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Abstract

Approximately 5% of B-progenitor acute lymphoblastic leukemia (B-ALL) harbor a somatic
1;19 chromosomal translocation which generates a fusion gene coding for TCF3-PBX1. Recent
studies have shown that leukemic progenitors with t(1;19) occur in a distinct subset of B-ALL
cases that often express a functional pre-B-cell receptor (pre-BCR). It is hypothesized that TCF3-
PBX1 drives the leukemogenesis of these cells by promoting aberrant pre-BCR signaling
through transcriptional activation of genes encoding pre-BCR components (IGHM, CD79A,
CD79B, IGLL1, VPREBL1 and VPREB3). To test this hypothesis, we have established short
hairpin RNA (shRNA) knockdown models in two different t(1;19) B-ALL cell lines (RCH-ACV
and 697). Expression of the knockdown shRNA against the TCF3-PBX1 transcript considerably
reduced cell culture-initiation and proliferation. We then performed RNA-Seq in both of our
knockdown models and determined that TCF3-PBX1 knockdown surprisingly activates, rather
than represses, the expression of IGHM, CD79A, CD79B, IGLL1, VPREB1 and VPREB3.
Despite this, we observed a marked reduction in phosphorylation and activation of AKT and
ERK in TCF3-PBX1-silenced cells. Additionally, TCF3-PBX1 knockdown had no effect on SYK
phosphorylation. Altogether, our results suggest that TCF3-PBX1 promotes t(1;19) B-ALL
proliferation by activating PI3K/AKT and MAPK/ERK signaling in a pre-BCR independent
manner. In considering alternative mechanisms by which TCF3-PBX1 promotes cell
proliferation, TCF3-PBX1 activates the expression of genes encoding key downstream pre-BCR
signaling molecules such as the Src-family kinase BLK and the atypical protein kinase C PKC(
either of which could promote pro-survival signaling pathways. Alternatively, we propose that
TCF3-PBX1 promotes Notch or Rho signaling and that these pathways might crosstalk with the

pre-BCR
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Chapter 1

Literature Review

1.1 Acute lymphoblastic leukemia - overview

Acute lymphoblastic leukemia (ALL) is a malignancy caused by the
overproduction of immature lymphocytes from hematopoietic precursor cells located in
the bone marrow. Approximately 60% of ALL cases occur in individuals under the age of
20 years!. The five-year disease-free survival rate for pediatric ALL is approximately
80%, which is relatively high compared to other cancers?. However, since ALL is the
most common cancer in young children, it remains a major burden in terms of potential
years of life lost in North America®. It should also be noted that the prognosis for adult
ALL is unfortunately much poorer with a long-term disease-free survival rate of
approximately 40% “. Current treatment generally consists of a combination of
chemotherapy drugs. Although these agents have been shown to be relatively effective,
they are associated with many serious and long-term side effects such as low resistance to
infection, heart problems, thyroid problems and infertility. These considerations highlight

the need for new and better treatments.

1.2 Normal B-cell development

B-cell development relies on tightly controlled sequential expression of a variety
of transcription factor genes®>®. First, the expression of genes encoding transcription
factors such as PU.1 and Ikaros control the commitment of hematopoietic stem cells

(HSC) towards the lymphoid lineage!®*t. Other transcription factors such as TCF3, EBF
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and PAX5 play an important role in lineage commitment and in various checkpoints
during B-cell development>®. Once the HSC has differentiated into a common lymphoid
progenitor, these transcription factors will cooperatively drive the expression of genes
such as RAG1 and RAG2 which are necessary for the rearrangement of Dn-Jn gene
segments within the immunoglobulin heavy chain locus®*?. Successful Du-Ju
rearrangement defines the pro-B stage. These transcription factors also drive the
subsequent Vx-DJ rearrangement leading to surface expression of Igu (i.e. IgM) heavy
chain which associates with surrogate light chains and other proteins to form a pre-B-cell
receptor (pre-BCR)*3. Cells that successfully express a pre-BCR are known as pre-B-
cells. Signals emanating from the pre-BCR eventually lead to kappa (k) and lambda (})
immunoglobulin light-chain gene rearrangements which are necessary for the expression
of a mature BCR containing a surface-bound IgM*3, Immature B-cells that express a
mature BCR will emigrate from the bone marrow and enter the spleen where they will
develop into marginal zone B (MZ B) cells or follicular B-cells depending on the
specificity of their BCR. Finally, upon interacting with their cognate antigen, MZ B-
cells can develop into short-lived plasma cells while follicular B-cells may develop into

long-lived plasma cells or memory B-cells“.

1.3 Genetic alterations in B-ALL

Approximately 85% of ALL cases develop from precursors of the B-cell lineage
(B-ALL)™. It is noteworthy that genes that encode B-lymphoid transcription factors are
often perturbed by mutations and major chromosomal aberrations in B-ALL. Indeed,

75% of B-ALL cases exhibit aneuploidy or harbor non-random chromosomal
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translocations which often disrupt the function of these transcription factors!’. These
cytogenic alterations define ALL subtypes that respond differently to certain
chemotherapies'’8, For example, ALL patients whose leukemia cells contain the
t(12;21)(p13;922) ETV6-RUNX1 rearrangement form a ALL subgroup with an excellent
outcome while patients with the t(4;11)(g21;923) rearrangement involving the KMT2A
gene have a dismal prognosis with a 5-year event-free survival rate below 35% %20,
Despite this, it should be noted that ALL remains a heterogeneous disease?’. Studies have
shown that there are multiple genetic subclones of leukemia-initiating cells in any given
patient with ALL?*23, These subclones could become resistant to treatment and be
responsible for patient relapse?. Regardless, to further improve patient outcome, it is
vital to understand the underlying cellular processes that are driving these leukemias.
This will allow for the development of new therapeutic strategies that target specific ALL

subtypes.

1.4 Chromosomal translocation 1;19 and TCF3-PBX1

As mentioned earlier, a surprisingly large fraction of ALL cases harbor
chromosomal translocations that disrupt the function of key lymphopoietic transcription
factors. The t(1;19)(g23;p13.3) translocation (herein referred simply as t(1;19)) is the
second most common translocation in ALL and occurs in approximately 5% of B-ALL
cases?*. This translocation generates the TCF3-PBX1 (formerly known as E2A-PBX1)
fusion oncogene by joining the 5' TCF3 sequence to the 3' portion of PBX1 226, The
TCF3 gene encodes what is considered as the founder of the basic helix-loop-helix
(bHLH) family of transcription factors since the DNA-binding bHLH domain was first
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characterized in these proteins nearly 30 years ago?”?8, TCF3 plays a critical role in
regulating B and T-lymphoid lineage commitment in hematopoietic progenitors, making
it one of the most-studied hematopoietic transcription factors'®1%2%32 |t is expressed at
early stages of lymphoid development and is required for proper B-cell development and
VDJ recombination’. The C-terminal bHLH domain mediates binding to DNA at
CANNTG “E-box” consensus sequences where TCF3 homo- or heterodimerizes with
other bHLH-containing proteins, often in close physical proximity with other
hematopoietic transcription factors such as EBF, PAX5 and TAL1 to modulate gene
expression®33-%6 The pro-B-cells of TCF3*- EBF* compound heterozygous mice
display reduced expression of B-lymphoid genes such as RAG1, RAG2, CD79A, IGLL1,
VPREB1 and CD19 while TCF3”- mice manifest blockade of B-lymphopoiesis at an early
stage and develop highly-malignant monoclonal T-cell lymphoma in less than 9
months®’*8, Conversely, enforced expression of TCF3 in T-lymphoma cells leads to
apoptosis®. Further studies have also shown that co-expression of TCF3 and EBF
synergistically activates the promoter of the B-cell-specific target gene CD79A
confirming a critical functional relationship between the two transcription factors®. These
studies strongly suggest that TCF3 cooperates with other transcription factors such as
EBF to promote B-cell commitment through activation of B-lymphoid genes.

PBX1, the other gene affected directly by t(1;19), likewise encodes an important
transcription factor. PBX1 is a member of the three amino acid loop extension (TALE)
superclass of Hox proteins which include the PBC, MEIS, TGIF, IRO and MKX
subclasses®. TALE transcription factors are highly conserved in evolution and

fundamental for embryonic development*~*°, As their name suggests, they are



characterized by an atypical DNA-binding homeodomain (HD) containing 3 additional
residues in its first loop*'. PBX1 and other TALE members are thought to function
mainly as DNA-binding cofactors and can modulate the DNA-binding specificities of
their Hox binding partners*®-48, For example, HOXB1 requires combinatorial interactions
with both PBX1 and PREP1 to stimulate the COL5A2 promoter®®. These interactions are
mediated by the tryptophan-containing W motif, independently, or in conjunction with
specific PBC interaction motifs which are unique to members of the PBC subclass*®°. In
addition to its extensive role in embryonic development, some evidence suggests that
PBX1 is important during early stages of lymphopoiesis. Several other Hox genes are
differentially expressed and important during specific stages of hematopoiesis and PBX1-
"~embryonic stem cells fail to generate common lymphoid progenitors in a RAG1™”-
blastocyst-complemented mouse model®'~*°, However, PBX1 function is highly
dependent on the expression of multiple Hox proteins, therefore it is unclear whether

these results can be extrapolated to human hematopoietic stem cells in vivo.

