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ABSTRACT

Acute myeloid leukemia (AML) is driven by numerous
molecular events that contribute to disease progres-
sion. Herein, we identify hnRNP K overexpression as
a recurrent abnormality in AML that negatively corre-
lates with patient survival. Overexpression of hnRNP
K in murine fetal liver cells results in altered self-
renewal and differentiation potential. Further, murine
transplantation models reveal that hnRNP K overex-
pression results in myeloproliferation in vivo. Mecha-
nistic studies expose a direct functional relationship
between hnRNP K and RUNX1––a master transcrip-
tional regulator of hematopoiesis often dysregulated
in leukemia. Molecular analyses show that overex-
pression of hnRNP K results in an enrichment of an
alternatively spliced isoform of RUNX1 lacking exon
4. Our work establishes hnRNP K’s oncogenic po-
tential in influencing myelogenesis through its regu-
lation of RUNX1 splicing and subsequent transcrip-
tional activity.

INTRODUCTION

Acute myeloid leukemia (AML) is an often-devastating
hematologic malignancy wherein normal hematopoiesis is

superseded by rapid proliferation of incompletely differ-
entiated myeloid cells. Identification of recurrent genomic
events in AML (e.g. mutations in FLT3 or IDH1/2) has led
to development of targeted therapeutic agents that improve
patient outcomes and quality of life; however, many patients
lack these genomic alterations, rendering them ineligible for
such treatments. Furthermore, despite prolonging life, pa-
tients treated with these agents are often still at risk for re-
lapse (1–4), highlighting the need to understand the molec-
ular underpinnings of AML such that alternative, effective
therapeutic options can be developed.

Myeloid malignancies, including AML and its frequently
associated precursor condition, myelodysplastic syndrome
(MDS), often have alterations in RNA-binding proteins
(RBPs). Splicing factors such as SRSF2, SF3B1 and
U2AF1 are widely known RBPs in this context, and are
often mutated (5–7). Importantly, other RBPs such as
MUSASHI2 and METTL3 are also aberrantly expressed,
though infrequently mutated, in hematologic malignancies,
and have been identified as critical to the pathogenesis of
AML (8–11). However, the roles of other RBPs in myeloid
malignancies, including AML, have not been extensively de-
ciphered.

An RBP of accumulating interest in hematologic and
solid malignancies is heterogeneous nuclear ribonucleopro-
tein K (hnRNP K). Overexpression of hnRNP K has been
associated with adverse pathology in a handful of clinical
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studies evaluating solid tumors (12–16) and increased ex-
pression has been observed in cells in blast crisis in chronic
myeloid leukemia (17). Further, we have previously shown
that elevated hnRNP K expression is commonly observed in
B-cell lymphoma (18). These findings led to the considera-
tion that hnRNP K aberrancies may contribute to a broader
array of hematologic malignancies.

In this study, we address the hypothesis that hnRNP
K is overexpressed in AML which impacts clinical out-
comes, and that such overexpression contributes to myeloid
aberrations in a murine model. We find that hnRNP K
overexpression leads to extramedullary hematopoiesis and
gross hematopoietic abnormalities in mice. Mechanistically,
we identified that hnRNP K modulates the expression of
RUNX1, a crucial hematopoietic transcription factor that
is commonly mutated or aberrantly expressed in leukemias
including AML (19–21). hnRNP K interacts with RUNX1
RNA in a sequence-specific manner in humans and mice,
and causes exclusion of RUNX1 exon 4, ultimately leading
to expression of a more stable RUNX1 isoform (RUNX1
�Ex4) with altered transcriptional activity. Furthermore,
expression of RUNX1 �Ex4 recapitulates an in vitro phe-
notype associated with hnRNP K overexpression, support-
ing the notion that hnRNP K mediates its hematopoi-
etic alterations, at least in part, via altered RUNX1
splicing.

Taken together, these studies identify hnRNP K as a po-
tential driver alteration in AML. In addition, hnRNP K-
mediated alternative splicing of RUNX1 provides an alter-
nate mechanism whereby RUNX1 expression is impacted in
AML in the absence of mutations or translocations.

MATERIALS AND METHODS

Reverse phase protein array (RPPA) data

Data are publicly available at www.leukemiaatlas.org (22).
High hnRNP K expression was defined as ≥1 standard de-
viation above the median hnRNP K expression of healthy
controls.

