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HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN K (HNRNPK) OVEREXPRESSION

AND ITS INTERACTION WITH RUNX1 IN ACUTE MYELOID LEUKEMIA

Marisa Janelle Lynne Aitken, B.S.

Advisory Professor: Sean Post, Ph.D.

Acute myeloid leukemia (AML) is an often devastating hematologic malignancy with 5-
year overall survival lingering near 20%. Acquiring a deeper understanding of molecular
underpinnings of leukemogenesis will provide a basis for developing more effective
therapeutic strategies for patients with AML.

Here, we identified overexpression of hnRNP K as a recurrent abnormality in a subset
(~20%) of AML patients. High levels of this RNA-binding protein associated with inferior clinical
outcomes in de novo AML. Thus, to evaluate its putative oncogenic capacity in myeloid
disease, we overexpressed hnRNP K in murine hematopoietic stem and progenitor cells isolated
from fetal liver cells (FLCs). We revealed that hnRNP K-overexpression alters self-renewal
capacity and differentiation potential of these cells in vitro. Such findings were recapitulated
in vivo, as murine recipients of hnRNP K-overexpressing FLCs developed fatal
myeloproliferative phenotypes.

To elucidate mechanisms by which hnRNP K overexpression causes myeloid
neoplasia, we took an unbiased approach utilizing RNA-immunoprecipitation sequencing
(fRIP-Seq). Among RNA transcripts interacting with hnRNP K was RUNX71—a pivotal
transcriptional regulator of definitive hematopoiesis commonly mutated or translocated

in AML. Consensus hnRNP K binding sites were identified in the 5’ UTR and near the 3’
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splice site in intron 5-6 of RUNX1. Fluorescence anisotropy studies confirmed these
interactions were direct, and abrogated when hnRNP K binding sites within RUNX71 were
mutated. Manipulating hnRNP K expression in human cell lines and murine FLCs
substantially altered RUNX7T splicing surrounding exon 6. RNA-sequencing of FLCs
confirmed these data, exposing RUNX1 as a significantly differentially spliced entity in
the context of hnRNP K overexpression. Importantly, the protein product of this spliced
product (RUNX1AEx6) exhibited disparate transcriptional activity in reporter assays
compared to full-length RUNX1. Furthermore, we identified KH3 as the hnRNP K domain
most critical for these splicing alterations; deletion of KH3 markedly abrogated hnRNP K
overexpression phenotypes in vitro.

In sum, we established hnRNP K as an oncogene in myeloid leukemia that binds
RUNX1 RNA, altering its splicing and subsequent transcriptional activity. These findings
shed light on a mechanism of myeloid leukemogenesis, paving the way for drug

discovery efforts to improve outcomes for patients with this disease.
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Chapter 1

Introduction



1.1 Acute myeloid leukemia

Acute myeloid leukemia (AML) is a devastating hematologic malignancy wherein normal
hematopoiesis is superseded by rapid proliferation of immature myeloid cells. In adults, AML is
the most common acute leukemia, and the annual incidence in the United States ranges from 3-
5 cases per 100,000 people.” 2 While the median age of diagnosis is 70 years, this disease is
also found in children and young adults.®>* AML is responsible for most leukemia-related deaths
in the United States, where over 10,000 patients died from this disease in 2019 alone.®

Hematopoiesis, the process of blood development, occurs in the bone marrow. Through
exquisitely orchestrated processes of self-renewal and differentiation, hematopoietic stem cells
(HSCs) eventually give rise to all of the cellular components of blood.® These include 1) red
blood cells (RBCs), responsible for delivery of oxygen to tissues, 2) white blood cells (WBCs),
used to combat infection, and 3) platelets, which aid in blood clotting, or hemostasis. In leukemia,
aberrations in HSCs, or their slightly more mature progeny, result in unrestrained proliferation of
immature WBCs. These rapidly dividing cells fill the bone marrow, usurping the space in which
normal blood cells are made. As these malignant cells crowd out normal hematopoiesis,
production of RBCs, WBCs, and platelets becomes severely compromised. This leads to
anemia, leukopenia, and thrombocytopenia, respectively. These are responsible for the major
clinical manifestations of the disease—all of which can be life threatening: infection (due to
leukopenia, specifically neutropenia), bleeding (due to thrombocytopenia), and organ failure (due
to anemia).’

AML derives its name from the lineage of cells from which it stems. White blood cells are
grossly categorized into either myeloid or lymphoid lineages. Acute leukemias of lymphoid
lineage are referred to as acute lymphoid leukemias (ALL), while those of myeloid lineage are
acute myeloid leukemia (AML).

AML is characterized by several recurrent chromosomal and genetic aberrations. These

provide insight not only into the underlying biology of the disease, but can also be used in some
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instances to provide prognostic information and to guide treatment decisions. For example, a
subtype of AML known as acute promyelocytic leukemia (APL) is defined by a translocation
between chromosomes 15 and 17 (1(15;17)).8° This chromosomal abnormality results in the
formation of a fusion protein known as PML-RARA, which largely contributes to the disease.'® "
Prior to the late 1980s, APL was a universally fatal subtype of AML." Due to concerted efforts
to understand the biology of PML-RARA, incredibly effective APL treatments have been tailored,
and this disease is now almost universally curable (>97% 5-year overall survival).' '

Another subtype of AML with generally fair prognosis includes those with recurrent
cytogenetic abnormalities are associated with core-binding factor AML (CBF-AML). This subset
of AML includes t(8;21) and inv(16), which lead to the creation of the fusion genes RUNX1-
RUNX1T1 and CBFB-MYH11, respectively.’>'® CBF-AML has a high complete response rate
(80-90%) to standard chemotherapy with 3 days of anthracycline along with 7 days of cytarabine
(3+7)."22 |n addition, 5-year overall survival (OS) in CBF-AML is more than 60% in younger
patients.'®?° Even in older patients with CBF-AML, 5-year OS is near 30%.%

Unfortunately, not all subtypes of AML have seen this same progress. Taken as a whole,
patients under age 60 have a 5-year survival of approximately 40%, while older patients have a
much lower (~10%) 5-year survival.® 2%

Mutations in AML can also be used for prognostication and/or to tailor therapy. For example,
NPM1 mutations (in the absence of co-occurring mutant FLT3) or biallelic CEBPA mutations
have been shown to confer a relatively fair prognosis.?® ?’ Patients harboring other mutations,
such as those in FLT3, IDH1, or IDH2 can now benefit from the recently FDA-approved small
molecule inhibitors of these mutant proteins.?*' While these new therapies are improving patient
outcomes, many patients lack such targetable mutations.®** In addition, patients treated with
these inhibitors are often still at risk for relapse.?®3' This highlights the need to further understand
the molecular underpinnings of AML such that alternative, effective therapeutic options can be

developed.