1.5 Oncogenic mechanism of TCF3-PBX1
The TCF3-PBX1 fusion protein contains the first 481 amino acids of TCF3 but

omits the first 88 amino acids of PBX12’. It is important to note that the TCF3-PBX1
fusion gene retains the sequence coding for the PBX1 HD but loses that encoding the
TCF3 bHLH DNA-binding domain®2°, There exist two TCF3-PBX1 isoforms. The
longer isoform, TCF3-PBX1a, seems to be the dominant isoform in t(1;19) B-ALL cells
while the less abundant isoform, TCF3-PBX1b, is shorter due to pre-mRNA splicing
events near the end of the 3' region of PBX1%". Nevertheless, no major functional
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differences between the two isoforms have yet been reported so TCF3-PBX1a and TCF3-
PBX1b are commonly referred simply as TCF3-PBX12"4°,

The first studies aimed at characterizing the TCF3-PBX1 fusion protein occurred
over 25 years ago®>2®, Surprisingly, its leukemogenic mechanism still has not been fully
elucidated. TCF3 has two well-characterized transcriptional activation domains (ADs)
named AD1 and AD2. Either AD can induce transcription independently but can,
alternatively, cooperate to synergistically activate the expression of a reporter gene®-°,
Our lab demonstrated that the function of the TCF3 ADs involves an interaction with the
KI1X domain of the transcriptional coactivator p300%°-2, The primary role of this
coactivator is to acetylate lysine 27 residues on Histone H3 associated with
transcriptional enhancers and promoters®®. This post-translational modification loosens
the chromatin which allows the transcriptional machinery to access the promoter3, The
two TCF3 ADs are retained during the translocation, which allows TCF3-PBX1 to
interact with p300°9-61, Taking into consideration the fact that PBX1 is not expressed in
B-cells?>?® and that TCF3-PBX1 contains the PBX1 HD but lacks the TCF3 bHLH
domain, it is conceivable that TCF3-PBX1 promotes leukemia through ectopic activation
of PBX1 target genes through a mechanism that entails local recruitment of p300.
Substitution of various key residues in either AD1 or AD2 abrogates the transcriptional
activity of TCF3-PBX1 in luciferase-based reporter assays and prevents the in vitro
immortalization of primary murine bone marrow cells that express TCF3-PBX150-62,
These studies provide strong evidence that the interactions between the two TCF3-PBX1
activation domains and the KIX domain of p300 are critical for leukemogenesis in t(1;19)

B-ALL cells. It should be noted that p300 can also acetylate important non-histone



proteins such as p53 and wild-type TCF3%48, Unlike most cancer types, TP53 is not
commonly mutated in ALL®®. However, TCF3-PBX1 could promote leukemia through
aberrant post-translational modifications of various non-histone proteins such as p53.
Although the simple hypothetical model of TCF3-PBX1-mediated oncogenesis
described above is plausible, recent results from our laboratory point to greater
complexity. These experiments used chromatin immunoprecipitation followed by next-
generation sequencing (ChlIP-seq) to identify TCF3-PBX1 binding sites in two different
t(1;19) B-ALL cell lines. The results showed that TCF3-PBX1 does not preferentially
bind to the PBX1 consensus sequence. Instead, TCF3-PBX1 binds preferentially to B-
lymphopoietic enhancer elements that are also bound by B-lymphopoietic transcription
factors including EBF1, ETV1, RUNX1 and wild-type TCF3 (Nanan et al, in
preparation). These recent findings suggest an alternative model where TCF3-PBX1
interacts, and possibly interferes, with DNA-bound B-lymphopoietic transcription factors

while maintaining local p300 activity.

1.6 The pre-BCR signaling pathway

Despite advances in understanding the molecular mechanism of TCF3-PBX1,
there has been little progress in directly identifying the TCF3-PBX1 target genes that are
driving the leukemogenesis of these lymphoid progenitors. However, many studies have
proposed that TCF3-PBX1 could play an important role in pre-BCR signaling!87-%, The
structure of the pre-BCR resembles that of the mature BCR. It contains two IgM heavy-
chains (also known as Igy, HHC or IGHM) and two transmembrane signaling molecules

CD79A and CD79B (also known as Iga and Igf)’®. However, unlike the mature BCR, the
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pre-BCR does not express the products of rearranged « or A light chain genes™. Instead, it
expresses two surrogate light-chains (SLC) named Vpreb-1 (VPREB1) and A5 (IGLL1)
(Figure 1) which are thought to be crucial for downstream signaling’*~"4. The pre-BCR
has three key tasks. First, it terminates the heavy-chain (H-chain) rearrangement to
prevent the expression of two different H-chains within the same cell”®. Second, the pre-
BCR initiates the rearrangement of the « and A light chains’. Finally, the pre-BCR
promotes proliferation and survival through various signaling pathways. The induction of
these signaling pathways causes a proliferation burst in pre-B-cells allowing them to
undergo multiple rounds of cell division before differentiating into non-dividing mature
B-cells®’®. In fact, pre-B-cells are destined to die unless they are rescued by signals
originating from the pre-BCR®. Thus, expression of a functional pre-BCR serves as a
critical checkpoint in B-cell development. Progenitors that survive this checkpoint are
called large pre-B-cells and should manifest a CD19*CD25*uHCkappalambda

phenotype’’.
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Figure 1. Hypothetical relationship between TCF3-PBX1 and pre-BCR signaling.

Schematic of the pre-BCR and downstream signaling pathways illustrating the proximal position
of SYK. Activation of the surface pre-BCR through galectin binding or spurious ligand-
independent crosslinking leads to the recruitment of Src-family kinases (SFKs) which
phosphorylate the CD79A/B subunits. The phosphorylated residues form a docking site for SYK
to which it gets recruited and then activated by tyrosine phosphorylation. SYK is thought to be
crucial for downstream activation of the PI3K and MAPK signaling pathways. Dotted lines
represent indirect regulatory relationships. It has been proposed that TCF3-PBX1 promotes pre-
BCR signaling through direct transcriptional activation of genes that encode the components of
the pre-BCR (i.e. IGHM, CD79A, CD79B, IGLL1, VPREB1 and VPREB3).



Galectin-1 is a B-galactoside-binding protein that is highly-expressed in bone
marrow stromal cells and is thought to be the main ligand involved in ligand-dependent
pre-BCR signaling’®. When galectin-1 binds to the A5 SLC, the pre-BCR will crosslink
other receptors and form oligomerized receptor aggregates, which likely leads to the
activation of Src-family kinases (SFK)’®. Members of the SFK family can also be
activated by phosphatases such as CD45 which dephosphorylate an inhibitory
phosphorylation site’>®. Once activated, the SFKs then phosphorylate immunoreceptor
tyrosine-based activation motifs (ITAM) located on the cytoplasmic tails of the CD79A
and CD79B subunits of the pre-BCR®82, These transmembrane proteins are thought to
be critical for proper pre-BCR function since deletion of either CD79A or CD79B
prevents the differentiation of large pre-B-cells in mice®3. The phosphorylated CD79A
and CD79B ITAMs then form a docking site for SYK'%84 Binding of the SYK SH2
domain to the phosphorylated ITAM motifs releases the C-terminal kinase domain which
leads to autophosphorylation of several tyrosine residues®. SYK is considered as the
master kinase of the pre-BCR signaling pathway and its activated form is thought to be a
key transducer of survival signals emanating from the pre-BCR®. One of the main
effectors of the pre-BCR signaling pathway is PI3K®. Although SYK has been shown to
associate directly with PI3K, SYK likely promotes PI3K signaling through CD19 and
BCAP phosphorylation since loss of either protein markedly impairs pre-BCR-dependent
activation of PI3K®-9, Activation of the PI3K signaling pathway increases the
abundance of phosphatidylinositol-3,4,5-triphosphate (PI1P3) thereby leading to AKT and
BTK activation'®®l. The sudden increase in phosphorylated AKT molecules results in the

inactivation of several anti-proliferative or -survival proteins such as FOXO, GSKf and
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BAD!:92-% Meanwhile, BTK activates PLCy2 which induces the hydrolyzation of
phosphatidylinositol-4,5-biphophate (PIP.) to inositol-3,4,5-triphosphate (IP3) and
diacylglycerol (DAG). It is noteworthy that PLCy2 can also directly associate with SYK
suggesting that PLCy2 may represent a node in this signaling pathway®®. DAG induces
the MAPK signaling pathway while IP3 molecules bind to specific receptors which allows
for the release of calcium ions from the endoplasmic reticulum into the cytosol. Other
SYK-binding partners include VAV proteins and BLNK which are also thought to
promote proliferation through induction of the MAPK/ERK signaling pathway8>°,
Indeed, stimulation of the pre-BCR has been shown to dramatically increase the
abundance of phosphorylated ERK in a t(1;19)-associated pre-B ALL cell line®. Deletion
of ERK1 and ERK2 also prevents the pro- to pre-B-cell transition in mice illustrating the
importance MAPK signaling, downstream of the pre-BCR®. Overall, stimulation of pre-
BCR signaling leads to SYK-mediated activation of a variety of effector proteins such as
PI3K, PLCy2, VAV1 and BLNK which forms a signalosome that promotes pro-survival
signaling pathways, ultimately leading to calcium release, proliferation and survival
(Figure 1).

In addition to ligand-dependent signaling, it should be noted that many studies
have suggested that the pre-BCR can participate in low-level tonic signaling (i.e. ligand-
independent signaling)®. Abundant expression of surface pre-BCR likely leads to
autonomous homodimerization and signaling. In fact, structural studies and electron-
microscopy have provided strong evidence that the pre-BCR predominantly exists as a
dimer®. These interactions are thought to be mediated by electrostatic interactions

between A5 chains since mutations in IGLL1, the gene that encodes A5, impair pre-BCR
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internalization”. More recent studies used monovalent quantum dot-labeled probes to
measure distances between pre-BCRs in live pre-B-cells®. These studies found that the
homotypic interactions between pre-BCRs are short-lived but frequent enough to promote
downstream BCL6 expression, which is considered as a measure of pre-BCR activity'8%,
From these studies, it is expected that an increase in surface pre-BCR expression would

consequently lead to an increase in spurious pre-BCR aggregation and signaling.

1.7 TCF3-PBX1 and the pre-BCR

The association between t(1;19) in B-ALL cells and expression of the pre-BCR
was first mentioned by Carrol and colleagues in 19841, The group noted that 4/17
(23.53%) children with pre-B ALL also had a unique 1;19 translocation, which had never
been reported before. Interestingly, t(1;19) was not found in any of the other ALL
types'®. Since then, there have been many studies confirming the existence of a strong
association between the presence of t(1;19) and the expression of a pre-BCR?8:68.101,102
For example, a more recent study found that approximately 90% of PBX1-expressing
ALL also express a pre-BCR (n = 57)8. Furthermore, studies also indicate that
therapeutic kinase inhibitors targeting the pre-B-cell receptor signaling pathway such as,
dasatinib and ibrutinib, are especially effective against t(1;19)-associated ALL cells®
As mentioned earlier, an abundance of data suggests that the pre-BCR participates in both
ligand-dependent and tonic signaling. However, the mechanisms for which ligand-
dependent and tonic pre-BCR signaling mechanisms are altered in pre-BCR* B-ALL and
how this prevents the rearrangement and expression of k and A light chains remains
unclear.