Plasmids

For generation of stable cell lines, lentiviral plasmids con-
taining full-length HNRNPK, full-length RUNX1(b) or
RUNX1 ΔEx4 cDNA were cloned into the XhoI/NotI
sites in the all-in-one tetracycline inducible lentiviral vec-
tor TRE3G-ORF-P2A-eGFP-PGK-Tet3G-bsd (TLO2026,
transOMIC Technologies, Huntsville, AL) containing a
C-terminal Flag tag. For retroviral plasmids used in fe-
tal liver cells, the MSCV-AML1/ETO-IRES-GFP plasmid
was obtained from Addgene (Addgene plasmid #60832;
http://n2t.net/addgene:60832; RRID:Addgene 60832 (23))
and AML1/ETO cDNA was replaced with HNRNPK,
RUNX1(b), or RUNX1 ΔEx4 amplified from cDNA ob-
tained from 293T cells and the pINDUCER-21-RUNX1
plasmid (Addgene plasmid #97043; http://n2t.net/addgene:
97043; RRID:Addgene 97043 (24)), respectively. cDNAs
were cloned into XhoI/EcoRI sites in the MSCV-IRES-
GFP plasmid. For generation of stably knocked-down

cell lines, tetracycline-inducible human HNRNPK PGK-
TurboRFP shRNAs were purchased from Dharmacon
(clone ID: V3IHSPGR 10844995 mature antisense TC-
GACGAGGGCTCATATCA, targeting exon 10), and
one targeting the 3’ UTR, referred to as shHNRNPK
ex16-2 (clone ID: V3IHSPGR 9103684, mature anti-
sense ATAAAATCCACTCACTCTG), and control PGK-
TurboRFP (VSC11656, mature antisense TGGTTTACAT-
GTTGTGTGA; Lafayette, CO).

Reporter assays to assess RUNX1 transcriptional ac-
tivity were performed using the pMCSF-R-luc plasmid
(Addgene plasmid #12420; http://n2t.net/addgene:12420;
RRID:Addgene 12420) (25). The pCMV �-galactosidase
plasmid was a gift from Dr. Vrushank Davé (University of
South Florida).

Stable cell line generation

Cell lines were spun for 90 min at 600 × g with
filtered viral supernatant from 293T cells transfected
with indicated plasmids (see above), and pCMV-VSV-
G/pCMV-dR8.2 for human cell lines (Addgene plasmid
#8454; http://n2t.net/addgene:8454; RRID:Addgene 8454
and Addgene plasmid #8455; http://n2t.net/addgene:8455;
RRID:Addgene 8455, respectively (26)) or pCL-ECO for
fetal liver cells (Addgene plasmid #12371; http://n2t.net/
addgene:12371; RRID:Addgene 12371 (27)). Human cells
were selected in media containing antibiotics (puromycin
or blasticidin, Fisher Scientific, Waltham, MA) followed by
appropriate fluorescence (>90% required) prior to down-
stream assays. Cells were maintained in strict tetracycline-
free conditions until induction with 0.2 �g/ml doxycycline
(Millipore Sigma, Burlington, MA) for shRNA and 0.4
�g/ml doxycycline for overexpression. FLCs were sorted
for GFP positivity 72 h after infection.

FLC isolation, transduction, and transplantation

All mouse studies were performed with approval from
the Institutional Animal Care and Use Committee at
MD Anderson under protocol 0000787-RN01/2. Preg-
nant wildtype CD45.2+ C57Bl/6 females were eutha-
nized via CO2 exposure and cervical dislocation be-
tween days 13.5 and 16.5 of gestation, fetal livers were
then dissected, and disrupted on a 70 �m filter into
single-cell suspension. Cells were briefly subjected to red
blood cell lysis (BDPharm Lyse, BD Biosciences, San
Jose, CA) and resuspended in medium containing 37%
DMEM (Corning Inc, Corning, NY), 37% Iscove’s mod-
ified Dulbecco’s Medium (Corning Inc, Corning, NY),
20% fetal bovine serum, 2% L-glutamine (200 mM; Corn-
ing Inc, Corning, NY), 100 U/ml penicillin/streptomycin
(Millipore Sigma, Burlington, MA), 5 × 10−5 M 2-
mercaptoethanol (Millipore Sigma, Burlington, MA), re-
combinant murine IL-3 (0.2 ng/ml), IL-6 (2 ng/ml), and
SCF (20 ng/ml; Stem Cell Technologies, Vancouver, BC) at
high density overnight at 37◦C prior to retroviral transduc-
tion (23,28). For transplantation assays, NOD-scid-IL2R-
gamma (NSG) mice were irradiated with 2.5 Gy prior
to injection of 50 000 sorted cells into the retro-orbital
sinus.
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Immunoblotting

Cells were homogenized in NP40 lysis buffer and stan-
dard immunoblotting procedures were performed as pre-
viously described (18) using antibodies against hnRNP K
(3C2), RUNX1 (EPR3099, both from Abcam, Cambridge,
MA), �-actin (AC-15, Santa Cruz Biotechnology, Dal-
las, TX), Flag (F1804, Millipore Sigma, Burlington, MA),
GFP (D5.1, Cell Signaling, Danvers, MA) and HSP90
(ADI-SPA-836-D, Enzo Life Sciences, East Farmingdale,
NY).