1.2 Heterogeneous nuclear ribonucleoprotein K (hnRNP K)

The gene encoding hnRNP K (HNRNPK) resides on chromosome 9921.32. Deletions of
chromosome 9q (del(9q)) are recurrent cytogenetic abnormalities observed in approximately 2%
of patients with AML.***" Scattered mutations in this gene have also been identified in AML,
albeit at an exceedingly low frequency (~1%).3*3* While these mutations have not been formally
characterized, it has been suggested that they result in haploinsufficiency of hnRNP K.*

Functionally, hnRNP K is a renaissance (wo)man of proteins. It has been implicated in a

wide variety of normal cellular functions, including signal transduction®***3, chromatin

remodeling***’, transcription****, RNA splicing®>*, mRNA stability®®®?, and translation®* 53-°,
Not surprisingly, homozygous Hnrnpk knockout is embryonic lethal in mice, supporting its role as
an essential gene.>® This broad functionality of hnRNP K is largely due to its composite protein
domains. A nuclear localization signal (NLS) and a nuclear shuttling domain (KNS) allow hnRNP
K to move bi-directionally between the cytoplasm and nucleus.”® " The K-interactive (KI) domain
is largely responsible for the interaction between hnRNP K and other proteins.’> ® In addition,
three K homology (KH) domains are located throughout the protein, which recognize RNA and
single-stranded DNA.” KH1 and KH2 are located at the amino terminus, while KH3 resides at
the carboxy terminus—separated by a large unstructured region, including the KI domain.”>"

These domains are depicted in Figure 1.

Nuclear localization/shuttling

NlI.S KNS
AR [ KH2 | | KI | | | kw3 | Jcoon

t t t t

Single-stranded nucleic acid binding

Protein-p'rotein interaction

Figure 1: Schematic of hnRNP K: Each domain is indicated. Diagram is not to scale. NLS:
nuclear localization signal; KH: K homology domain; Kl: K interactive domain; KNS: K nuclear

shuttling.



hnRNP K has been implicated in a variety of malignancies. For example, our group
developed a mouse model to demonstrate that HNRNPK is the haploinsufficient tumor
suppressor at the recurrently deleted 9q locus in AML.*® In contrast to this observation, several
clinical studies have observed that increased hnRNP K expression is correlated with advanced
disease and poor clinical outcomes in several malignancies including breast, pancreatic, and
colorectal cancers, among others.”®® Indeed, we recently identified overexpression of hnRNP
K associated with substantially inferior overall survival in a subset of patients with diffuse large
B-cell lymphoma (DLBCL), regardless of subtype.®® Critically, when we generated a mouse
model of B-cell specific hnRNP K overexpression, mice developed B-cell lymphoma—thus
formally demonstrating that hnRNP K is an oncogene in B-cell malignancies when

overexpressed.®

1.3 RUNX1

RUNX1 (also called AML1, CBFa2, or PEBP2aB) is a pivotal hematopoietic transcription
factor.®* Homozygous Runx1 knockout is embryonic lethal in mice due to absence of definitive
hematopoiesis and propensity to hemorrhage.®® Runx1 heterozygotes have diminished erythroid

and myeloid progenitor cells.®®

When Runx1 is conditionally deleted in adult mice, significant
hematopoietic alterations are observed, including inefficient production of platelets and common
lymphocyte progenitors.®® These mice also display a myeloproliferative phenotype.®

RUNXT1 is located on chromosome 21 in humans and chromosome 16 in mouse. Two
alternative promoters—distal (P1) and proximal (P2)—control expression of RUNXT in
vertebrates.®” Isoforms arising from P1 and P2 have different 5’ untranslated regions (UTRs)
and coding sequences at the amino terminus, but are otherwise identical in their full-length

forms.#” RUNX1C is the major isoform transcribed from P1.%” Utilization of P2 results in the

formation of RUNX1B.%" In primates, alternative exon usage also results in RUNX7TA, which



lacks the 203 N-terminal amino acids present in RUNX1B.8-%° In mice, a functional ortholog of
RUNX1A is generated by use of an extended terminal exon, referred to as Runx1bEx6e.%

All of these major RUNX1 isoforms share a conserved runt-homology domain (RHD), which
is responsible for sequence-specific DNA recognition and binding, as well as heterodimerization
with CBFB.%" 92 The longer isoforms (RUNX1B and RUNX1C) also share a transactivation
domain (TAD) and inhibitory domain, where protein-protein interactions occur that can influence
the transcriptional activity of RUNX1.%% 94
While all RUNXT1 isoforms have been identified throughout various temporal stages in

hematopoiesis, RUNX1B predominates in the adult.®®

RUNX1C is mostly present early in
development, as definitive HSCs emerge®, but is re-expressed in adult B-cells, where it inhibits
proliferation®. In contrast to the embryonic lethality observed in complete Runx1 knockout mice,
knockout of only the P1 locus (encoding this C isoform) does not result in an overt phenotype.®®
" Throughout this work, we refer to RUNX1B as simply “RUNX1” unless otherwise specified.
Overexpression of human RUNX1A in mouse models leads to lymphoid leukemia®,
expansion of hematopoietic stem and progenitor cell populations®, and enhanced engraftment

into recipient mice.*® ' In striking contrast, overexpression of the longer isoforms of RUNX1

leads to altered hematopoietic differentiation, favoring monocytes over granulocytes'"’,

I95, 99 102, 103

decreased engraftment potentia , and p53-dependent senescence

In leukemias of various lineages, RUNX1 is a common target of chromosomal translocations
or mutations. Indeed, RUNX1 was originally identified in the context of the t(8;21) translocation
in AML (thus its alias, AML1)."°* Other recurrent translocations affecting RUNXT include t(3;21)
in myelodysplastic syndrome (MDS) and therapy-related AML (t-AML)'%, and t(12;21) in pediatric
ALL™®, though dozens more have been reported'”’. Somatic point mutations in RUNX1 are also
evident in AML, ALL, and MDS'" ' and are associated with high-risk disease''%'".

Furthermore, germline RUNX1 mutations are associated with familial platelet disorder with

associated myeloid malignancy (FPDMM)."



1.4 RNA Splicing and its role in hematologic malignancies

Though only approximately 20,000 protein-coding genes have been identified in the human

117,118 119, 120

genome , many more proteins have been observed in cells . In fact, the vast majority
of these genes are thought to give rise to multiple isoforms.'?" 22 Such entities are occasionally
referred to as “spliceoforms”, as it is now widely accepted that alternative splicing is the major
mechanism behind this phenomenon.