12



Chapter 2

Introduction

The current consensus in the literature is that leukemic progenitors with t(1;19)
express the pre-BCR because TCF3-PBX1 is driving the ectopic expression of pre-BCR
components®®”. This idea is based on previous correlative studies indicating that t(1;19)
B-ALL is associated with pre-BCR expression!8190103 A recent elaborate study by Geng
et al.’® demonstrated that TCF3-PBX1 and p300 both bind to the promoter regions of
genes that encode key pre-BCR components such as CD79A, CD79B, IGLL1, VPREB1
and VPREB3. Our group has also shown that TCF3-PBX1 binds to regions that are near
the CD79B, IGLL1 and VPREB1 promoters (Nanan et al, in preparation). To our
knowledge, the dependence of the pre-BCR on TCF3-PBX1 abundance has never been
investigated directly. Since t(1;19)-associated B-ALL cases are overwhelmingly pre-
BCR* and TCF3-PBX1 has been shown to bind near genes encoding pre-BCR
components, we hypothesize that TCF3-PBX1 drives the leukemogenesis of B-lymphoid
cells by promoting aberrant pre-BCR signaling through transcriptional activation of pre-
BCR genes (Figure 1). To test this hypothesis, we generated TCF3-PBX1 knockdown
models using an inducible shRNA system in RCH-ACV and 697, two established t(1;19)
B-ALL-derived cell lines. The main objectives of this study are to i) determine the effects
of TCF3-PBX1 knockdown on cell proliferation and culture initiation, ii) determine
whether TCF3-PBX1 knockdown reduces expression of genes that encode pre-BCR
components, iii) investigate the consequences of TCF3-PBX1 knockdown on signaling

pathways that function downstream of the pre-BCR and iv) identify other genes that are
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differentially expressed upon TCF3-PBX1 knockdown and that may alter the transduction

of pro-proliferative or —survival signals.

14



Chapter 3

Material and Methods

3.1 Lentiviral infection

HEK-293T cells were plated in poly-L-lysine-coated 10 cm dishes in growth media
(DMEM, 10% FBS, 100 units/mL penicillin, 100 pg/mL streptomycin, 2mM L-
Glutamine), and transfected with 2 ug of the pTRIPZ (Dharmacon, Lafrayette, CO, USA)
lentiviral backbone plasmid, 2 pug of Pax2 lentiviral packaging plasmid and 1 pg of
pMD2.G envelope plasmid using jetPRIME buffer (Polyplus, Strasbourg, France)
according to the manufacturer’s instructions. The pTRIPZ vector confers doxycycline-
regulatable expression of a ShRNA targeting the PBX1 transcript or a control sShRNA.
The sequence for the control and knockdown shRNA were 5'-AAAATGTCTCCAATGT
CCT-3' and 5'-TCACAGATCAGACAAATCT-3', respectively. Four hours after
transfection, the media was carefully aspirated and replaced with fresh DMEM
supplemented with 10 mM sodium butyrate. The following morning, the media was
replaced with growth media. Three days later, the virus supernatants from 2 different
batches were harvested, filtered, centrifuged and loaded twice on a 50 ug/ml RetroNectin-
coated (Clontech, Mountain View, CA, USA) untreated 6-well plate (Sarstedt, Cat.
83.1839.500). The supernatant was collected once more and added to the rest of the virus
to increase the concentration of the virus. After washing the RetroNectin-coated plate
with PBS containing 1% BSA, RCH-ACV and 697 cells were transduced by
centrifugation. Cells were then resuspended in RPMI supplemented with 10% FBS,
Lenti-X (Clontech) concentrated virus and 8 pg/mL polybrene and incubated for 48

hours. Transduced RCH-ACV and 697 cells were selected with puromycin (1 pg/mL) for
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7 days. Finally, cells were cloned by limiting dilution in 96-well plates and then clones
that displayed maximal doxycycline-inducible silencing of TCF3-PBX1 were subcloned

to ensure homogeneity and stability, expanded and frozen in aliquots.

3.2 Cell culture and doxycycline induction

The RCH-ACV (ACC-548) and 697 (AC-42) cell lines were acquired from DSMZ
(https://www.dsmz.de/home.html). Unless indicated otherwise, all cell lines were
cultured in RPMI supplemented with 10% tetracycline-free fetal bovine serum at 37 C°
under 5% COa. To establish our knockdown model, shPBX1 and shControl cell lines
were incubated with 1 pg/mL of doxycycline for 3 days before every experiment. Media
was replenished with fresh doxycycline every 48 hours to maintain ShRNA expression.
To avoid clonal drift, cell lines were propagated in culture for no more than 3 months

before being replaced by a freshly thawed aliquot.

3.3 Cell proliferation assays

Once the knockdown model was established, 5x10° RCH-ACV- or 697-shPBX1 and
shControl cells were plated in a 96-well plate in triplicate. Uninduced shPBX1 cells were
included as an additional negative control. Cells were incubated in RPMI supplemented
with 10% fetal bovine serum for various indicated times and doxycycline (1 pg/mL) was
replenished every 48 hours as necessary. Cell viability was measured using the Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan). Exponential regression and doubling times
were calculated using GraphPad Prism 7 statistical software (GraphPad Software;

http://www.graphpad.com).
16


https://www.dsmz.de/home.html

3.4 Limiting dilution assays

Once the knockdown model was established, RCH-ACYV cells were serially diluted to 1,
2,4, 8,16 and 32 cells per 100 uL. while 697 cells were diluted to 1, 10, 20, 30, 40 and 50
cells per 100 puL. For each dilution, 100 puL was plated in each of 16 wells of a round-
bottom 96-well plate (Falcon, Cat. 353077). After 7 days, wells containing at least 50
viable cells were considered as indicating culture initiation and enumerated by
microscopy. Media was replenished with fresh doxycycline (1 pg/mL) every 48 hours to
maintain continuous sShRNA expression. Data were analyzed using the extreme limiting
dilution analysis (ELDA) online tool®, Statistical significance was assessed using the

chi-squared test.

3.5 RNA-Seq analysis
RCH-ACV-shPBX1, -shControl, 697-shPBX1 and -shControl cell lines were induced

with doxycycline (1 pg/mL) for 72 hours. Triplicate RNA samples from each cell line
were harvested and isolated using the RNeasy kit (QIAGEN, Hilden, Germany). Library
preparation and sequencing was performed by the PM-OICR Translational Genomics
Laboratory (https://labs.oicr.on.ca/ translational-genomics-laboratory). Briefly, RNA
libraries were synthesized from 200 ng of total RNA using the Illumina TruSeq Stranded
Total RNA with Ribozero Gold Sample Prep kit. Total RNA was depleted of ribosomal
RNA (including mitochondrial ribosomal RNA). The first and second strand cDNA was
synthesized, A-tailed, adapter ligated, and PCR amplified. RNA was sequenced on the
[llumina NextSeq550 platform, using a read depth of 80 million clusters, 160 million

paired end reads, 75bp X 75bp. The R-Bioconductor package (DESeq2) was used for
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differential expression analysis. Differentially expressed genes were only considered if
they had a fold change equal to or greater than 1.5 in both cell lines. Genes that were

differentially expressed in opposite directions in the two cell lines were not considered.

3.6 a-1gM stimulation and pervanadate treatments

Once the knockdown model was established, cells were resuspended at 1x10° cells/mL
and plated overnight with fresh doxycycline (1 pg/mL). The next morning, the cells were
treated with 10 pg/mL F(ab")2 fragment goat anti-human IgM (cat. 109-006-129, Jackson
ImmunoResearch, PA, USA) for indicated times. For pervanadate treatments, cells were
treated with various concentrations of freshly prepared pervanadate solutions for 30 min.
1X pervanadate solution consisted of 0.2 mM sodium orthovanadate and 1 mM hydrogen

peroxide.

3.7 Immunoblotting

Cells were lysed in RIPA buffer. Equal amounts of total protein in Laemmli’s loading
buffer were resolved by SDS-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. Membranes were blocked in TBS 0.1% Tween-20
supplemented with either 5% non-fat milk or 5% BSA and incubated with primary
antibodies overnight at 4 C°. Antibodies against p-CD79A-Y 182 (1:1000, 5173S), p-
AKT-S473 (1:1000, 9271S), p-Erk1/2-T202/Y204 (1:1000, 4376S), Erk1/2 (1:1000,
9102S), p-SYK-Y525/526 (1:1000, 2711S), p-ZAP-70-Y319/SYK-Y352 (1:10000,
2717S), SYK (1:1000, 2712S) were from Cell Signaling Technologies (Danvers, MA,

USA). Anti-GAPDH (1:40000, 2251-1) and -AKT (1:2000, 1086-1) were from Abcam
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(Cambridge, UK). Anti-tubulin (1:15000, T4026-.2ML) was from Sigma-Aldrich (St-
Louis, MO, USA). Antibodies against BLK (1:500, sc-65980), CD79A (1:500, sc-20064)
and CD79B (1:1000, sc-53210) were from Santa Cruz Biotechnology (Dallas, TX, USA).
Wild-type TCF3 and TCF3-PBX1 was detected using the E2A (Yae) antibody (1:1000,
sc-416) from Santa Cruz Biotechnology. Horseradish peroxidase-conjugated anti-Mouse
(2:3000, Jackson ImmunoResearch) and anti-Rabbit (1:6000, Abcam) secondary
antibodies were detected by the Clarity Western ECL Blotting Substrate (#1705061, Bio-

Rad Laboratories, Hercules, CA, USA).