Colony formation assay

GFP-sorted FLCs were cultured in Methocult (M3434,
StemCell Technologies, Vancouver, BC). Colonies were
counted after 7 days then gently disrupted in PBS and sub-
jected to cytospin or flow cytometry.

Flow cytometry

Cells were pre-treated with murine Fc block (TruStain FcX,
BioLegend, San Diego, CA) at room temperature for 15
min then incubated with antibodies Gr1 [RB6-8C5], CD11b
[M1/70;], c-kit [2B8], CD45 [30F11] (all from BD Bio-
sciences, East Rutherford, NJ) and Sca-1 (D7; eBioscience,
San Diego, CA). Flow cytometry was performed on a Gal-
lios flow cytometer (Beckman Coulter, Brea, CA). Data
was analyzed using FlowJo (Beckton Dickinson, Franklin
Lakes, NJ).

Tissue harvest

All tissue harvesting was performed in moribund mice.
Spleen, liver, and sternum were collected and immedi-
ately fixed in 10% neutral-buffered formalin. Paraffin-
embedded blocks were sectioned and stained with standard
hematoxylin/eosin.

Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were deparaf-
finized in xylene and rehydrated in an alcohol gradient. Fol-
lowing antigen retrieval with citrate (pH 6.0), slides were
incubated with 3% hydrogen peroxide/methanol prior to
incubation with primary antibody at 4◦C overnight. Pri-
mary antibodies: hnRNP K [3C2], CD3 [SP162], MPO
[ab9535], CD14 [4B4F12] (Abcam, Cambridge, MA),
CD34 [MEC14.7] and c-kit [2B8] (ThermoFisher Scien-
tific, Waltham, MA). Antibody-protein interactions were
visualized with Vectastain Elite ABC and DAB peroxidase
substrate kits (Vector Laboratories, Burlingame, CA) and
counterstained with nuclear fast red.

Peripheral blood analysis

Complete blood counts were performed with an ABX Pen-
tra analyzer (Horiba, Kyoto, Japan) using blood from mori-
bund mice.

RNA-sequencing

RNA was extracted and purified from GFP+ sorted FLCs,
72 h post-infection, using Zymo Quick-RNA columns
(Zymo Research, Irvine, CA). Barcoded, Illumina-stranded
total RNA libraries were prepared using the TruSeq
Stranded Total RNA Sample Preparation Kit (Illumina,
San Diego, CA). Briefly, 250 ng of DNase I-treated total
RNA was depleted of cytoplasmic and mitochondrial ribo-
somal RNA (rRNA) using Ribo-Zero Gold (Illumina, San
Diego, CA). After purification, RNA was fragmented us-
ing divalent cations and double stranded cDNA was syn-
thesized using random primers. The ends of the result-
ing double stranded cDNA fragments were repaired, 5′-
phosphorylated, 3’-A tailed, and Illumina-specific indexed
adapters were ligated. The products were purified and en-
riched by 12 cycles of PCR to create the final cDNA li-
brary. The libraries were quantified by qPCR and assessed
for size distribution using the 4200 TapeStation High Sen-
sitivity D1000 ScreenTape (Agilent Technologies, Santa
Clara, CA) then multiplexed three libraries per lane and se-
quenced on the Illumina HiSeq4000 sequencer (Illumina,
San Diego, CA) using the 75 bp paired end format. The
RNA-sequencing experiments were done in 3 biological
replicates of FLCs infected with EV (n = 3) and hnRNP
K plasmid (n = 3). The data has been deposited to Array
Express (E-MTAB-11886).

RNA-seq and splicing analysis

Fastq files were pseudoaligned using Kallisto v0.44.0 (29)
with 30 bootstrap samples to a transcriptome index based
on the Mus musculus GRCm38 release (Ensembl). The re-
sulting abundance data was further analyzed with Sleuth
v0.30.0 (30) using models with covariates for both batch and
condition. Gene-level 80 abundance estimates were calcu-
lated as the sum of transcripts per million (TPM) estimates
of all transcripts mapped to a given gene. Differential tran-
script abundance was used to inform splice isoform changes.
Wald tests were performed at both the gene and transcript
level for the ‘condition’ covariate with a significance thresh-
old of FDR <10%. Percent spliced in index (PSI) was cal-
culated as previously described (31).

fRIP analysis

Previously published data deposited to the Gene Expression
Omnibus (GSE126479) was cross-referenced with known
tumor suppressors and oncogenes as identified in the COS-
MIC database.

Identification of putative hnRNP K binding sites

As described previously (18), a computer algorithm was
used to scan transcripts of interest for two or more bind-
ing motifs within 19 nucleotides, which are defined as
‘TCCCG’, ‘TCCCT’, ‘TCCCA’, ‘ACCCT’, ‘ACCCA’ or
‘CCCC’.

