
CAGTAGTCCAGATAAGAGATGCATATGTTATCAATCGCCATG
TGAAGAAGATGCTTGCTTCCCCTTTGCCTTCTGCCATGATTGT
GAGTTTCGCGAGGCCTCCACAGCCATGCTTCCTGTACTGCAGA
ACTGTGAGTCAATTAAACCTCTTTTCTTCATAAATTACCCAGT
CTCTGGTAGTTCTTTATAGCAGTGCAAGATGGACTAATACACC
ACCTAAGTGATGTATTTGTTGCTCCAGCTCTATATATACCTAA
TTTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTAAATGA
TTTTATATGTTAACTACTCTACTTTAATGATCACAATTTATCAT
ATACTTTTTCAGCATCTCAATAAAAGAAATTTTTTCGAAA3Z'

Isoform-3

STTTCTTCATACTATCCAGAGCTCCAAACTTTGTAGGAAGCCA
GAAGCGTCTCCTTTGTTGAACAGTGCCAAAATAGCAGCTCTG
AAGATCACTTTGATTGCCATGTGGAGAGTGAACTGTGGGAGG
ACCCCAGTGGAGGCAGGAAGACTAAACCAGAAGACAGTCAC
AGTAGTCCAGATAAGAGATGCATATGTTATCAATCGCCATGT
GAAGAAGATGCTTGCTTCCCCTTTGCCTTCTGCCATGATTGTG
AGTTTCGCGAGGCCTCCACAGCCATGCTTCCTGTACTGCAGAA
CTGTGAGTCAATTAAACCTCTTTTCTTCATAAATTACCCAGTC
TCTGGTAGTTCTTTATAGCAGTGCAAGATGGACTAATACACCA
CCTAAGTGATGTATTTGTTGCTCCAGCTCTATATATACCTAAT
TTGTACATCACCTGGGACCTTGCTTTTCTTTGAGTTAAATGAT
TTTATATGTTAACTACTCTACTTTAATGATCACAATTTATCATA
TACTTTTTCAGCATCTCAATAAAAGAAATTTTTTCGAAA3Z'
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Supplemental Table 2: Antibodies used for bone marrow transplant flow cytometry analysis,
and population gating schematics.

Marker Fluorochrome
CD3e PE

CDl11b PE-Cy7

B220 PerCP-Cy 5.5
CD117 APC-Cy7

Scal PerCP-Cy 5.5
CD135 APC

CD127 PE-Cy7
CD150 PE

IgM PE

CD43 APC

CD24 PE-Cy7

Ly51 APC-Cy7

For lineage negative staining
Biotin CD3e, CD4, CD8, B220, NK1.1, Ter119, TCR beta, TCR gamma-delta

Streptavidin | eFluor 450 (pacific Blue)

Population Defined markers

HSC Lin- CD117 hi Scal hi CD150++

LMPP Lin- CD117 hi Scal hi CD135+ CD127-
CLP Lin- CD117 lo Scal lo CD135+ CD127+
A B220+ IgM- CD43+ CD24- Ly51-

B B220+ IgM- CD43+ CD24+ Ly51-

C B220+ IgM- CD43+ CD24+ Ly51+

D B220+ IgM- CD43-

Eand F B220+ IgM+

Antibodies were procured from eBiosciences (San Diego, CA) or Biolegend (San Diego, CA).
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Supplemental Table 3: Antibodies used for CD34 enrichment of human bone marrow flow
cytometry analysis, and population gating schematics.

Marker Fluorochrome

CD34 APC-Cy7

CD38 APC

CD10 PE-Cy7

CD20 FITC

CD45RA PerCP-Cy 5.5

IgM PerCP-Cy 5.5

For lineage depletion

FITC CD3, CD14, CD15, CD19, CD56, and CD235a
Population Defined markers

HSC Lin- CD34+CD38-

CLP Lin- CD34+CD10+CD45RA+
progenitor B | Lin- CD34+CD19+

precursor B CD34-CD10+CD19+1gM-CD20-
Immature B CD34-CD19+IgM+CD20+

Antibodies were procured from Becton Dickinson (BD, San Jose, CA) or Biolegend (San Diego,
CA).
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