3.8 Bioinformatics and data analysis

Normalized array-based gene expression data from the TARGET-ALL project was
downloaded from the ICGC portal. Data visualization and pre-processing were performed
on MATLAB. Expression data were log2-transformed and boxplots were used to
visualize the data. Samples were removed if i) the total read counts were 1.5 interquartile
range (IQR) below or above the 25" or 75" percentile, respectively, and ii) Spearman
correlations values were 1.5 IQR beneath the 25™ percentile. Once the samples were
removed, the total read counts and Spearman correlations were re-plotted and samples
were repeatedly removed if they satisfied both conditions. Samples where PBX1
expression was 1.5 IQR above the 75" percentile were considered as t(1;19)-associated
ALL samples. Gene-array expression data for putative TCF3-PBX1 target genes were
acquired from the TARGET-ALL project. A candidate TCF3-PBX1 target gene was
defined as a gene that satisfied the following conditions: i) gene is differentially
expressed in RCH-ACV and 697 cells upon TCF3-PBX1 knockdown, ii) fold change is in
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the same direction in both cell lines and iii) gene contains a TCF3-PBX1 binding site
within 500 kilobases of the transcriptional start site. Differentially expressed genes that
were not represented in the TARGET-ALL array were omitted. Principal component
analysis was performed on the expression of 126 putative TCF3-PBX1 target genes from
194 primary ALL samples using the MATLAB default settings. The first two principal
components were used as the x and y axes. Unsupervised clustering was performed on
median-centered expression data and standardized by gene expression. The Euclidean

distance was used as a similarity measure and clusters were merged by average links.

3.9 Statistical analysis

Differences in gene expression in our t(1;19) cell-models were assessed by the 2-tailed
unpaired Student’s t test while the non-parametric Mann-Whitney U test was used to
establish differences in patient gene expression. The chi-squared test was performed to
determine differences in cell culture-initiation frequency. Cell doubling-times were
calculated by exponential regression. All statistical analyses were performed using Prism

7 (GraphPad Software http://www.graphpad.com).
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Chapter 4

Results

4.1 TCF3-PBX1 knockdown by shRNA

To study the role of TCF3-PBX1 in pre-BCR signaling, we needed an inducible
TCF3-PBX1-knockdown model in a human t(1;19)-ALL cell line. We used a lentiviral
approach to generate stable cell lines capable of doxycycline-inducible expression of
either i) a short-hairpin RNA targeting the TCF3-PBX1 transcript (shPBX1) or ii) a
region of the PBX1 transcript that is not present in the TCF3-PBX1 fusion transcript and
not expressed in either of these cell lines (shControl, Figure 2A). The two parent cell
lines used, RCH-ACV and 697, were each established from pediatric cases of t(1;19)-

associated B-ALL.

The abundance of PBX1 transcript was quantified as a measure of TCF3-PBX1
expression since wild-type PBX1 is not normally expressed in B-ALL cells?®?¢, RCH-
ACV- and 697-shPBX1 cells had much lower TCF3-PBX1 expression (p < 0.0001) upon
doxycycline induction than their shControl counterparts, as determined by RNA-Seq
(Figure 2B). As expected, shControl had no effect on TCF3 or TCF3-PBXL1 protein in
either cell line (Figure 2C). Nevertheless, expression of shPBX1 greatly reduced the
abundance of both TCF3-PBX1 protein isoforms in RCH-ACV and 697 cells but had
little effect on wild-type TCF3 (Figure 2C). Overall, these results show that shPBX1
specifically targets the TCF3-PBX1 fusion transcript and can effectively reduce the
abundance of both TCF3-PBX1 protein isoforms in two t(1;19) B-ALL cell lines, without

disrupting the expression of TCF3.
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Figure 2. Creation of TCF3-PBX1 knockdown model in two t(1;19) B-ALL cell lines.

(A) We used the pTRIPZ lentiviral vector (Dharmacon) to generate cell lines that can express a
doxycycline-inducible shRNA targeting either i) a region of the TCF3-PBXL1 transcript (shPBX1)
or ii) a region of the PBX1 transcript that is not present in the TCF3-PBX1 fusion transcript
(shControl). This model was established in two t(1;19)-associated B-ALL-derived cell lines
RCH-ACYV and 697. (B) Expression of shPBX1 dramatically reduces TCF3-PBX1 transcript in
RCH-ACYV and 697 cells. Bar graphs depict the mean + SD transcripts per million (TPM), as
determined by RNA-Seq (****p<0.0001, two-tailed unpaired Student’s t test). (C) Immunoblot
confirming that the expression of shPBX1 effectively reduces the two main TCF3-PBX1 isoforms
in both t(1;19) B-ALL cell models (RCH-ACV and 697). Cells were induced with doxycycline
for 72 hours.

4.2 TCF3-PBX1 promotes t(1;19)-ALL cell proliferation and cell culture-initiation

The first goal of this study was to investigate the phenotypic consequences of
TCF3-PBX1 KD in our t(1;19) B-ALL cell lines. Rather relying on a single t(1;19) cell
line, we generated knockdown models in two distinct t(1;19) lines in order to enable us to
filter out transcriptional and phenotypic changes that are associated idiosyncratically with

a particular cell line. Our main observation is that TCF3-PBX1 KD substantially reduces
22



the proliferation and viability of RCH-ACV and 697 cells (Figure 3A-B). Whereas RCH-
ACV-shControl and uninduced RCH-ACV-shPBX1 cells had a doubling time of 32.16
and 25.92 h, respectively, RCH-ACV cells expressing shPBX1 conferred a growth
disadvantage with a doubling time of 55.30 h. Similarly, the doubling time for 697-
shControl and uninduced 697-shPBX1 were 23.17 and 23.69 h, respectively, whereas 697
cells expressing shPBX1 had a doubling time of 31.44 h. The results are representative of
at least 5 independent experiments. The observable difference in cell proliferation
between RCH-ACV-shControl and uninduced RCH-ACV-shPBX1 cells is likely caused

by clonal differences between the two cell lines.
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Figure 3. TCF3-PBX1 promotes t(1;19) B-ALL proliferation and cell-culture initiation.

(A-B) Cell proliferation was measured using the Cell Counting Kit-8 assay (Dojindo). (A) RCH-
ACV or (B) 697-shPBX1 (red) and -shControl (blue) cells were induced for 72 hours and
resuspended in RPMI supplemented with 10% fetal bovine serum for indicated number of days
(n=3). Values are mean cell number + standard deviation. Uninduced shPBX1 cells (black) were
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used as an additional negative control. (C-D) Enumeration of culture-initiating (C) RCH-ACV
and (D) 697 cells by limiting dilution assays in 96-well plates. The slope of the solid line
indicates the log-active cell fraction and the dashed lines represent the 95% confidence intervals.
Data points with no negative response are designated by down-pointing triangles. The chi-
squared test was used to determine difference in cell culture initiation frequencies between any of
the groups.

Limiting dilution assays and the online ELDA tool*%* were used to calculate the
prevalence of culture-initiating cells relative to the total cell population. The proportions
of culture-initiating cells for RCH-ACV-shControl and uninduced RCH-ACV-shPBX1
were 1/7.45 (95% Cl, 1/13.2 to 1/6.81) and 1/12.07 (95% Cl, 1/16.9 to 1/8.64),
respectively (Figure 3C). TCF3-PBX1 KD considerably decreased the proportion of
culture-initiating RCH-ACYV cells to 1/487.83 (95% Cl, 1/1936.6 to 1/122.8). The
pairwise y° test for difference in culture-initiation proportion found that expression of
shPBX1 significantly reduced the frequency of culture-initiating cells in comparison to
RCH-ACV-shControl (y> = 88.1, df = 1, p < 0.0001) and uninduced RCH-ACV-shPBX1
(x> =70.5, df = 1, p < 0.0001), yet found no significant difference between the two
negative controls (* = 1.01, df = 1, p = 0.32). TCF3-PBX1 KD also completely halted the
proliferation of 697 cells when plated at extremely low densities (Figure 3D). These
results provide strong evidence that TCF3-PBX1 is important for the proliferation of
t(1;19)-associated B-ALL cells and justify the use of our cell line-based experimental

model to elucidate the effects of TCF3-PBX1 on signal transduction.
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4.3 TCF3-PBX1 augments pro-survival signaling independent of the pre-B-cell

receptor

TCF3-PBX1 is thought to promote pre-BCR signaling in t(1;19) B-ALL through
transcriptional activation of genes that encode components of the pre-BCR867%° To test
this hypothesis, we decided to study the effects of shPBX1 on signal transduction
downstream of the pre-BCR. The pre-BCR signaling pathway can be stimulated using an
exogenous antibody against IgM*®. Anti-IgM-induced AKT and ERK phosphorylation
was used as a measure of pre-BCR signaling activity. In line with previously published
data®, RCH-ACV and 697 cells both responded to stimulation of the pre-BCR and the
maximal response was observed when cells were treated with a-IgM (10 pg/mL) for 2
minutes (Figure 4A). TCF3-PBX1 KD impaired pre-BCR-induced phosphorylation of
AKT and ERK but surprisingly had no effect on SYK phosphorylation (Figure 4B;
Supplemental Figure 1). This was true for tyrosine residue 352 (Y352) as well as the
dual-tyrosine residues (Y525/526) found in the catalytic loop (Figure 4B; Supplemental
Figure 2). This is surprising because SYK is thought to function upstream of AKT and
ERK. Similarly, TCF3-PBX1 KD also failed to reduce the total level of phosphorylated-

CD79A (Supplemental Figure 3).
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Figure 4. TCF3-PBX1 promotes downstream pre-BCR signaling through a SYK-
independent mechanism

(A) Western blot showing that RCH-ACV and 697 respond to ligand-dependent pre-BCR
signaling. (B) TCF3-PBX1 knockdown results in reduced AKT and ERK phosphorylation in both
cell lines but has no effect on SYK phosphorylation. Cells were induced with doxycycline (1
pag/mL) for 72 hours and re-plated overnight with fresh doxycycline prior to stimulation with a-
IgM.