Fluorescence anisotropy (FA)

Recombinant hnRNP K protein, produced in Es-
cherichia coli as described previously (18), was serially
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diluted in PBS (0.1 nM to 10 �M) and incubated with
6-FAM labelled RNA oligonucleotides. FA values were
measured with excitation wavelength 485 nm and emis-
sion wavelength 528 nm on a Synergy Neo multi-mode
plate reader (BioTek, Winooski, VT). Data was fit to the
following equation: F A = F Ai + Bmax × [oligo]

Kd+[oligo] , where
initial F A is represented by F Ai and the overall change
in F A is represented by Bmax. Oligos: hRUNX1 int3-4
UCUCUUCCCUCCCUCCUUCCCUCCCCCCAU,
hRUNX1 int3-4(mut) UCUGUUCGCUCGCUCGUU
CGCUCGCGCCAU, mRunx1 int3-4 UCCUCCUCCC
UUCCCCUCCCGGUCCCUA, mRunx1 int3-4(mut)
UCCUCCUCGCUUCGCCUCGCGGUCGCUA.

Thermal shift assays

Recombinant hnRNP K protein (18) was incubated with
SYPRO orange dye in the presence of DNA oligos (the
DNA equivalent to RNA oligos used in FA assays). Sam-
ples were heated from 25◦C to 99◦C in PBS buffer and fluo-
rescence was measured at each temperature increment using
a StepOne Plus Real Time PCR System (Applied Biosys-
tem, Foster City, CA). No oligo and no protein controls
were run on each plate. The melting temperature (Tm) of
the protein sample was determined by calculating the first
derivative of fluorescence at each temperature. The temper-
ature at which the change in fluorescence was the lowest was
determined to be the Tm of the sample as in (32).

qPCR for RUNX1 isoforms

RNA from OCI-AML3 cells was extracted using Zymo
Quick-RNA columns (Zymo Research, Irvine, CA). Pu-
rified RNA was reverse transcribed using the iScript
cDNA Synthesis kit (BioRad) to generate cDNA. qRT-
PCR was performed with iTaq Universal SYBR Green
SMX as per instructions on an ABI StepOnePlus Real
Time PCR System. All assays were performed in trip-
licate. Changes in expression were compared using the
Pfaffl method (33) by comparing expression changes be-
tween target genes and the housekeeping control (PPIA
and RPLP0). Primers used were RUNX1 Exon4/5 for-
ward primer (detects full length): CAGATGCAGGATAC
AAGGCAGATC, RUNX1 Exon3/5 forward primer (de-
tects RUNX1 ΔEx4 isoform): AACCTCGAAATACAAG
GCAGATC, RUNX1 universal reverse primer: TCGACT
GGAAAGTTCTGC, PPIA forward: CCCACCGTGTTC
TTCGACATT, PPIA reverse: GGACCCGTATGCTTTA
GGATGA, RPLP0 forward: CCTTCTCCTTTGGGCT
GGTCATCCA and RPLP0 reverse: CAGACACTGGCA
ACATTGCGGACAC.

Protein stability assays

293T cells were stably transduced with tetracycline-
inducible constructs to overexpress RUNX1, either full-
length or lacking exon 4. 0.4 �g/ml doxycycline was added
to cells prior to the addition of cycloheximide (10 �M, Mil-
lipore Sigma, Burlington, MA) with or without MG-132
(10 �M, SelleckChem, Houston, TX) for 1–8 h. Cells were
collected and lysed in NP40 lysis buffer with protease and
phosphatase inhibitors prior to western blot.

Reporter assays

The M-CSF promoter reporter (pMCSF-R-luc Addgene
plasmid #12420; http://n2t.net/addgene:12420; RRID: Ad-
dgene 12420 (25)) was used to assess RUNX1 transcrip-
tional activity. 293T cells were transiently transfected with
luciferase-based reporter plasmids and expression plas-
mids using jetPRIME (Polyplus, New York, NY). Total
DNA quantity was constant across all wells. 48 h post-
transfection, luciferase assay reagent was mixed in a 1:1 ra-
tio with cell lysate (Luciferase Assay System kit, Promega,
Madison, WI). Luciferase activity was measured with Syn-
ergy H4 Hybrid Reader (BioTek, Winooski, VT). Transfec-
tion efficiency for each well was normalized using 62.5 ng of
a pCMV �-galactosidase plasmid, which was co-expressed
in each experiment.