Early descriptions and imaginations of alternative splicing were documented in the 1970s

123124 (These references are worth

based on the observed piece-like structure of bacterial genes.
reading, as they offer intriguing historic insight via fascinating speculations on a phenomenon
that was, at the time, almost completely enigmatic.) It is now appreciated that splicing is required
for the maturation of the vast majority of mRNAs, and occurs in the nucleus where non-coding
introns are excised from pre-mRNA to allow for a continuous stretch of protein-coding exons in
a mature transcript prior to translation.’" 22 Use of alternative splice sites results in selective
use of exons.'®® This contributes to the immense proteomic diversity observed in cells.”'® '2°

Large molecular complexes known as the major and minor spliceosome mediate the RNA

splicing process.'?51%

These are comprised of several small nuclear ribonucleoprotein
complexes (snRNPs; consisting of small RNAs complexed with proteins): U1, U2, U4, U5, and
U6 in the major spliceosome'®, and U5, U11, U12, U4, and UG in the minor spliceosome'?6 128,
As transcription occurs, the U1 snRNP binds the 5 splice site (5’ss; located between the
upstream exon and intron).'? 12612 The 3'ss is soon bound by U2 auxiliary factors (U2AFs).'?®
129 Shortly thereafter, the U2 snRNP binds sequence motifs at the 3’ splice site (3’ss; flanking the
intron and downstream exon).'? % Finally, U4/U5/U6 snRNPs are recruited, the fully assembled
spliceosome assumes an active conformation, and two sequential transesterification reactions
occur, resulting in intron excision and ligation of adjacent exons.'?®

Promoters and repressors of splicing can further impact splicing outcomes. Serine-arginine-

rich proteins (SR proteins) and heterogeneous nuclear ribonucleoproteins (hnRNPs) are
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canonically classified as promoters and repressors, respectively.”*'3* However, their impact on
splicing can vary depending on a variety of factors, including the relative location within the pre-
mRNA in which they bind, cellular context, expression level or mutation of the splicing factor,
etc.135'138

Alterations in RNA splicing have been increasingly recognized in numerous solid and
hematologic malignancies. In particular, mutations in genes encoding splicing factors are
common in MDS and AML."™%™"  The most common of these mutated splicing factors are
serine/arginine-rich splicing factor 2 (SRSF2), splicing factor 3B subunit 1 (SF3B1), U2 small
nuclear auxiliary factor 1 (U2AF1), and zinc finger RNA-binding motif and serine/arginine-rich 2
(ZRSR?2), all of which contribute to recognition of the 3’ss.™*'*" These mutations are invariably
mutually exclusive with one another. With the exception of ZRSR2, the observed mutations are
heterozygous and affect specific amino acid residues.**3* Mutations in ZRSR2 confer loss of
function, whereas mutations in the remainder of these genes confer gain of function and/or
altered functionality.’*? Individual splicing factor mutations have been correlated with specific
subtypes of myeloid malignancies', indicating that differentially altered splicing can result in
varied phenotypic consequences. For example, Srsf27°" mice develop features consistent with
MDS, such as leukopenia, morphologic dysplasia, and increased numbers of myeloid progenitor

4 While U2af1%* mice do not develop the same dysplasia, though leukopenia and

cells.™
increased myeloid progenitor cells are evident.'*

Even in the absence of these splicing mutations, aberrant splicing in myeloid malignancies
has been described."® This is likely due in part to the fact that dysregulated splicing can give
rise to oncogenic protein isoforms.™” '*® Understanding the factors involved in aberrant splicing

as well as the consequences of aberrant protein isoform expression are thus important in more

deeply understanding disease.



1.5 hnRNP K and splicing

hnRNP K has been shown to influence the splicing of several genes.*® %59 14151 Thjg is in
part due to its interactions with splicing factors, such as SRSF7 (also called 9G8) and SRSF3
(also called SRp20).*¢ In hepatocellular carcinoma, hnRNP K has been shown to alter splicing
of G6PD in opposite directions depending on its interacting protein partners.'?

As a poly(C) binding protein, hnRNP K can bind polypyrimidine tracts in the proximity of both

3 and 5 splice sites.% 74 153

In the case of chicken B-tropomyosin pre-mRNA, hnRNP K
promotes splicing of an alternative exon 6A.>° Likewise, inclusion of MRPL33 exon 3 is
dependent on elevated levels of hnRNP K."® Contrastingly, hnRNP K acts as a splicing inhibitor
in the case of Bcl-Xs, preventing production of this pro-apoptotic entity.®® Thus, even in the case
of direct RNA-binding, hnRNP K can have variable effects on pre-mRNA splicing."*

Indirectly, hnRNP K can alter splicing by regulating expression of splicing factors. This is
exemplified in gastric cancers, where hnRNP K transcriptionally upregulates of SRSF1, which in
turn alters splicing of CD44."%’

Together, these observations demonstrate that hnRNP K can directly and indirectly influence

splicing in a context-dependent manner.

1.6 Regulation of RUNX1 by splicing

Like the majority of protein-coding genes with more than one exon, RUNX1 pre-mRNA
undergoes splicing. As discussed in section 1.3, the isoforms RUNX1A and RUNX1B arise due
to alternative splicing. However, the mechanisms underlying the specifics of this splicing have
not been fully elucidated. Another isoform of RUNX1 lacks an internal 64 amino acid residues
(corresponding to exon 6), and has been identified in mouse and human.?: 914915 |n gvarian
cancer, this isoform (herein called RUNX1AEx6) has been correlated with inferior outcomes.'*®

Poly(C) binding proteins, including PCBP2 and hnRNP K have been shown to play a role in this



splicing event.®® '** However, the existence, regulation, and function of RUNX714Ex6 has not

been characterized in AML.

1.7 Conclusion

Acute myeloid leukemia is a heterogeneous group of hematologic malignancies. With few
exceptions, outcomes for patients with this disease are suboptimal. We have outlined several
features of AML that can be used as prognostic and therapeutic guides. Despite newly approved
therapeutic agents, many patients remain ineligible for these drugs—mandating further drug
development via a deeper understanding of leukemogenic mechanisms. To this end, we
discussed a role of the highly multifunctional protein hnRNP K in AML and reviewed the biology
of the critical transcription factor, RUNX1, in this disease. Furthermore, we discussed pre-mRNA
splicing biology and the aberrant splicing observed in AML and other myeloid malignancies. We

presented the role of hnRNP K in splicing, and finally, discussed alternative splicing of RUNX1.

1.8 Hypothesis and research goals

This dissertation begins with an investigation into the expression and clinical impact of
hnRNP K in AML. While haploinsufficiency of HNRNPK has been described, along with scarce
mutations in this gene, no studies have systematically evaluated hnRNP K expression in cases
of AML. In Chapter 3, we formally test the hypothesis that hnRNP K is an uncharacterized
oncogene in AML by developing and characterizing a mouse model of hnRNP K-overexpression.
In Chapter 4, we begin to evaluate a mechanism of the oncogenic functions of hnRNP K by
utilizing unbiased screening methods. In the fifth and final experimental chapter, we characterize
the interaction between hnRNP K and RUNX7 RNA in vitro and in vivo.