Since SYK activity is unaffected by TCF3-PBX1 KD, we decided to look
upstream and study the relationship between TCF3-PBX1 and the pre-BCR. To do so, we
examined the expression of the genes that encode the pre-BCR components (CD79A,

CD79B, VPREBL1, VPREB3, IGHM, IGLL1) in shPBX1 versus shControl-expressing

t(1;19) B-ALL cells using RNA-Seq. Surprisingly, the expression of all 6 pre-BCR
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components significantly increased upon TCF3-PBX1 KD (p < 0.01) in RCH-ACYV cells
while 4/6 pre-BCR components (CD79A, CD79B, VPREB3, IGHM) increased
significantly (p < 0.01) in 697-shPBX1 cells (Figure 5A). These findings suggest that,
rather than maintaining expression of the pre-BCR, TCF3-PBX1 instead functions as a
direct or indirect repressor of pre-BCR expression. The genes encoding the critical
CD79A and CD79B pre-BCR subunits were also found to be suppressed at the protein
level in both cell lines (Figure 5B). Collectively, our data demonstrate that TCF3-PBX1
activates proliferation-promoting signaling pathways downstream of the pre-BCR
through a mechanism that does not involve transcriptional induction of genes that encode

the pre-BCR components themselves.
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Figure 5. TCF3-PBX1 does not upregulate expression of the pre-BCR.

(A) Results of RNA-Seq differential gene expression profiling for pre-BCR transcripts in both
RCH-ACYV (left) and 697 (right) cells after TCF3-PBX1 knockdown (n = 3). Red bars indicate
genes that are differentially induced (p < 0.01, two-tailed Student’s t test) in shPBX1-expressing
cells. (B) Immunoblots demonstrating that TCF3-PBX1 knockdown leads to an increase in
CD79A and CD79B protein abundance in both RCH-ACV and 697 cells. Cells were induced with
doxycycline (1 pg/mL) for 72 hours.

4.4 ldentification of TCF3-PBX1 target genes

Since TCF3-PBX1 is clearly not required for maintaining expression of the pre-
BCR components in t(1;19) B-ALL, we sought to identify TCF3-PBX1-regulated target
genes that might account for the stimulatory effects of TCF3-PBX1 on PI3K/AKT and

MAPK/ERK signaling. To this end, we purified RNA from RCH-ACV and 697 cells
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three days after inducing expression of shPBX1 and carried out RNA-Seq and differential
gene expression analysis. We identified transcripts that were up- or down-regulated by
greater than 1.5-fold, in both cell lines, upon TCF3-PBX1 KD. This analysis identified a
total of 478 differentially expressed genes. Three hundred and seventy-nine (79.29%)
differentially expressed genes were induced downstream of TCF3-PBX1, providing
further evidence that TCF3-PBX1 promotes ALL largely through aberrant transcriptional
activation of gene expression. We then used a-PBX1 ChlP-seq data, provided by Nanan
et al. (unpublished), to identify candidate TCF3-PBX1 target genes defined by: i)
significant perturbation of expression upon TCF3-PBX1 KD; and, ii) the presence of at
least one TCF3-PBX1 binding site within 500 kilobases (kb) of the transcriptional start
site. This approach identified 178 genes that are candidates for direct transcriptional
regulation by TCF3-PBX1 (Supplemental Table 1). Again, most of these genes (81.5%)

were activated by TCF3-PBX1 (Figure 6A).
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Figure 6. Identification of TCF3-PBX1 target genes.

(A) Upper pie chart depicts the proportion of differentially expressed genes with at least one
TCF3-PBX1 binding site within 500 kb of its transcriptional start site. The lower pie chart depicts
the proportion of differentially expressed genes with a TCF3-PBX1 binding site (< 500 kb) that
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are transcriptionally activated or repressed by the presence of TCF3-PBX1. (B) Frequency
histogram illustrating the distribution of PBX1 expression in the TARGET-ALL database that
contains expression data from 194 primary ALL samples. The dashed line represents 1.5
interquartile range above the 75" percentile. (C) Two-dimensional principal component analysis
(PCA) scatter plot distinguishing t(1;19) samples (red) from non-t(1;19) samples (blue).
Expression of genes that respond to TCF3-PBX1 knockdown in both RCH-ACV- and 697-
shPBX1 cells with TCF3-PBX1 binding sites within 500 kb were used as features (n = 126). (D-
E) Unsupervised hierarchical clustering of 194 primary ALL samples (columns) using genes
(rows) that are significantly perturbed upon TCF3-PBX1 knockdown with at least one TCF3-
PBX1 binding sites within 500 kb as features. The t(1;19) samples are labeled in red in the
dendrogram. Log2-transformed expression data is median-centered and standardized by row.
Genes that are overexpressed are labeled as dark red. Low expression genes are labeled in dark
blue. The clustergram identified a subset of genes that are overexpressed in t(1;19) samples,
labeled blue in the dendrogram. (E) Magnified clustergram of putative TCF3-PBX1 target genes
(blue dendrogram) that are over-expressed in primary t(1;19) B-ALL samples (red dendrogram).

We next hoped to validate some of the 178 putative TCF3-PBX1 target genes
using data from the TARGET-ALL project (https://ocg.cancer.gov/programs/target/acute-
lymphoblastic-leukemia), which includes array-based expression data from primary
samples of leukemic cells from 194 pediatric pre-B ALL patients that were considered to
be at high-risk for relapse. Patients within this dataset do not express the BCR-ABL fusion
gene and were not known to be hypodiploid. Furthermore, all patients must have
achieved remission (fewer than 5% blasts) following a standard two rounds of induction
therapy. The rationale for using expression data from primary, patient-derived samples
was to strengthen our list of putative TCF3-PBX1 target genes by eliminating genes that,
although respond to TCF3-PBX1 KD in established cell lines, are not consistently
upregulated in primary t(1;19)-associated ALL samples. The microarray-based
expression data were accessed from the ICGC portal (https://dcc.icgc. org/projects/ALL-
US). Only 126 (70.8%) of the 178 genes that was used for this project were represented
on the TARGET expression array. Before validating target genes, the data were pre-

processed while outliers and batch effect samples were removed (Supplemental Figure 4).
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ALL samples associated with t(1;19) were identified using above-threshold expression of
PBX1 as a surrogate for the translocation. This is justified because PBX1 is not normally
expressed in B-cells or progenitors?>%, Using this strategy we removed 13 (6.3%)
samples and identified 23 and 171 samples with and without t(1;19), respectively (Figure
6B). Principal component analysis (PCA) was performed on these 194 patient samples
using all 126 putative TCF3-PBX1 target genes as features. The 23 t(1;19) B-ALL
samples formed a separate cluster in the 2-dimensional PCA scatter plot (Figure 6C).
This indicates that t(1;19) ALL samples have similar expression profiles which are
distinct from non-t(1;19) ALL samples. The genes that are influencing the principal
components likely include genes that are regulated by TCF3-PBX1. Hierarchical
clustering also grouped all of the t(1;19) B-ALL samples in a distinct cluster and revealed
a subset of 24 transcripts that are dramatically up-regulated in primary t(1;19) B-ALL
patients (Figure 6D-E). These 24 genes are important candidates as TCF3-PBX1 target
genes since they i) are differentially expressed upon TCF3-PBX1 KD in two t(1;19)-
associated B-ALL cell lines, ii) are consistently up-regulated in primary t(1;19) B-ALL
samples and iii) have a TCF3-PBX1 binding site within 500 kb of their respective
transcriptional start site. These putative target genes are listed in Table 1, along with
other relevant information. With the exception of ATXN1, the genes that were expressed
at elevated baseline levels in primary t(1;19) ALL samples were, as expected,
downregulated upon TCF3-PBX1 KD in both t(1;19) B-ALL cell lines. Of interest, genes
encoding the SFK member BLK and the Notch ligand JAG2 were identified as

candidates for direct transcriptional regulation by TCF3-PBX1. This suggests that TCF3-
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PBX1 might promote Notch signaling and expression of genes encoding signaling

molecules downstream of the pre-BCR.
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Table 1. List of putative TCF3-PBX1 target genes

Gene

RHOB

SCCPDH
BLK
IQCE
ARLAC
VPS26B
TSPAN17
PRKCZ
KCNJ12
MYTLL
CPA6
AMBP
RASIP1
ATXN1L
FAM124A
KANK1
SYNPO
LDLRAD3
JAG2
EMP2
CALD1
PPP1R14C
SOX8

MYBPH

Median basal expression from shControl /
TARGET shPBX1 fold
change (TPM)
Non- t(1;19) Fold RCH- 697
1(1;19) n=23 change ACV
n=171
1893.54  3914.05 2.07 13.39 481
1035.38  3334.58 3.22 1.56 1.67
840.945  3033.26 3.61 2.99 2.09
351.11 1136.79 3.24 2.90 2.75
736.19 7425.53 10.09 24.74 4.76
630.14  5777.92 9.17 6.09 2.96
554.07 2172.60 3.92 1.87 1.90
293.98 9311.72  31.67 3.01 2.15
59.80 802.13 1341 9.03 1.89
206.52  1041.95 5.05 3.55 6.45
65.56 212.05 3.23 5.07 19.61
274.46 439.84 1.60 3.46 15.80
140.33 297.74 212 3.68 3.81
468.54 842.33 1.80 0.06 0.53
301.07 633.96 211 6.43 10.67
507.53 431842 8.51 7.94 16.97
1146.10  1957.35 171 3.13 4.97
165.52 424.37 2.56 2.05 2.49
369.82 679.39 1.84 1.96 2.78
344.66 1338.84 3.88 4.38 1.82
379.32 1830.52 4.83 3.75 3.44
109.23 296.23 2.71 12.33 4.94
27.99 141.78 2.34 24.76 2.52
54.32 135.69 2.49 29.18 2.60
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Nearest
TCF3-PBX1
binding site
(kb)

75.26

14.34
0
30.49

328.11

110.51
115.57

27.08

0.15
398.19
30.95

230.38

121.09
341.54
362.68
287.80
11.73
23.35

110.09

Function

RHO-family
GTPase!%

Function unknown
Src-family kinase!®”
Function unknown

GTP-binding
protein?%
Retromer complex'®®

Regulates
ADAM10110
Protein Kinase C!1!