RESULTS

hnRNP K is overexpressed in many AML patient samples and
correlates with poor clinical outcomes

We first assessed hnRNP K protein expression in AML us-
ing a publicly available reverse phase protein array (RPPA)
dataset (22). While hnRNP K expression varied, AML
cases had significantly higher median hnRNP K expres-
sion than healthy human bone marrow (P = 0.0056, Fig-
ure 1A). As expected, a small percentage of cases had de-
creased hnRNP K expression, consistent with previous de-
scriptions of HNRNPK haploinsufficiency corresponding
with del(9q) (34–36). Stratification of patients into high and
low hnRNP K expression groups revealed that high hn-
RNP K expression correlated with a statistically significant
decrease in overall survival (OS; 24.3 months versus 48.7
months; HR 1.9; 95% CI 1.3–2.7; P = 0.00034, Figure 1B),
suggesting that hnRNP K overexpression may be involved
in the pathology of AML.

We considered the possibility that increased levels of hn-
RNP K could be a consequence of mutation. In line with
the findings of others, only 2.9% of AML cases at our insti-
tution were found to have an HNRNPK mutation (Supple-
mental Figure S1A and B) (37–39). Given the discordance
between this small mutational occurrence and the relatively
large proportion of AML cases with elevated hnRNP K
protein levels, we therefore posited that increased hnRNP
K is of the wildtype form.

hnRNP K overexpression impacts the differentiation poten-
tial of fetal liver cells (FLCs)

To evaluate the role of hnRNP K overexpression in myeloid
disease, we harvested murine fetal liver cells (FLCs) col-
lected between embryonic days 13.5 and 16.5, when fetal
livers are heavily enriched in hematopoietic stem and pro-
genitor cells (40). Using a well-established retroviral trans-
duction methodology (23), we infected FLCs with viral vec-
tors overexpressing wild-type hnRNP K or an empty vector
control (Figure 2A and Supplemental Figure S2A). Both
viral vectors contained an IRES element followed by GFP
allowing for fluorescence-based cell sorting. These vectors
also allowed for expression of GFP protein in the empty
vector samples facilitating a meaningful and appropriate
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Figure 1. hnRNP K expression in de novo AML. (A) Relative hnRNP K protein expression as quantified by RPPA. CD34+ cells from healthy human
donor bone marrows (n = 10) are indicated in black. Cells from bone marrows of patients with AML (n = 205) are shown in red and blue. Corresponding
hnRNP K IHC from the bone marrow of healthy donors and AML patients is shown. Scale bar represents 50 �m. P-values were determined using a
two-sided Mann-Whitney test. (B) Overall survival of AML patients with either high hnRNP K protein expression as determined by RPPA (red; n = 45)
or normal/low hnRNP K expression (blue; n = 160). P-values were determined using a Log rank test. Data is publicly available at www.leukemiaatlas.org.

comparison to cells with hnRNP K overexpression (Supple-
mental Figure S2B). Colony formation assays revealed that
hnRNP K-overexpressing FLCs formed more colonies than
empty vector expressing counterparts (P = 0.004, Figure
2B), suggesting that elevated hnRNP K influences the self-
renewal capacity of FLCs. Flow cytometry revealed that hn-
RNP K-overexpressing colonies were composed of fewer
Gr1+CD11b+ mature myeloid cells compared to controls (P
= 0.0286, Figure 2C). However, immature c-kit+Sca-1+ cells
were more prominent in hnRNP K-overexpressing colonies
compared to controls (P = 0.0286, Figure 2D). These data
suggested that hnRNP K overexpression hinders FLC dif-
ferentiation into mature myeloid cells and may be involved
in myeloid differentiation.

Overexpression of wildtype hnRNP K is sufficient to drive
myeloproliferation in mice

To determine if overexpression of hnRNP K alone was suffi-
cient to affect myeloproliferation, we injected murine FLCs
overexpressing wild type hnRNP K or an empty vector con-
trol into sub-lethally irradiated NSG mice. A schematic of
the murine experiment is presented in Supplemental Fig-
ure S3A. Recipients of hnRNP K-overexpressing FLCs had
shortened survival compared to recipients of control FLCs
(median survival 8.1 weeks versus median not reached at
36 weeks, HR 3.0, 95% CI 1.2–7.3, P = 0.018, Figure 3A).
Recipients of hnRNP K-overexpressing FLCs had marked
splenomegaly (P = 0.0039, Figure 3B and C), and histo-
logic evaluation revealed starkly disrupted splenic architec-
ture (Figure 3D).

Recipients of hnRNP K-overexpressing FLCs also har-
bored infiltrating leukocytes in the hepatic parenchyma
that were not present in mice transplanted with empty
vector-containing FLCs (Supplemental Figure S3B). These
hepatic infiltrates observed in recipients of hnRNP K-

overexpressing FLCs were largely negative for CD3, but
positive for c-kit, CD14, and myeloperoxidase (MPO;
Supplemental Figure S3C), indicating that immature
hematopoietic cells and cells of myeloid origin were present
in this organ. Notably, lack of CD3 expression largely ruled
out a graft versus host effect.