Our working hypothesis is that hnRNP K, when overexpressed, is an uncharacterized

oncogene in AML that functions in part through its post-transcriptional interactions with RUNX1.
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To this end, | endeavored to:
1. Evaluate the hnRNP K expression in AML and characterize its clinical impact
2. Describe the hematologic consequences of hnRNP K overexpression in vivo
3. Elucidate the molecular basis of the oncogenic function of hnRNP K

4. Examine the functional consequences of the hnRNP K-RUNX1 interaction

1.9 Significance

This work will provide great insight into the role of hnRNP K overexpression in myeloid biology
and leukemogenesis. By understanding the interaction between RUNX7 and hnRNP K, future
studies will be able to explore therapeutic opportunities to alter this interaction and thereby

dramatically improve outcomes for patients with hnRNP K-overexpressing AML.
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Chapter 2

hnRNP K is overexpressed in acute myeloid leukemia and is associated with inferior

outcomes
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2.1 Introduction

Acute myeloid leukemia (AML) encompasses a constellation of diseases characterized
by recurrent genetic and/or cytogenetic abnormalities. Outcomes for patients with AML have
historically been quite dismal. For example, in the 1970s, 5-year overall survival (OS) for patients
diagnosed with AML and treated at MD Anderson Cancer Center was a mere 13%."? With
improvements in chemotherapeutic regimen composition and dosing, as well as supportive care,
this number improved to 49% in 2015."2 To further improve upon these outcomes, the
hematology community has expended incredible efforts to understand the driving events
underlying AML development such that better therapeutic options can be created, thereby
prolonging the quantity and quality of patient life. Indeed, many of the mutated proteins identified
in AML (FLT3, IDH1, IDH2, JAK2) can now be targeted with small molecular inhibitors that have
either been FDA-approved or are in late phases of clinical trials.*?

In 2013, The Cancer Genome Atlas published a landmark study delineating the most
commonly mutated genes in de novo AML.* This list of genes has been validated and expanded
upon by others.**3* Among these genes is HNRNPK, which encodes for the RNA-binding protein
heterogeneous nuclear ribonucleoprotein K (hnnRNP K).*2** HNRNPK mutations were described

8234 |n addition to the small

to occur in approximately 1% of AML patients in these studies.
proportion of patients with HNRNPK mutations, the mutations that were described did not cluster
in a single hotspot of the gene, nor did they aggregate in a portion of the gene encoding for a
single functional domain. This motivated us to evaluate our own patient population at MD
Anderson Cancer Center, where targeted exonic HNRNPK sequencing has been a routine
clinical test since 2016."%°

HNRNPK resides on chromosome 9q921.32, which is specifically deleted in ~2% of
patients with AML, and leads to haploinsufficiency.***” Our group previously demonstrated that

decreased expression of HNRNPK causes myeloid malignancy in a mouse model, thus

confirming its role as a haploinsufficient tumor suppressor.>® This finding highlights that gene

13



dosage, perhaps independent of mutation status, may also contribute to AML development.
Therefore, we evaluated HNRNPK expression levels in AML patients.

To assess whether HNRNPK aberrations beyond genomic aberrations may be evident in
these patient populations, we evaluated RNA and protein expression and correlated these results
with patient outcomes. Taken together, our data demonstrate that hnRNP K is highly expressed
in a subset of patients with AML and these patients have inferior clinical outcomes compared to

patients with lower levels of hnRNP K.
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2.2 Materials and Methods

HNRNPK Sequencing: Genomic DNA was extracted from bone marrow specimens with an
Autopure extractor (Qiagen, Valencia, CA, USA). Libraries were prepared from genomic DNA
using hybridization capture-based enrichment of regions of interest. For HNRNPK; this included
exons 3-7 (amino acids 1-95) and 7-17 (amino acids 100-465). A next generation sequencing
platform was used to perform bidirectional paired-end sequencing to detect single nucleotide
variants (SNVs) and insertions or deletions up to 52 base pairs (lllumina Inc., San Diego, CA,
USA). GRCh37/hg19 was the genomic reference sequence used. Total sequencing coverage

depth was at least 250 reads. The lower limit of detection was 5% for clinical reporting.'*®

Fluorescence in situ hybridization (FISH) and Giemsa staining: Bone marrow cells harvested
from patients were treated with 0.1ug/mL colcemid for 30 minutes and resuspended in a
hypotonic solution for 30 minutes, after which Carnoy’s fixative solution (3:1 methanol:glacial
acetic acid) was added. Cells were then placed onto slides, and kept at 60°C overnight. The
next day, slides were placed in 0.05% trypsin-EDTA for 1 minute and 45 seconds, then
sequentially washed in isoton diluent and Gurr’s buffer (pH 6.8), Giemsa stained for 45 seconds,
and rinsed in water. G-banding was evaluated via microscopy. For FISH hybridization, slides
were aged and dehydrated in an ethanol gradient before denaturation took place at 73°C for 5
minutes followed by hybridization for 24 hours at 37°C. The RP11-19G1 probe was developed
to recognize chromosome 9p (control) and the HNRNPK probe (RP11-101L4) to the 9g21.32

locus. DAPI was used as a counterstain.

gRT-PCR: Bone marrow or peripheral blood samples were subjected to adequate red blood cell
lysis with BD Pharm Lyse lysing solution (BD Biosciences, San Jose, CA, USA) and RNA

extracted and purified using phenol/chloroform.”™” Samples were treated with DNAse for 30
15



minutes at 37°C, and quantified using a NanoDrop spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA). 1ug of RNA was reverse transcribed using iScript (BioRad, Hercules, CA,
USA). gRT-PCR was performed using iTaq Universal SYBR Green Supermix as per
manufacturer’s instructions (BioRad, Hercules, CA, USA) using an ABI StepOnePlus Real Time
PCR System. Expression of HNRNPK was evaluated using primers as follows: Forward: 5’
GCAGGAGGAATTATTGGGGTC 3’, Reverse: 5 TGCACTCTACAACCCTATCGG 3'. Changes
in expression were determined by comparing HNRNPK expression to the housekeeping control
RPLPO. Primers for RPLPO Forward: 5 CCTTCTCCTTTGGGCTGGTCATCCA 3’ and reverse:
5" CAGACACTGGCAACATTGCGGACAC 3'. Individual samples were assayed in triplicate.
Calculations were performed using the Pfaffl method comparing expression changes between

target genes and housekeeping control."®

Immunohistochemistry: Formalin-fixed paraffin-embedded bone marrow biopsies were
deparaffinized in xylene and rehydrated in an alcohol gradient. Antigen retrieval was performed
using 10mM sodium citrate and 0.05% Tween 20 (pH 6.0) in a steam chamber for 45 minutes.
Slides were incubated in 3% hydrogen peroxide/methanol solution to deactivate endogenous
peroxidases and subsequently incubated with anti-hnRNP K antibody (Abcam, Cambridge, MA,
USA, ab18195, 3C2, 1:3000 dilution) at 4°C overnight in a humidity chamber. Slides were
washed with 0.1% Tween-PBS before biotinylated secondary antibody was added at room
temperature for 30 minutes. Antibody-protein interactions were visualized with Vectastain Elite
ABC and DAB peroxidase substrate kits (Vector Laboratories, Burlingame, CA, USA). Nuclear
fast red was used as a counterstain.