Potassium
Channel*?
Transcription
factor!®®
Metallocarboxy-
peptidase!!4
aa-microglobulin and
bikunin precursor*®
GTPase signaling®6

Function unknown.
Function unknown

Regulation of
cytoskeleton!t
Regulation of
cytoskeleton!18
Function unknown

Notch ligand!*®

Regulates membrane
composition?®
Actin- and CaM-
binding protein’?
Inhibits PP1
phosphatase!??
Transcription
factor!?
Myosin-binding
proteint?*



4.5 BLK is a TCF3-PBX1 target gene

The approach outlined above identified BLK as a putative TCF3-PBX1 target
gene. BLK is one of the SFKs implicated in promoting signaling downstream of the pre-
BCR through phosphorylation of the CD79A and CD79B subunits!?’!?, Since there are
multiple SFKs that could contribute to this function in pre-B-cells!?®, we examined the
expression profiles of the SFKs in RCH-ACV and 697 cells. BLK was the most
abundantly expressed SFK in both cell lines (Figure 7A). The Mann-Whitney U test was
performed to compare log2-transformed BLK expression in primary t(1;19) ALL samples
versus non-t(1;19) ALL samples from the TARGET-ALL project. The 23 t(1;19) samples
were associated with much greater BLK expression (mean ranks = 11.67) than the 171
non-t(1;19) samples (mean ranks = 9.84) and this difference was statistically significant
(U=129, p<0.0001, r =0.52) (Figure 7B). Furthermore, TCF3-PBX1 KD greatly
decreased BLK expression in both RCH-ACV and 697 cells (Figure 7A) suggesting that
BLK is induced downstream of TCF3-PBX1 in t(1;19) B-ALL. TCF3-PBX1 KD also
reduced the abundance of BLK protein in RCH-ACV cells (Figure 7C). As mentioned
earlier, TCF3-PBX1 KD curiously had no effect on CD79A phosphorylation
(Supplemental Figure 3), suggesting that BLK might be a unique SFK that can promote
survival through a mechanism that does not entail phosphorylation of the CD79A and
CD79B subunits. Finally, ChIP experiments demonstrated that TCF3-PBX1 binds in
association with p300 to three different locations within or near the BLK gene locus
suggesting that BLK expression might be epigenetically activated through a mechanism
that entails recruitment of p300, possibly through a direct protein-protein interaction with

TCF3-PBX1°%-%! (Figure 7D). Altogether, these data provide strong evidence that BLK is
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a direct TCF3-PBX1 target gene that may mediate induction of signaling pathways that
promote cell proliferation and/or culture initiation. However, its precise role in t(1;19) B-

ALL and pre-BCR signaling remains to be elucidated.
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Figure 7. BLK is a downstream target of TCF3-PBXL1.

(A) Expression profiles of Src-family kinases in RCH-ACV (left) and 697 (right) cells
expressing a ShRNA targeting the TCF3-PBX1 transcript (shPBX1) or a control ShRNA
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(shControl). Bars depict the mean + SD transcripts per million (TPM), as determined by RNA-
Seq. Fold changes are indicated at the top. TCF3-PBX1 knockdown led to a marked decrease in
BLK expression. Cells were induced with doxycycline (1 pg/mL) for 72 hours. (B) The box and
whisker plots depict BLK expression in primary ALL cases from the TARGET-ALL project. The
whiskers represent minimum and maximum expression values. BLK expression levels were
significantly higher in t(1;19) samples using the two-tailed Mann-Whitney U test (U = 129,
****p < 0.0001, r = 0.52). (C) Western blot showing that TCF3-PBX1 knockdown reduces the
abundance of BLK protein. Cells were induced for 72 hours. (D) gChlIP analysis of TCF3-PBX1
(left) and p300 (right) demonstrating binding of both proteins at three sites within the BLK locus
in RCH-ACYV cells expressing shPBX1 (red) or a control shRNA (blue). Bar graphs represent the
mean % of ChIP input chromatin + SD. Mouse 1gG was used as a control antibody and the BCL6
promoter was used as a negative genomic region. TCF3-PBX1 knockdown reduces p300
recruitment to 3 regions near or within the BLK locus. (E) Schematic illustrating the genomic
location of the amplicons that were amplified in (D). The upper values indicate the distance (kb)
relative to the transcriptional start site (TSS). The first PBX1/p300 binding site, BLK 1, is
located immediately before the BLK promoter. BLK 2 is in a large intronic sequence in between
the first two exons. BLK_3 is situated directly after the third exon.

4.6 Notch signaling components are overexpressed in t(1;19) B-ALL

Since TCF3-PBX1 does not promote pre-BCR signaling through direct regulation of pre-
BCR components, we inferred that there must be crosstalk between the pre-BCR and
other signaling pathways. Recent findings have suggested that Notch activity can
synergize with BCR signaling?”1?8, Interestingly, the Notch ligand JAG2 was identified
as a putative TCF3-PBX1 target gene (Figure 6D-E; Table 1), prompting us to further
investigate the Notch signaling pathway in t(1;19) B-ALL. It is noteworthy that Notch
receptors (NOTCH2, NOTCH3) and the Notch ligand JAG1 were also significantly
overexpressed (p < 0.0001) in primary t(1;19) B-ALL samples (Figure 8A-D). Likewise,
TCF3-PBX1 KD significantly reduced the abundance (p < 0.01) of NOTCH2, NOTCH3,
JAG1 and JAG2 expression in RCH-ACV cells (Figure 8E). These findings suggest that
the Notch signaling pathway is dependent on the presence of TCF3-PBX1. Activated
Notch signaling could be promoting a hyper-responsive pre-BCR in t(1;19)-associated

ALL but this remains to be determined.
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Figure 8. Key players of Notch signaling are overexpressed in t(1;19) B-ALL.

(A-D) The box and whisker plots depict expression of NOTCH receptors and ligands that are
overrepresented in primary t(1;19) ALL cases from the TARGET-ALL project. The whiskers
depict minimum and maximum expression values (***p < 0.0001, two-tailed Mann-Whitney U
test). (E) Results of RNA-Seq differential gene expression profiling for NOTCH players that are
overexpressed in primary t(1;19) ALL cases subsequent to TCF3-PBX1 knockdown in RCH-
ACV cells. Bar graphs represent the mean + standard deviation (**p < 0.01, ****p < 0.0001,
unpaired, two-tailed Student’s t test). RCH-ACV-shControl and -shPBX1 cells were induced for

72 hours.
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Chapter 5

Discussion

In undertaking this research, we considered that the availability of an inducible
TCF3-PBX1-knockdown model in a human t(1;19)-ALL cell line would greatly advance
efforts to elucidate the role of TCF3-PBX1 in pre-BCR signaling. Previous studies have
tried to decipher the mechanistic aspects of leukemia induction by TCF3-PBX1 through
enforced expression of TCF3-PBX1 or knockdown strategies using small interfering
RNA (siRNA)'?* 13! These transient knockdown strategies are inefficient since the
TCF3-PBX1 protein has an exceptionally long half-life of approximately 10 hours®32,
Furthermore, siRNAs are known to have many off-targets which is problematic for
transcriptomic studies'®. Finally, certain TCF3-PBX1 target genes might not be captured
using transient knockdown strategies since epigenetic changes are known to be relatively
stable and TCF3-PBX1 is thought to promote gene expression through p300-mediated
acetylation of H3K27°9-61134 These points summarize our rationale for developing stable
shRNA-directed TCF3-PBX1-knockdown cell models.

Most TCF3-PBX1 studies have been performed on the 697 cell line, an
established human t(1;19)-associated-B-ALL-derived cell line. We decided to generate a
knockdown model in two different t(1;19)-associated cell lines to filter out transcriptional
and phenotypic changes that are specific to the 697 cell line. We also questioned whether
the 697 cell line is appropriate as a single model for studying pre-BCR signaling since it
i) does not express BTK, an important mediator of pre-BCR signaling 3% ii) is
idiosyncratically resistant to the PI3K inhibitor idelalisib®®® and iii) harbors an activating

NRAS mutation'*>!3, Regardless, here we show that sustained TCF3-PBX1 knockdown
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reduces cell proliferation and the prevalence of culture-initiating cells in both RCH-ACV
and 697 cells (Figure 2). Interestingly, based on this phenotype, 697 cells are more
resistant to TCF3-PBX1 knockdown than RCH-ACYV cells. One possible explanation for
this is that aberrant signaling emanating from mutant NRAS is compensating, at least
partially, for the reduced effect of TCF3-PBX1 in stimulating signaling pathways at a
point further upstream. Conversely, 697 cells are unable to proliferate at extreme
dilutions (Figure 2D) which suggests that these progenitors might rely on critical
paracrine signaling from cytokines provided by neighboring cells. Finally, there were
considerable differences between the expression profiles of our two cell lines. Only
36.3% of genes that were differentially expressed following TCF3-PBX1 knockdown in
697 cells were also affected in RCH-ACYV cells (data not shown). These studies highlight
the importance of validating findings in various experimental models.

Our differential expression analysis identified a total of 478 genes that are
significantly perturbed upon TCF3-PBX1 knockdown in both t(1;19)-associated cell lines
according to our criteria requiring greater than 1.5-fold change with an FDR-corrected p-
value of 0.1 or lower. As expected, these included many genes that were previously
reported to be associated with the 1;19 translocation such as BLK!®%137 CALD11%":138
KANK1138 PRKCZ18138139 NOTCH2!4°  ANKS1B130138141 FAT]138.142143 pHACTR31,
ARLA4C3"138 vpPS26B138 ASNS®!, SLAMF1137138 MYBPH!¥", RORB™® and
EPHA3138143-145 Several of these genes also have at least one TCF3-PBX1 binding site
within 500 kb and were overexpressed in t(1;19) primary ALL samples (Figure 6D-E;
Table 1). Charmsaz et al.** recently investigated the role of the ephrin receptor A3

(EphA3) by performing microarray gene expression profiling on EPHA3 knockdown pre-
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B-cells versus pre-B-cells expressing high-levels of EPHA3. Intriguing comparisons can
be made with our own results. Notably, EPHA3 knockdown reduced the expression of
TCF3-PBX1 target genes such as BLK, ASNS, PRKCZ, CALD1, FAT1, SLAMF1 and
RORB*, Conversely, EPHA3 knockdown also led to a significant increase in expression
of the CD79A, CD79B, VPREB1 and IGLL1 pre-BCR components as well as other genes
that are apparently repressed by TCF3-PBX1 such as MZB1, MME and FAM129C (data
not shown)'*°. The similarity with our transcriptional studies strongly suggest that TCF3-
PBX1 maintains the expression of several target genes through ectopic EphA3 signaling.
A human derivative of the EphA3-specific monoclonal antibody, 111A4, developed by
KaloBios Pharmaceuticals Inc., induces EphA3 receptor internalization and is currently
under clinical trial as a potential therapeutic agent for various hematological
malignancies'®®. Given the strong, apparently functional relationship between TCF3-
PBX1 and EPHAS, 111A4 could be an effective treatment option for t(1;19) B-ALL
patients.