Analysis of peripheral blood revealed that recipients
of hnRNP K-overexpressing FLCs had leukocytosis with-
out significant changes in hemoglobin and platelet counts
(Supplemental Figure S3D–F), suggesting hnRNP K-
overexpression appears to selectively affect the leukocyte
compartment in our murine model. Indeed, mature neu-
trophils were less abundant in peripheral blood of mice
transplanted with hnRNP K-overexpressing FLCs, while
circulating monocytes or eosinophils did not differ between
groups (Supplemental Figure S3G–I). On the other hand,
hnRNP K-overexpression caused an increase in lympho-
cytes (Supplemental Figure S3J).

Analysis of bone marrow revealed that recipients of
hnRNP K-overexpressing FLCs had more cellular bone
marrow, as well as an enrichment of myeloid cells when
compared to control recipients (Figure 3E). Taken to-
gether, these data indicate that hnRNP K overexpression
in hematopoietic stem and progenitor cells is sufficient to
drive myeloproliferation in mice.

hnRNP K binds to and influences the alternative splicing of
the RUNX1 transcript

hnRNP K is an RNA-binding protein capable of influenc-
ing many facets of cellular biology including transcription,
translation, and splicing. To elucidate the mechanism by
which hnRNP K affects myeloid development, we first per-
formed RNA-Seq on hnRNP K-overexpressing FLCs (Sup-
plemental Figure S4A, E-MTAB-11886). Pathway analy-
sis uncovered several pathways implicated in cancer, but

http://www.leukemiaatlas.org
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Figure 2. hnRNP K overexpression in murine FLCs. (A) Western blot showing hnRNP K protein levels in FLCs infected with empty vector or hnRNP
K plasmids with quantification (n = 3). Data are represented as mean ± SEM. (B) Representative brightfield images of colonies from FLCs infected with
empty vector or hnRNP K plasmid. Scale bar represents 500 �m. Bar graph depicts quantification of the number of colonies per well in FLCs infected with
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splicing emerged as a highly differentially regulated path-
way (Supplemental Figure S4B). Analysis of alternatively
spliced isoforms resulted in a list of ∼900 differentially
spliced genes (q<0.01), which we cross-referenced against
known oncogenes implicated in hematological malignan-
cies (obtained from COSMIC (41), cancer.sanger.ac.uk).
This resulted in a list of 15 differentially spliced oncogenes

which we then cross-referenced against our previously pub-
lished RNA-immunoprecipitation dataset in OCI-AML3
cells to identify transcripts that hnRNP K directly inter-
acted with (GSE126479).

Here, we identified three putative candidates: XPO1,
RNF213 and RUNX1 (Figure 4A). Given RUNX1’s known
role in leukemogenesis, we further explored its relation-
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ship with hnRNP K. Our splicing data revealed an enrich-
ment in an isoform of the Runx1 transcript, which lacks
exon 4, when hnRNP K is overexpressed (Supplemental
Figure S4C, D). Runx1 isoforms lacking exon 4 (RUNX1
ΔEx4) have also been referred to as Exon 6 in the context
of Runx1c isoform in the literature (31,42,43).

In order to assess the potential of a direct hnRNP K-
RUNX1 interaction, we looked for hnRNP K binding sites
in both mouse and human RUNX1 transcripts. hnRNP K
interacts with RNA enriched in poly(C) residues through
its three K-homology (KH) domains (44). We previously
developed a computer algorithm (18) to detect triple-C se-
quences flanked by pre-specified nucleotides spaced less
than 19 nucleotides apart, a sequence motif known to be
enriched in hnRNP K targets. Using this algorithm, we
identified a conserved hnRNP K binding site near the 3’
splice site of the intron 3- exon 4-junction in both hu-
man and murine sequences (Figure 4B), which is consis-
tent with a previous report of a similar site in the rat
homolog (45).

To assess whether hnRNP K directly bound these sites in
RUNX1 RNA, we performed fluorescence anisotropy as-
says. Purified hnRNP K protein stringently bound the in-
tron 3–4 site in both human and mouse RUNX1 (Kd = 13.5
nM and 14.5 nM respectively, Figures 4C-D). This hnRNP
K-RUNX1 interaction was abrogated when the hnRNP K
consensus binding site was mutated (Kd = 3710 and 425.9

nM respectively, Figures 4C-D), indicating that hnRNP K
binds RUNX1 directly and in a sequence-specific manner.
These findings were confirmed in thermal shift assays, where
hnRNP K was stabilized (i.e. had an increased melting tem-
perature which is indicative of binding) in the presence of an
oligo derived from the human RUNX1 intron 3–4 sequence
(Supplemental Figure S4E). Consistent with the fluores-
cence anisotropy assays, mutations in the hnRNP K binding
site in the RUNX1 oligos resulted in an attenuated increase
in the melting temperature compared to WT RUNX1, indi-
cating a loss in protein/oligo binding (Supplemental Figure
S4E).