159-161

Reverse phase protein array: Methodology is fully described elsewhere. Briefly, bone
marrow protein samples were printed in replicate in serial dilutions onto slides along with controls

for normalization and expression. A panel of 230 strictly validated primary antibodies was used

16






The KH3 domain of hnRNP K mediates RUNX1 splicing

The previous data suggest that RUNX1AEx6 has different biologic function than its full-
length counterpart. Since the presence of RUNX14Ex6 is hnRNP K-dependent, we sought to
examine whether a particular domain of hLnRNP K was responsible for this splicing. To this end,
we transfected 293T cells with constructs lacking sequential domains of HNRNPK. When
RUNXT1 splicing was evaluated in these lines, cells overexpressing any form of HNRNPK had a
near complete elimination of the full-length RUNX1 in favor of RUNX1A4Ex6, except those lacking
the KNS or KH3 domain (Figure 41A). In these cells transfected with HNRNPKAKNS or
HNRNPKAKH3, splicing of RUNX1 was nearly identical to cells transfected with an empty vector
control.

To evaluate this phenomenon in another cell line, we made K562 cells stably transduced
with tetracycline-inducible overexpression of hnRNP K with deletions of the KH1, KH2, KI, or
KH3 domain. When overexpressing these constructs, only those lacking KH3 showed a
reversion to splicing like that of the empty vector control (Figure 41B). The data from these two
cell lines thus strongly suggest that KH3 is the domain of hnRNP K that mediates inclusion of

RUNX1 exon 6.

Figure 41. KH3 domain of hnRNP K mediates RUNX7 exon 6 splicing. RT-PCR of RUNX1
from A. 293T cells transfected for 24 hours with the indicated flag-tagged hnRNP K constructs
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or B. K562 cells with tetracycline-inducible expression of the indicated hnRNP K constructs.
K562 cells were treated with doxycycline for 24 hours before RNA was harvested. Deletion
constructs are arranged in the order in which the functional domains occur within hnRNP K from
amino to carboxy terminus of hnRNP K. EV: empty vector control. PPIA is used as a loading

control.

The KH3 domain of hnRNP K is required for hnRNP K-overexpressing phenotypes in vitro
Since it appears that the KH3 domain of hnRNP K is largely responsible for mediating
RUNX1 splicing, we wanted to evaluate whether this domain contributed to the ability of hnRNP
K-overexpressing FLCs to form colonies in vitro. Compared to those overexpressing full-length
hnRNP K, FLCs overexpressing hnRNP K without KH3 had substantially decreased colony
formation (Figure 42). Strikingly, cells with hnRNP KAKH3 formed even fewer colonies in vitro
than empty vector controls. Together, these data indicate that hnRNP K-mediated increase in

Runx1AEX6 is critical to the in vitro phenotypes associated with hnRNP K overexpression.
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Figure 42. The KH3 domain of hnRNP K is required for an in vitro phenotype associated
with hnRNP K overexpression. Bar graph of the number of hematopoietic colonies formed per

well from FLCs stably transduced with empty vector (black), full-length hnRNP K (red), or hnRNP

K lacking the KH3 domain (blue). Cells were sorted for GFP expression to ensure stable
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integration of the viral construct. Note: This figure includes empty vector and hnRNP K OE data

points that were included in figure 12.

hnRNP K influences RUNX1 and global translation

In addition to the increase in RUNX1AEx6 observed with hnRNP K overexpression, it was
evident that total RUNX1 protein expression also increased in this setting (Figures 36, 38). Given
the binding of hnRNP K to the 5’ UTR of RUNXT1 identified in Chapter 4 (Figures 26, 28, 29), and
the interaction between hnRNP K and ribosomal subunits identified in Chapter 4 (Figure 23), we
sought to evaluate whether hnRNP K influenced translation of RUNX17. The notion that hnRNP
K regulates RUNX1 expression at a post-transcriptional/translational level is supported by the
observation that total RUNX7 RNA is not increased in hnRNP K-overexpressing cells (Figure
43A).

To more directly address this question, we performed polysome fractionation assays. In
these experiments, ribosomal subunits and their associated mRNAs are segregated based on
density in a sucrose gradient. Fractions of this gradient are inspected by a spectrophotometer
to assess absorbance at 260nm. By tracing these absorbances over each fraction, we can
produce the beloved “polysome trace”, representing an overview of a global translational profile
for a given population of cells. Furthermore, RNA from these individual fractions can be isolated
and analyzed by qRT-PCR to measure translation of an individual RNA species.

Knockdown of hnRNP K in 293T cells resulted in a marked change in the global polysome
trace (Figures 43B, C). Cells with decreased hnRNP K showed a substantial spike in the 80S
(monosome) fraction compared to controls. Polysomes are traditionally deemed as the
translationally active components, as this is where the majority of new peptide bonds are
formed.?*?®" Thus, as monosomes accumulate in cells, translation generally becomes less
active at a global scale, likely due to mRNA loading difficulties. Therefore, decreased hnRNP K

results in less active translation.
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To specifically evaluate the translational status of RUNX1, we performed qRT-PCR on
the individual fractions comprising the polysome trace. Compared to cells transfected with a
scrambled control, cells with decreased hnRNP K had less RUNX1 in the 80S monosome fraction
(Figure 43D). Given that there was not a compensatory increase of RUNX1 in the low-molecular
weight and high molecular weight polysome fractions, this suggests that RUNX7 may fail to load

into complete ribosomal subunits in the absence of hnRNP K.
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Figure 43. hnRNP K alterations affect global translation and that of RUNX1. A. qRT-PCR
for total RUNX1 in the indicated cell lines overexpressing hnRNP K or empty vector. Cells were
treated with doxycycline for 24 hours prior to harvest. Primers in this reaction spanned exons 3-
4 of RUNX1, thus measuring the total level of transcript independent of spliced products. B.
Western blot of 293T cells transfected with siScramble control (siScr) or siHNRNPK for 72 hours.
C. Polysome trace of 293T cells transfected as in panel A. X-axis represents the fraction of

sucrose gradient collected as a position of the length of the physical gradient (nm). Y-axis
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represents the absorbance of the fraction at 260nm normalized to a no protein control. Fractions
are labeled according to the accepted location of peaks for 40S, 60S, and 80S ribosome
fractions. LMW= low-molecular weight; HMW= high-molecular weight polysome fractions.
Traces from four individual experiments are superimposed in this graph. D. RUNX1 qRT-PCR
from fractions collected in panel B. Portions of this figure were modified with permission from

Gallardo & Malaney et al., JNCI, 2019.%3
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5.4 Discussion

In this chapter, we identified that hnRNP K overexpression altered genome-wide RNA
splicing. Strikingly, Runx1 emerged as one of the most differentially spliced transcripts in this
setting (Figure 31). This observation, along with the data in Chapter 4 that hnRNP K stringently
and specifically bound human and mouse RUNXT at intron 5-6, and the role of RUNX1 as a key
transcription factor in leukemia, we specifically honed in on the interaction between hnRNP K
and RUNX1.

The impact of hnRNP K on splicing of individual transcripts has been described.% % %
1%0.151 However, to our knowledge, genome-wide analyses of splicing alterations occurring in the
context of differential hnRNP K expression has not been described. While we focused on
RUNX1, these global analyses certainly provide insights for future inspection of the role of hnRNP
K in hematopoietic splicing.