Our differential expression analysis validated several TCF3-PBX1 target genes
identified by other investigators. On the other hand, our data do not support a study that
claimed that SYK, ZAP70 and LCK are transcriptionally activated by TCF3-PBX1 in
RCH-ACV and 697 cells®. Another recent study proposed that TCF3-PBX1
transcriptionally activates SETDB2 in RCH-ACV and 697 cells'*°. Our results confirm
that TCF3-PBX1 knockdown does indeed reduce SETDB2 expression. However,
SETDB2 is expressed at a very low level in these cells and the fold change is minimal
compared to other putative TCF3-PBX1 target genes listed in Table 1. Furthermore, non-

t(1;19) pre-B ALL samples from the TARGET dataset express higher levels of SETDB2
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than TCF3-PBX1-expressing ALL samples. Taken together, it seems unlikely that
SETDB?2 is driving the leukemogenesis of t(1;19) pre-B-cells. A curious omission from
our differential expression analysis was WNT16, a well-established TCF3-PBX1 target
gene®0143.146 \whose expression was interestingly unaffected by TCF3-PBX1 knockdown
in RCH-ACYV cells (data not shown). We speculate that the regulatory relationship
between TCF3-PBX1 and WNT16 was lost in this cell line over many years of ex vivo
culture. Finally, our current strategy assumes that changes in gene expression directly
correlate with changes in protein abundance. This does not account for potential effects
of TCF3-PBX1 knockdown on various post-translational modifications that could alter
protein stability.

Previous studies demonstrated that the presence of TCF3-PBX1 is associated with
high expression of genes encoding key pre-BCR subunits'®68101.102 However, a direct
transcriptional relationship has not been demonstrated. Our TCF3-PBX1-knockdown
models provide an excellent opportunity to investigate this relationship directly.
Intriguingly, our results show that there is an inverse relationship between expression of
TCF3-PBX1 and expression of genes that encode the proteins that constitute the pre-
BCR. TCF3-PBX1 knockdown led to an unexpected increase in expression of all 6 pre-
BCR genes in both cell lines (Figure 5). In line with these data, the expression of BCL6, a
surrogate marker of pre-BCR activity'®, significantly increased upon TCF3-PBX1
knockdown (data not shown). These observations indicate that TCF3-PBX1 is not
actively promoting expression of the pre-BCR. Instead, we hypothesize that TCF3-PBX1
is impeding the differentiation of t(1;19) B-ALL cells and that this, in turn, serves to

maintain cells in a “pre-BCR-low” state. Indeed, our differential expression analysis
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indicated that TCF3-PBX1 knockdown led to an increase in expression of several genes
known to be upregulated during the maturation of pre-B-cells to immature B-cells,
including MS4A1, IRF8, IGJ and HLA-DMB (Supplemental Figure 5). TCF3-PBX1
knockdown also increased surface CD20 (Supplemental Figure 5), which is encoded by
MS4AL, but did not sensitize the cells to anti-CD20 (Rituximab) immunotherapy (data
not shown).

An alternative hypothesis is that the apparent increase in pre-BCR expression
reflects a compensatory mechanism. In fact, several studies have shown that pre-BCR
components are often subject to broad feedback regulation*#1%°. Coincidentally, this
regulation is thought to be mainly controlled by Ca?*-bound calmodulin-mediated
inhibition of wild-type TCF3. Signals emanating from the pre-BCR lead to rapid Ca?*
release which is detected by the calcium-sensor protein calmodulin (CaM). The activated
Ca?*-loaded CaM complex binds to the TCF3 bHLH domain and silences the expression
of pre-BCR components by disrupting cooperative transcriptional activation of the genes
that encode the components of the pre-BCR*"1%0, One should note that the CALD1 gene
which encodes the CaM-Ca?* binding protein caldesmon was also revealed earlier as a
high-priority TCF3-PBX1 target gene (Table 1). Here we propose four plausible
mechanisms for the apparent TCF3-PBX1-mediated repression of pre-BCR components:
i) TCF3-PBX1 induces the ectopic expression of CALD1 which facilitates the formation
of the CaM complex. ii) TCF3-PBX1 promotes Ca?*-mediated inhibition of TCF3 via
indirect activation of the pre-BCR signaling pathways through various putative target
genes (e.g. BLK, PRKCZ, NOTCH2, JAG2 or RHOB). iii) TCF3-PBX1 dimerizes with

TCF3 or EBF and disrupts the transcriptional activation of pre-BCR components. iv)
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TCF3-PBX1 restrains the expression of the pre-BCR through ectopic EphA3 signaling
(Figure 9). However, it seems more reasonable to presume that there are multiple
mechanisms simultaneously influencing the expression of pre-BCR components,
downstream of TCF3-PBX1, ultimately resulting in a net increase in expression. Keeping
that in mind, it might be worth investigating the therapeutic effects of pre-BCR signaling

inhibitors such as dasatinib in conjunction with TCF3-PBX1 knockdown.
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Figure 9. Hypothetical mechanisms for TCF3-PBX1-mediated repression of the pre-BCR.

Schematic of possible mechanisms for pre-BCR repression by TCF3-PBX1. i) TCF3-PBX1
promotes Ca?*-mediated inhibition of TCF3 via indirect activation of the PI3K and MAPK
signaling pathways through various putative target genes such as BLK, PRKCZ and members of
the Notch and Rho-GTP signaling pathways. ii) TCF3-PBX1 induces the ectopic expression of
CALDL1 (caldesmon) which facilitates the formation of the CaM complex. iii) TCF3-PBX1
dimerizes with TCF3 or EBF and disrupts their synergistic transcriptional activation of pre-BCR
components. iv) TCF3-PBX1 represses the pre-BCR via ectopic EphA3 signaling. Dashed arrows
represent indirect mechanisms. Blue arrows indicate transcriptional activation.
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Our signaling studies suggest that TCF3-PBX1 promotes PI3K and MAPK
signaling through a mechanism that is downstream of the pre-BCR. The results from our
differential gene expression analysis allow us to speculate as to which genes might be
stimulating these pro-survival pathways. BLK and PRKCZ are two candidate target genes
that are likely promoting proliferation in t(1;19) ALL (Figure 10). BLK is arguably the
most interesting of our putative TCF3-PBX1 target genes since it encodes a SFK and can
be easily targeted by kinase inhibitors such as ibrutinib®. Pre-BCR crosslinking is
thought to activate SFK members including BLK. With that said, our studies could not
demonstrate an increase in BLK phosphorylation and activation following pre-BCR
stimulation (data not shown). TCF3-PBX1 knockdown did not reduce the total abundance
of phosphorylated-CD79A despite the substantial decrease in BLK protein abundance
(Supplemental Figure 3). These observations suggest that BLK could stimulate growth-
and survival-promoting signaling through downstream effectors other than CD79A/B or
SYK. Other studies also support this notion. An activating mutation of BLK was shown to
promote B-cell proliferation, suppress VH to DJH rearrangement and stimulate « chain
rearrangement in mice lacking a functional pre-BCR*. More recently, Kim and
colleagues® found that BLK knockout reduced the proliferation of t(1;19) B-ALL cells
but had no effect on pre-BCR-dependent phosphorylation of AKT and ERK. From these
results, we infer that BLK might play a special role in t(1;19) pre-B ALL cells.

The second gene, PRKCZ, encodes an atypical protein kinase C isoform named
PKCC. Studies have already shown that this isoform is overexpressed in t(1;19) pre-B
ALL and is critical for SDF-1-mediated phosphorylation of ERK1/213%152 PKC( activity

seems to be strongly dependent on PI3K suggesting that it might play an important role in
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conveying pre-BCR-induced PI3K signals to other survival pathways'®2. Expression of
PKCC{ is clearly dependent on TCF3-PBX1 and is likely responsible in transmitting at
least some of the signals emanating from the pre-BCR. Whether this is important in
driving t(1;19) B-ALL and whether it can be targeted therapeutically remains to be
determined.

Our multidimensional approach identified several other players that might be
promoting the proliferation of t(1;19) B-ALL. Of interest, members of the Notch
signaling pathway are overexpressed in patient ALL samples and downregulated upon
TCF3-PBX1 knockdown (Figure 8). This includes the Notch ligand Jagged 2 (JAG2)
which also has a TCF3-PBX1 binding site 362.68 kb away (Table 1). Crosstalk between
pre-BCR and Notch signaling is plausible since several studies have shown that Notch
synergizes with mature BCR signaling!?"1281%3, poe et al. recently demonstrated that
NOTCH2 ligation with the DLL1 ligand increased BCR responsiveness to anti-lgM and
led to persistent NOTCH2 surface expression in a chronic graft versus host disease
model*?®, Therefore, one hypothesis is that TCF3-PBX1 promotes the expression of
Notch receptors and ligands leading to a hyper-responsive pre-BCR (Figure 10).