Taken together, these findings indicate that hnRNP K di-
rectly associates with the RUNX1 transcript near 3’ splice
site of the intron 3-exon 4 junction in a sequence-specific
manner resulting in enriched expression of the RUNX1
ΔEx4 isoform.

hnRNP K expression levels impact the generation of the
RUNX1Δex4 splice isoform

To explicitly understand the functional impact of hnRNP K
levels on cell viability and RUNX1 splicing, we developed
OCI-AML3 cell lines wherein we could inducibly knock-
down or overexpress hnRNP K upon doxycycline addi-
tion. To determine the functional consequence of altering
hnRNP K levels in human AML cell lines, we performed
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Figure 5. hnRNP K impacts RUNX1 alternative splicing. (A) Ratio of RUNX1 ΔEx4 to RUNX1 full length isoforms as determined by RT-PCR in
OCI-AML3 cells with inducible knock-down of HNRNPK (72 h post-induction, n = 3 per group). Data are represented as mean ± SEM. P-values were
calculated using an ANOVA test with a post-hoc Dunnett’s multiple comparison test. (B) Western blot of hnRNP K and RUNX1 expression in inducible
OCI-AML3 cells with inducible knock-down of HNRNPK, with quantification (72 h post-induction, n = 3 per group). Data are represented as mean ±
SEM. P-values were calculated using an ANOVA test with a post-hoc Dunnett’s multiple comparison test. (C) Ratio of RUNX1 ΔEx4 to RUNX1 full
length isoforms as determined by RT-PCR in OCI-AML3 cells with inducible overexpression of HNRNPK (72 h post-induction, n = 3 per group). Data
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viability assays in OCI-AML3 cells with inducible knock-
down of HNRNPK. Our results indicated that knockdown
of hnRNP K results in a reduced viability of the OCI-
AML3 cells using two different hairpins (targeting Exon 10
in the coding sequence of HNRNPK, shHNRNPK Ex10,
and targeting Exon 16 in the 3’UTR of HNRNPK, shHN-
RNPK Ex16-2) (Supplemental Figure S5A). To quantitate
changes in RUNX1 splicing upon alterations in hnRNP K
levels, we designed qRT-PCR primers spanning the exon 4–
5 junction (for full length RUNX1) and the exon 3–5 bound-
ary (for RUNX1 ΔEx4). Doxycycline-mediated knockdown
of HNRNPK for 72 h using two hairpins targeting HN-
RNPK revealed that decreased hnRNP K expression re-
duced the expression ratio of the ΔEx4 isoform relative to
the full-length isoform of RUNX1 (RUNX1 FL) by about
30–40% (Figure 5A and Supplemental Figure S5A-B). This

observation correlated with a corresponding decrease in the
ratio of RUNX1 �Ex4 to RUNX1 FL on the protein level
as well (Figure 5B).

Conversely, doxycycline-mediated overexpression of hn-
RNP K had a relative enrichment of RUNX1 ΔEx4 tran-
script compared to cells expressing an empty vector con-
trol (Figure 5C and Supplemental Figure S5D-F). Again,
this alteration correlated with an increase in RUNX1 �Ex4:
RUNX1 FL expression at the protein level (Figure 5D,
P = 0.011).

We next explored protein levels of hnRNP K in differ-
ent human AML cell lines: OCI-AML2, AML-193, Nomo-
1 and MOLM13. Here, we observed varying amounts of hn-
RNP K protein in these cells and these levels correlated with
the ratio of RUNX1 ΔEx4 to RUNX1 FL transcript in these
cell lines (Supplemental Figure S5G-H).
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The RUNX1 ΔEx4 splice isoform has increased protein sta-
bility and differential function

Since hnRNP K overexpression leads to relative enrichment
of RUNX1 ΔEx4, we next sought to evaluate functional
consequences of this enrichment. Cycloheximide chase as-
says in cells with inducible expression of RUNX1 FL or
RUNX1 �Ex4 demonstrated that the RUNX1 �Ex4 pro-
tein was substantially more stable than RUNX1 FL protein
(Figure 6A) (42,46). This effect was almost completely ab-
rogated by addition of MG132 (Figure 6B), indicating that
exon 4 is a critical mediator of RUNX1 protein stability
which is consistent with reports that identified domains re-
quired for RUNX1 stability (47).

To understand whether this isoform of RUNX1 ΔEx4
is in part responsible for mediating the hnRNP K-
overexpression phenotype, we repeated colony formation
assays using FLCs. FLCs overexpressing RUNX1 FL had
a slight, non-significant decrease in colonies/well, whereas
FLCs overexpressing RUNX1 �Ex4 formed significantly
more colonies in vitro than FLCs infected with empty vec-
tor (Figure 6C). Both of these observations are consistent
with results from (42). This increase in number of colonies
for the RUNX1 �Ex4 isoform corresponds to our observa-
tions in colony formation assays when overexpressing hn-
RNP K (Figure 2B), suggesting that increased expression

of RUNX1 �Ex4 may be partly responsible for this hnRNP
K-mediated effect.