Our observations that hnRNP K reduction leads to inclusion of exon 6 is in line with what
others have briefly identified.®® *° However, these prior observations have been made in the
context of hnRNP K knockdown. To our knowledge, we are the first to show that overexpression
of hnRNP K results in RUNX7 exon 6 exclusion. This was a critical finding given our observation
that this isoform is readily identifiable in AML patient samples (Figure 37). Unlike other
alternatively spliced isoforms of RUNX1, RUNX1A and RUNX1B, the isoforms we studied are
expected to be identical in their C terminal domains. In addition, we are confident that what we
refer to as RUNX1AEXx6 is not merely RUNX1A, as RUNX1A: 1) lacks exon 7, where our reverse
primer for splicing PCR is placed and 2) has a predicted molecular weight of ~27kDa—
substantially less than the observed ~45kDa for RUNX1AEX6.

Functional consequences due to loss of a single exon are biologically plausible. The
amino acid residues encoded in exon 6 of RUNX1 comprise a negative regulatory region, where

253 We showed

SIN3A, a corepressor, binds.?*? This region also limits RUNX1-DNA interactions
that RUNX1AEx6 had differential transcriptional activity compared to its full-length counterpart

109



(Figure 40). Our data suggest that this is due in part to altered cooperativity with SIN3A (Figure
40B). Though we did not formally test the DNA-binding affinity of RUNX1AEx6 compared to full-
length RUNX1, one group identified murine Runx1AEx6 as having increased DNA binding
affinity.®® Consistent with that observation, another group described RUNX1AEx6 as having
dominant negative activity over RUNX1 when evaluated in a human ovarian cancer cell line.'®
More complete evaluation of the transcriptional differences between full-length RUNX1 and
RUNX1AEX6 in AML is ongoing in our laboratory.

In addition to altered transcriptional activity, we also observed increased stability of
RUNX1AEx6 compared to full-length RUNX1 (Figure 39). This is consistent with observations

® Since exon 6 contains two ubiquitination sites?*®, the

of murine Runx1 lacking this exon.®
absence of these sites in RUNX1AEXx6 may explain this apparent increase in protein stability.

To gather more insight into the mechanism of this hnRNP K-dependent RUNX1 exon 6
splicing, we narrowed down domains of hnRNP K that appeared to be critical for this
phenomenon. Absence of the KH3 domain had a striking effect on the inclusion of exon 6, and
reverted splicing to near wildtype levels (Figure 41). In support of this observation, early
descriptions of hnRNP K described poly(C) binding as mediated largely by KH3.'*® However,
other groups have concluded that all KH domains play a role in poly(C) binding.”

Deletion of the KH3 domain in hnRNP K largely rescued RUNX1 splicing (Figure 41) and
also abrogates an in vitro phenotype associated with hnRNP K overexpression (Figure 42). Of
note, the KH3 domain of hnRNP K can bind ssDNA acid as a single domain®*, and is the only
portion of the protein in which a crystal structure has been determined (in complex with
ssDNA).%® This could be of particular interest from a therapeutic standpoint for several reasons.
First, given the myriad of biologic functions of hnRNP K, completely eliminating this protein would
likely be extremely toxic. Indeed, Hnmpk knockout mice are not viable.>® Second, hnRNP K has

multiple functional domains, so understanding which domain to target could expedite drug

discovery while also mitigating potential toxicity. Finally, the existing crystal structure of the KH3
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domain may expedite drug development, as this can be used for computer-based predictive drug
discovery models and can also be used to structurally optimize compounds identified in cell-
based assays.

Our studies did not evaluate other splicing factors in the context of hnRNP K
overexpression. It has been shown that hnRNP K competes with U2AF2 (also known as
U2AF65) for binding at poly(C) tracts near 3’ splice sites, like that near the Runx1 intron 5-6
junction.®® Little is known about how hnRNP K itself regulates splicing factors, though this is
certainly a topic of great interest given the impact of hnRNP K on splicing alterations.

Given the vast array of hnRNP K-involved biologic processes, it seems unlikely that
hnRNP K overexpression is oncogenic by means of a single mechanism. To begin evaluating
these other mechanisms, we briefly evaluated hnRNP K’s translational properties. Indeed, our
polysome studies indicated that hnRNP K alterations globally affect translation (Figure 43).
Specifically, this results in disrupted translation of RUNX71. We were not able to evaluate
translation of full-length RUNX1 compared to RUNX1AEXx6, but this would certainly be of interest.
Given the hnRNP K binding to the 5’ UTR of RUNXT1 (Figures 26, 28, 29), we anticipate that there
would be no difference between these isoforms. It is also notable that while hnRNP K clearly
bound the 5" UTR of human RUNX1 (Figure 28, 29), this hnRNP K binding site was absent in
murine Runx1. However, hnRNP K overexpression still resulted in increased protein expression
of total Runx1 in mouse (Figure 38). The mechanisms underlying this observation are unclear,
but may be due to hnRNP K’s global modulation of translation.

Together, our studies indicate that hnRNP K mediates splicing and translation of RUNX17,

and overexpression of hnRNP K results in an enrichment of RUNX71AEx6 in mouse and (wo)man.
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Chapter 6

Discussion
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Treatment of acute myeloid leukemia (AML) is evolving at an unprecedented pace due to
development of drugs targeting actionable genetic lesions. This therapeutic renaissance has
dramatically improved outcomes for many patients with AML. However, many individuals do not
harbor these targetable alterations, or relapse by various mechanisms. Therefore, it isimperative
to identify novel mechanisms controlling the fundamental biologic processes underlying
leukemogenesis and to develop therapies that target these vital nodes of dysregulated
proliferation, survival, and/or differentiation. To this end, our laboratory has adopted a multistep
approach to identify novel alterations driving hematologic malignancies. Accordingly, we have
identified hnRNP K, an RNA-binding protein, as a novel driver of these diseases through its
regulation of critical oncogenes required for cell growth, survival, and differentiation. This body
of work focuses on the oncogenic role of hnRNP K in AML.

In Chapter 2, we identified overexpression of hnRNP K in acute myeloid leukemia and
observed that this overexpression was associated with inferior outcomes, including decreased
remission durations and overall survival (Figure 5). These data allude to an oncogenic role for
hnRNP K when overexpressed.