Finally, the proliferation of t(1;19) B-ALL cells might also depend on a
PI3BK/MAPK/Rho GTPase signaling axis. Rho GTPases are thought to mediate crosstalk
between multiple signaling pathways from various receptors such as G protein-coupled,
T-cell and B-cell receptors®. For example, RhoA promotes BCR-dependent synthesis of
PIP2 which is the main substrate for PLCy2 and PI3K. It is therefore plausible that Rho
GTPases could also be important for downstream pre-BCR signaling. Consistent with this

hypothesis, several genes involved in Rho signaling are downregulated upon TCF3-PBX1
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knockdown. These include RHOA, RHOB, RHOC, RAC3, RND3, ARL4C and RASIP1
(data not shown). Furthermore, RHOB, ARL4C and RASIP1 are also upregulated in
t(1;19) B-ALL primary samples and have a TCF3-PBX1 binding site within 500 kb
(Table 1). Conversely, TCF3-PBX1 knockdown leads to a significant increase in RHOH
expression. However, RHOH is considered to be an antagonist of Rho signaling since it

lacks intrinsic GTPase activity'>

. The expression of a wide range of genes involved in
Rho signaling seem to be dependent on the presence of TCF3-PBX1 and the
directionality of these relationships suggests that TCF3-PBX1 promotes Rho signaling.
Due to the large number of TCF3-PBX1 target genes encoding GTP-binding proteins, it
seems unlikely that a single gene is responsible for the consequences seen on PI3K and
MAPK signaling. TCF3-PBX1 probably perturbs a large transcriptional network of genes
related to Rho signaling and this might collectively increase the synthesis of PIP, which

should ultimately result in an increase in pre-BCR-dependent phosphorylation of AKT

and ERK (Figure 10).
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Figure 10. Hypothetical mechanisms for TCF3-PBX1-mediated activation of downstream
pre-BCR signaling.

Schematic of possible mechanisms for downstream activation of pre-BCR signaling by TCF3-
PBX1. i) TCF3-PBX1 transcriptionally activates genes encoding key downstream pre-BCR
signaling molecules such as BLK and PRKCZ. The role of BLK in pre-BCR signaling is unclear
since TCF3-PBX1 knockdown fails to reduce CD79A phosphorylation and BLK knockout has no
effect on AKT and ERK phosphorylation. ii) TCF3-PBX1 transcriptionally activates the
expression of Notch signaling receptors and ligands. Crosstalk between Notch and pre-BCR
signaling generates a positive feedback loop which leads to persistent surface expression of
Notch2. iii) TCF3-PBX1 transcriptionally regulates a wide variety of genes which ultimately
promotes Rho signaling. These include members of the Rho-family small GTPases, guanine
nucleotide exchange factors, GTP-binding proteins and other proteins directly associated with this
pathway. Rho signaling leads to the synthesis of PIP, which can be converted into DAG and PIP3;
by PLCy2 and PKCC, respectively. The generation of DAG activates the MAPK signaling
pathway while PIP3 leads to AKT phosphorylation. Dashed arrows represent indirect
mechanisms. Blue arrows indicate transcriptional activation.
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In this project, we directly investigated the role of TCF3-PBX1 in t(1;19)-
associated ALL. Our results provide strong additional support to the notion that TCF3-
PBX1 is an oncogenic driver in these leukemias and identify numerous putative target
genes that might mediate TCF3-PBX1-driven leukemogenesis. Although the multiplicity
of plausible target genes poses a challenge to deciphering their relative oncogenic
importance, this project has nonetheless advanced our knowledge. Importantly, our
results dispel the hypothetical notion that TCF3-PBX1 promotes growth and/or survival
by directly inducing the expression of the pre-BCR. TCF3-PBX1 does, however, enhance
pre-BCR-dependent activation of the PI3K and MAPK signaling pathways. We
hypothesize that this is caused by aberrant Notch or Rho signaling either of which might
crosstalk with the pathways that function downstream of the pre-BCR. The relationship
between Notch and Rho signaling with the BCR has already been studied. Future studies
should focus on determining whether these signaling pathways can crosstalk with the pre-
BCR in t(1;19) ALL. NOTCH2 and NOTCH3 are highly expressed in t(1;19) ALL and
are downregulated upon TCF3-PBX1 knockdown (Figure 8). Therefore, the anti-
Notch2/3 neutralizing monoclonal antibody OMP-59R5 (OncoMed Pharmaceuticals,
Redwood City, CA, USA) might be especially effective in treating t(1;19) ALL
patients!®. Alternatively, TCF3-PBX1 could be promoting pro-survival pathways
through downstream transcriptional activation of genes encoding key pre-BCR signaling
molecules such as BLK or PKC{ which can be targeted by ibrutinib or a myristoylated
pseudo-substrate inhibitor, respectively®®1%2. Indeed, inhibition of BLK, in combination

with BTK, was recently shown to prevent pre-BCR* ALL progression®. But, the
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mechanism remains unknown. Complete comprehension of such genes could be the key

to developing new therapeutic strategies for children suffering with t(1;19) B-ALL.
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Chapter 6

Supplemental Figures
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Supplemental Figure 1. TCF3-PBX1 knockdown reduces overall AKT and ERK activation
following a-1gM stimulation.

(A-B) RCH-ACV (left) and 697 (right) cells expressing shPBX1 abrogates pre-BCR-dependent
activation of AKT and ERK compared to (A) cells expressing a control ShRNA (shControl) or
(B) uninduced shPBX1 cells, following time-course stimulation with a-IgM. Cells were induced
with doxycycline (1 pg/mL) and re-plated overnight with fresh doxycycline prior to stimulation
with a-IgM.
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Supplemental Figure 2. TCF3-PBX1 knockdown does not reduce overall SYK
phosphorylation at tyrosine 352.

Western blot showing that TCF3-PBX1 knockdown does not reduce a-lgM-mediated
phosphorylation of SYK at tyrosine residue 352 (Y352). Cells were induced with doxycycline (1
pg/mL) for 72 hours and re-plated overnight with fresh doxycycline prior to stimulation with a-
IgM.
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Supplemental Figure 3. TCF3-PBX1 does not promote CD79A phosphorylation.
TCF3-PBX1 knockdown failed to decrease the abundance of phosphorylated CD79A in RCH-

ACYV cells treated with various concentrations of pervanadate. Cells were induced with
doxycycline (1 ug/mL) for 72 hours prior to pervanadate treatments.
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Supplemental Figure 4. Pre-processing of TARGET-ALL gene-array expression data.

(A-B) Spearman correlations (upper) and total counts (lower) were plotted to help identify outlier
samples. The red lines represent 1.5IQR above the 75" percentile or 1.5IQR below the 25%
percentile. Samples that fell outside of this threshold are labeled and indicated by pink asterisks.
(A) Samples that were labeled in both plots were removed. (B) The Spearman correlation and

total count plots were regenerated after the first round of filtering. Samples that were removed are

indicated at the bottom.
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Supplemental Figure 5. Immature B-cell-specific genes are upregulated upon TCF3-PBX1
knockdown

(A) Results of RNA-Seq differential gene expression profiling for immature B-cell-specific
transcripts in both RCH-ACV (left) and 697 (right) cells after TCF3-PBX1 knockdown. This
subset of genes was previously identified by Hystad and colleagues®®®. Red and green bars
indicate genes that are differentially induced and downregulated (p < 0.05, two-tailed Student’s t
test) in shPBX1-expressing cells, respectively. This includes MS4A1 which encodes the CD20
surface receptor (red asterisk). Cells were induced with doxycycline (1 pg/mL) for 72 hours prior
to sequencing (B) Immunophenotypic analysis of surface CD20 in RCH-ACV (left) and 697
(right) cells after TCF3-PBX1 knockdown.
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Supplemental Table 1. Candidates for direct transcriptional regulation by TCF3-PBX1

AC023481.1
AC026202.1
AC133680.1
ADAM11
ADCY5
AMBP
AP003774.6
APBB1
ARHGEF4
ARL4C
ARVCF
ATP2B2
ATXN1
B3GAT1
BCARS3

BCL3
BHLHE40
BLK
C10orf54
CI1RL
CY9rf117
CACNA1H
CACNA2D4
CALD1
CCNE2

CD52

CD70

CD79B
CDHR5
CMTM4
COL5A3
COL6A1
CPA6

CRIP2
CTC-250114.6
CTC-436K13.3
CTC-510F12.6
CTD-2369P2.8
DFNA5
DNM1

EDEM1
EML1
EMP2

ERG

ETV5
FAM124A
FAM129C
FAMA43A
FAM92A1P1
FOX01
FUT1
GABRD
GNG7
GPR114
GPR56
HELZ2
HMGB3P32
HMX2
HTRA3
HYDIN
ICAM1
ICAMA4
IER2
IGLV3-1
IGLV6-57
IL21IR
IL21R-AS1
1QCE

IRF8

JAG2
KANK1
KB-208E9.1
KCNJ12
KIAAO513
KIAA1462
KIF12
KLF11
LDLRAD3
LGALS1
LINCO0426

LRRN2
LSP1
MAFA
MASTI
MIR1539
MLKL
MPP3
MS4A1
MXRA7
MYBPH
MYO1C
MYTIL
MZB1
NEDDAL
NFIL3
NMT2
NOL3
NPY
PDGFRB
PFKFB4
PLCB2
PLEKHA1
PLEKHG3
PNMAL2
PPP1R14C
PPP2R5B
PRKCH
PRKCZ
PRR5L
PTGFRN
PTMS
PTRH1
RAB13
RAB15
RAB3D
RAC3
RAPGEFL1
RASIP1
RASSF4
RCOR2

RHOB

RND3
RNU4ATAC17P
RP11-1149023.3
RP11-1246C19.1
RP11-12J10.3
RP11-13K12.1
RP11-147L13.8
RP11-148021.4
RP11-254F7.3
RP11-44N11.1
RP11-674N23.1
RP11-674N23.4
RP11-744N12.3
RP11-87G24.3
RP5-892K4.1
RRAS

RTN4RL1
S1PR5

SCCPDH
SCN1B
SEMAG6B
SERINC2
SH3BP2
SLC29A4
SMAD7

SNAI1

SNCB

SOGA2

S0X18

SOX8

ST1C2

STEAP1B
STIM2

SYNGR1
SYNPO
TBC1D10C
TMEM132A
TMEMS52
TNFRSF10A
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TNFRSF10B
TNFRSF10D
TNFRSF17
TNFRSF1B
TNFRSF8
TNFSF9
TNS3

TOX

TRAC
TRPV2
TSPAN17
TTC28
UAPIL1
VDR
VPS26B
VPS37D
VWA1
ZDHHC11
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