As RUNX1 is a well-defined transcription factor, we then
queried whether lack of exon 4 would affect the transcrip-
tional capabilities of this protein. Indeed, luciferase assays
indicated that RUNX1 �Ex4 has decreased ability to trans-
activate a promoter-reporter derived from the CSF1R pro-
moter, which is known to have RUNX1 binding sites (25),
compared to RUNX1 FL (Figure 6D). Together, our data
demonstrate that RUNX1 FL and RUNX1 �Ex4 are phe-
notypically and functionally distinct isoforms.

DISCUSSION

Recent advances in our understanding of RNA-binding
proteins (RBPs) have highlighted their importance in regu-
lating hematopoiesis and initiating disease (8,18,48,49). In
this paper, we focused on the RBP hnRNP K, whose expres-
sion is frequently altered in cancers. Using RPPA, we identi-
fied novel changes in protein expression that associated with
poor outcomes in AML. Of particular interest was hnRNP
K, an RNA binding protein which has been previously im-
plicated in the progression of diffuse large B-cell lymphoma,
chronic myeloid leukemia, and associated with poor out-
comes in some solid tumors. Our work demonstrates that
the wild-type form of hnRNP K is overexpressed in AML,
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and that this overexpression correlates with poor patient
outcomes. Overexpression of hnRNP K in murine fetal
liver cells (FLCs) resulted in increased proliferative poten-
tial, and transplantation of hnRNP K-overexpressing FLCs
based on a model developed by the Lowe laboratory (23)
resulted in myeloproliferation. The aberrant myelopoiesis
observed in our mouse model is intriguing for several rea-
sons. We recently described a mouse model wherein B-cell
lymphomas develop secondary to hnRNP K overexpres-
sion in B-cells (18). However, in the current study, no lym-
phomas were observed when hnRNP K was overexpressed
in FLCs. This suggests that hnRNP K overexpression ear-
lier in hematopoiesis promotes a myeloid bias and/or in-
hibits lymphoid differentiation. Consistent with this, mi-
croarray data in human hematopoiesis revealed that HN-
RNPK transcript expression is higher in myeloid-biased
compared to lymphoid-biased progenitor cells (50,51). This
observation, coupled with our previous data showing short-
ened survival and myeloid hyperplasia in mice haploinsuffi-
cient for Hnrnpk (36), suggests that normal hematopoiesis,
particularly in the myeloid lineage, requires exquisitely tight
regulation of hnRNP K expression.

In our data, we observed that FLCs overexpressing hn-
RNP K had higher expression of the RUNX1 isoform lack-
ing exon 4 (RUNX1 ΔEx4). Similarly, we observed an as-
sociation of altered hnRNP K expression in human AML
cells with changes in relative expression of RUNX1 ΔEx4.
Though the magnitude of the effect on the RUNX1 ΔEx4
transcript levels is modest, it is likely physiologically rele-
vant for two reasons. First, RUNX1 �Ex4 is a more stable
protein, thus, subtle increases in RUNX1 ΔEx4 transcript
may have a disproportional impact on protein expression.
Secondly, expression of RUNX1 �Ex4 results in alterations
in its transcriptional activity, as this domain is responsi-
ble for its interaction with the transcriptional co-repressor
SIN3A. Furthermore, this domain also contains arginine
methylation sites, which have been implicated in regulation
of transcriptional activity (52). These mechanisms may in
part explain why overexpression of RUNX1 �Ex4 alone
in FLCs recapitulates the increase in self-renewal capacity
seen with hnRNP K overexpression (Figures 2B and 6C)
(42,46).

Beyond its role in regulating RUNX1 splicing, hnRNP
K is also known to impact the function of Core-Binding
Factor Subunit Beta (CBFB), the transcriptional partner
of RUNX1. A recent study has shown that CBFB asso-
ciates with several transcripts, including RUNX1, through
the RNA-binding properties of hnRNP K to impact their
translation into protein (53). It is plausible that the role of
hnRNP K in regulating the translation of its target tran-
scripts, such as RUNX1, plays a role in this model system.
Additionally, hnRNP K, like many RBPs, is highly multi-
functional, and alterations to splicing of the RUNX1 tran-
script are unlikely to be the sole mechanism driving its onco-
genic functions. Indeed, there are several functions of hn-
RNP K, outside of its impact on RUNX1, that can con-
tribute to its oncogenicity including, but not limited to, its
regulation of SET, PU.1 and MYC (17,18,54–56). The data
presented here provide evidence and lend credence to the
idea that aberrant hnRNP K expression alters the proper
function of the spliceosome and has far-reaching cellular

implications. However, the full impact of such altered ex-
pression warrants further investigation.
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