Consequently, we identified overexpression of hnRNP K as a driving event underlying
myeloproliferation in an in vivo mouse model in Chapter 3. Our data indicate that elevated
hnRNP K expression is pathologic; however, the mechanisms underlying the observed
overexpression of hnRNP K are still unclear. Many cases of AML harbored an additional copy
of the HNRNPK locus identified by FISH (Figure 10). These additional copies were not part of
any known chromosomes, indicating that the extra copies may exist as sSMCs. Beyond the
HNRNPK locus, the contents of these so-called sSMCs were not identified. While these cases
also had increased hnRNP K protein expression, it remains unclear whether the HNRNPK locus
on the sSMC is transcriptionally active. Identification of the regulatory elements in these sSMCs

may shed light on mechanisms of endogenous HNRNPK regulation in diseased states.
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Itis also possible that increased hnRNP K expression may be due to trans effects—where
alterations at another genomic location (e.g., mutated or deleted transcription factors, altered

epigenetic regulators, etc.) influence expression of a gene at a distant locus.?*®

One group
recently reported that in AML cases with del(9q) (usually associated with HNRNPK
haploinsufficiency), those with co-occurring mutations in the transcription factor CEBPA had near
normal HNRNPK RNA expression; del(9q) cases with unmutated CEBPA had low HNRNPK
expression.?®” Given the necessity of hnRNP K at an organismal level®, as well as the array of

75-82

tumor types associated with its overexpression’™®<, identifying the regulation of this oncogene

would be worthy of future pursuit. Indeed, several high-throughput methods now exist to evaluate
possible trans effects on a more global scale.?®® 2%

To evaluate the consequences of hnRNP K overexpression in vivo, we developed a
mouse model in Chapter 3. These mice had reduced survival and developed myeloproliferative
phenotypes. This model utilized retroviral transduction of fetal liver cells transplanted into
recipient mice. During the course of the current studies, we also developed transgenic models
of hnRNP K overexpression using both constitutive and conditional expression in the
hematopoietic system. While these mice exhibited gross hematopoietic abnormalities, they failed
to maintain reliable overexpression of the hnRNP K protein, thereby confounding the role of
hnRNP K in disease pathogenesis in these systems. In contrast, overexpression of hnRNP K in
fetal liver cells was substantially more consistent. Whether this is due to a technical aspect of
stable viral integration or is an effect secondary to altering cells during a different stage of
organismal development remains unclear. This once again highlights a need to understand
regulation of hnRNP K expression in vivo.

In our mouse model of hnRNP K overexpression, the disease phenotypes were
exclusively myeloid in nature (Chapter 3). While these mice developed phenotypes substantially
similar to those seen in Hnrnpk*" mice, a percentage of Hnrmpk*" animals developed lymphoid

malignancies.®®  Further supporting a role for hnRNP K in lymphoid development and
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lymphomagenesis, mice overexpressing hnRNP K in B-cells develop overt lymphomas.® These
observations demonstrate that altered hnRNP K expression, in either direction, can influence
hematopoiesis. As Hnrnpk null mice die in utero®, evaluation of hematopoiesis in these embryos
may elucidate the most fundamental roles of hnRNP K in blood development. Interestingly,
children with germline HNRNPK mutations, presumed to be inactivating insults, do not have
grossly observable hematopoietic defects.® 167. 260

Several large-scale global analyses were performed to elucidate the oncogenic basis of
hnRNP K overexpression in myeloid disease. Consequently, we identified that the oncogenicity
of hnRNP K may be attributed to its RNA-binding activities. hnRNP K stringently and specifically
binds RNA, leading to altered splicing of genes such as RUNX1. We further showed that the
KH3 domain of hnRNP K was largely responsible for mediating this splicing alteration (Figure
41), and that deletion of KH3 abrogated the effects of hnRNP K overexpression (Figure 42).
Previous reports have concluded that the RNA-binding function of hnRNP K is mediated through
cooperative activity of its three KH domains, and binding is abrogated when any domain is
disrupted.” 2" Therefore, we anticipated that loss of any KH domain would alter these splicing
effects. We instead identified KH3 as the key domain mediating RUNX1 splicing. This finding
was particularly compelling, as it suggests that these KH domains have varied roles in nucleic-
acid directed processes. Furthermore, these findings place the KH3 domain as being critical in
the phenotypes described in this work.

The observation that hnRNP K overexpression results in altered splicing of RUNX1Y,
enriching for an isoform with altered transcriptional activity (RUNX1AEXx6), is a captivating finding,
as disrupted RUNX1 transcriptional programs have been shown to contribute to
leukemogenesis.?®" %2 In RUNX1AEx6, the DNA-binding domain of RUNX1 is predicted to
remain intact, since the Runt-homology domain (RHD) is upstream of exon 6.2 However, the
interaction with transcriptional co-factors and the regulation of this isoform could feasibly
contribute to leukemogenesis. Indeed, expression of only the RUNX1 RHD, which lacks many
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of the regulatory elements of RUNX1, is sufficient to cause myelodysplastic syndrome in mice.?’
The lack of exon 6 described in our studies may result in broadly altered RUNX1-mediated
transcription. Evaluation of the transcriptome landscape of cells enriched for RUNX1AEX6 will
be useful in clarifying this point. To this end, our laboratory is pursuing RNA-sequencing as well
as chromatin immunoprecipitation followed by sequencing (ChIP-Seq) of RUNX1AEXx6-

overexpressing cells.

Well-characterized alterations in RUNX1 transcriptional programs are perhaps best
exemplified by those observed in core-binding factor acute myeloid leukemia (CBF-AML). Many
cases of CBF-AML harbor t(8;21)'®, which encodes a fusion protein known as RUNX1-RUNX1T1
(also called AML1-ETO or RUNX1-CBFA2T1)'®. While globally, RUNX1-RUNX1T1 binds to
similar genomic locations as RUNX1, vast transcriptional alterations are observed.?®* 2%

The breakpoint within RUNX1 involved in t(8;21) most commonly occurs in the intron
spanning exons 5 and 6.2°% %7 However, these breakpoints are almost invariably located 5’ to
the hnRNP K binding site, though rare instances of RUNX1-RUNX1T1 containing RUNX1 exon
6 have been reported.”® Thus, hnRNP K is unlikely to be directly involved in alternative splicing
of the RUNXT portion of this gene product. However, we have not evaluated the possibility that
hnRNP K alters splicing of RUNX1T1, though preliminary analysis did not identify putative
hnRNP K binding sites in this gene. Given that several splice variants of RUNX7-RUNX1T1 have
been reported®**?"", future studies in this area may be worthwhile.

Our initial evaluation has determined that the hnRNP K binding site in the 5> UTR of
RUNX1 is, however, maintained in the most common forms of t(8;21), suggesting that hnRNP K
may be involved in RUNX1-RUNX1T1-associated leukemogenesis. Interestingly, in cases of
t(8;21) AML, deletions of chromosome 9q have been observed as a common secondary
abnormality?”?3, further alluding to a role for hnRNP K in this disease. To begin evaluating this

scenario, we have added overexpression of RUNX1-RUNX1T1 to our hnRNP K-overexpressing
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fetal liver cells prior to transplant in recipient mice. These mice develop frank transplantable
leukemia, though the relative impact of hnRNP K in this setting is not yet clear. Continuation of
these studies to evaluate the interaction between hnRNP K and RUNX1-RUNX1T1 may provide
valuable insight into this disease.

Given the data presented in Chapter 5 that hnRNP K alters splicing of not only RUNX1,
but also other genes involved in leukemia, it would be of great interest to assess the mutational
status of splicing factor genes in these cases and others that overexpress hnRNP K. While
mutations in SF3B1, SRSF2, and U2AF1 are mutually exclusive events in cancers, including
AML™3:274.275 "identification of hnRNP K overexpression as yet another mutually exclusive event
would strongly indicate that a major mechanism of hnRNP K’s oncogenicity stems from its
deleterious effects on alternative splicing. Furthermore, comparing splicing alterations in AML
patients with hnRNP K overexpression to splicing alterations in patients harboring splicing factor
mutations could also shed light on recurrently altered splicing events that may underlie
leukemogenic transformation.

In light of the vast array of cellular processes in which hnRNP K appears to be involved,
the possibility that hnRNP K exerts oncogenic functions through mechanisms beyond altered
splicing of RUNX1 must be acknowledged. Consistent with this sentiment, mice exclusively
expressing Runx1AEx6 exhibit aberrant hematopoiesis, but do not develop leukemia.™® In our
previous work evaluating hnRNP K-overexpression in the setting of B-cell lymphomas, disease
was driven largely via hnRNP K’s interactions with MYC, where it stabilized the MYC transcript
and promoted c-MYC translation.®®> While we did not extensively evaluate the hnRNP K-MYC
interaction in the current studies, it remains possible that MYC alterations could contribute to the
observed phenotypes. Indeed, our collaborators have described c-MYC overexpression as an
important prognostic factor in AML.?"® Furthermore, hnRNP K overexpression resulted in global
gene expression and splicing alterations—underscoring the notion that altered RUNX7 splicing
may only represent a portion of the oncogenic facets of hnRNP K overexpression.
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To provide a therapeutic output for our findings, work is currently underway in our
laboratory to screen compounds that kill leukemia cells in an hnRNP K-dependent manner. As

27728 understanding a specific context

splicing inhibitors have been used in early clinical trials
for using these drugs is beneficial. These experiments will evaluate whether hnRNP K-
overexpressing AML cells—harboring vastly altered splicing—are more sensitive to splicing
inhibitors than cells with average hnRNP K expression. Given that hnRNP K is itself a splicing
inhibitor, effects seen with these drugs may represent a synthetically lethal relationship®™.
Given the oncogenic properties of hnRNP K when overexpressed (Chapter 3, Gallardo &
Malaney et al., 2019%%), it is logical that targeting this protein directly may have therapeutic
benefit. While no specific inhibitors of hnRNP K are currently available, few compounds have
been reported to modify hnRNP K-dependent processes.?®® Since the RNA-binding properties
of hnRNP K appear to be most central to its oncogenic functions—whether mediating splicing
(RUNX1; Chapter 5), or mRNA stability and translation (RUNX1, Chapter 5; MYC?®)—disrupting
this interaction is a viable approach for drug development. To this end, our laboratory is currently
utilizing fluorescence anisotropy assays (Figure 28) as screening tools to evaluate the capability
of small molecule compounds to disrupt hnRNP K-RNA interactions. Presently, several lead
compounds have emerged that appear to effectively interrupt these interfaces. Ongoing work in
developing a drug to inhibit hnRNP K-RNA interactions is an exciting venture, as patients with
AML (Chapter 2) and DLBCL® overexpressing hnRNP K have shortened overall survival.
Compounds that inhibit hnRNP K-RNA interactions may also find substantial utility
outside of oncology. For example, replication of Influenza A virus requires the splicing activity of

59, 154 In

hnRNP K; depletion of hnRNP K reduces the pathogenicity of this ubiquitous virus.
human immunodeficiency virus-1 (HIV-1), hnRNP K acts as an inhibitory splicing factor.?®’
hnRNP K has been implicated in viral pathogenesis of numerous other RNA viruses, including

enterovirus 71 (EV71)*®2, dengue®®, chikungunya®*, sindbis?®®, hepatitis B (HBV)?*®, and

hepatitis C (HCV)?®'. Interestingly, some of these viruses, such as HBV and HCV, have known
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roles in oncogenic transformation.?®® 2%  Therefore, inhibiting hnRNP K’s RNA-directed
processes may also be beneficial in virally-induced cancers. Interestingly, hnRNP K has been
implicated in the life cycles of several DNA viruses, as well. These include herpes simplex virus-
1 (HSV1)*®, Epstein-Barr virus (EBV)*', cytomegalovirus (CMV)?®2, and African swine fever
virus®*.  Indeed, EBV can cause lymphoma®*, thereby indirectly linking hnRNP K to
hematopoietic oncogenesis. However, in the case of human papillomavirus (HPV), an oncogenic
DNA virus, hnRNP K appears to inhibit translation of viral proteins, suggesting it may have anti-
viral activity in this context.®® This emphasizes that hnRNP K’s activities can vary according to
the particular cellular context.

In support of the notion that hnRNP K can directly promote cellular growth programs in
tumor cells as well as promote viral infection, hnRNP K was the first described human pan-
granzyme substrate.?®® This apparent dire desire to cleave and destroy this protein supports
claims that hnRNP K is often pathogenic—particularly in high amounts. Indeed, knockdown of
hnRNP K sensitizes tumor cells to death mediated by cytotoxic lymphocytes.?®

Altered hnRNP K may directly or indirectly result in immunologic consequences that may
predispose organisms to infection and/or inflammatory milieus. As described above, hnRNP K
may influence a cell’s propensity to viral infection—which can itself be oncogenic. Of note,
hnRNP K plays a role in several immunological processes. For example, hnRNP K is required
for the DNA cleavage involved in B-cell somatic hypermutation and class switch

recombination.?

While these processes are inhibited with depletion of hnRNP K, the impact of
hnRNP K overexpression has not been defined. In T-cells, hnRNP K has been identified as an
important target of ERK signaling and subsequent IL-2 production.?®” Again, to our knowledge,
hnRNP K overexpression has not been studied in this context. In uninduced macrophages,
hnRNP K has been shown to translationally repress central downstream components of TLR4

8

signaling, acting to basally repress secretion of inflammatory cytokines.?®® In the context of

hnRNP K overexpression, it is feasible that such a repressive effect may be exaggerated, and
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thus greater stimuli required to achieve an appropriate inflammatory response. We did not
evaluate the role of hnRNP K overexpression on the functions of these immune cells in our
mouse models. Thus, it is possible that the myeloproliferative phenotypes we observed were
secondary to a vastly dysregulated immune system. Evaluating the functional capabilities of
component immune cells in these mice may help clarify the sincerity of this possibility.
Additionally, future studies involving infection challenges or in-depth analysis of the cytokine
levels in these mice would be of interest.

Understanding the biology underlying hematopoietic disease, including AML, is what
fundamentally allows for development of effective therapeutic modalities. Findings from our
studies have substantially advanced our knowledge regarding the clinical relevance and in vivo
functions of hnRNP K and its interactions with RUNX7. Additionally, these studies have led to
the identification and understanding of mechanisms that drive hnRNP K-mediated
leukemogenesis and have determined how hnRNP K overexpression cooperates with RUNX1,
one of the most critical transcription factors in hematopoiesis. Given the overexpression of
hnRNP K in AML (Chapter 2), its ability to cause myeloid disease in mice (Chapter 3), and alter
RUNX1 splicing (Chapters 4, 5), we conclude that hnRNP K is an oncogene in AML that functions

in part via its interaction with and splicing regulation of RUNX1.
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