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Abstract

Background: Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is an RNA-binding protein that is aberrantly expressed in
cancers. We and others have previously shown that reduced hnRNP K expression downmodulates tumor-suppressive pro-
grams. However, overexpression of hnRNP K is the more commonly observed clinical phenomenon, yet its functional conse-
quences and clinical significance remain unknown.
Methods: Clinical implications of hnRNP K overexpression were examined through immunohistochemistry on samples from
patients with diffuse large B-cell lymphoma who did not harbor MYC alterations (n¼75). A novel transgenic mouse model that
overexpresses hnRNP K specifically in B cells was generated to directly examine the role of hnRNP K overexpression in mice (three
transgenic lines). Molecular consequences of hnRNP K overexpression were determined through proteomics, formaldehyde-RNA-
immunoprecipitation sequencing, and biochemical assays. Therapeutic response to BET-bromodomain inhibition in the context of
hnRNP K overexpression was evaluated in vitro and in vivo (n¼3 per group). All statistical tests were two-sided.
Results: hnRNP K is overexpressed in diffuse large B-cell lymphoma patients without MYC genomic alterations. This
overexpression is associated with dismal overall survival and progression-free survival (P< .001). Overexpression of hnRNP K in
transgenic mice resulted in the development of lymphomas and reduced survival (P< .001 for all transgenic lines; Line 171[n¼30]:
hazard ratio [HR]¼64.23, 95% confidence interval [CI]¼26.1 to 158.0; Line 173 [n¼31]: HR¼25.27, 95% CI¼10.3 to 62.1; Line 177
[n¼25]: HR¼119.5, 95% CI¼42.7 to 334.2, compared with wild-type mice). Clinical samples, mouse models, global screening
assays, and biochemical studies revealed that hnRNP K’s oncogenic potential stems from its ability to posttranscriptionally and
translationally regulate MYC. Consequently, Hnrnpk overexpression renders cells sensitive to BET-bromodomain-inhibition in both
in vitro and transplantation models, which represents a strategy for mitigating hnRNP K-mediated c-Myc activation in patients.
Conclusion: Our findings indicate that hnRNP K is a bona fide oncogene when overexpressed and represents a novel
mechanism for c-Myc activation in the absence of MYC lesions.

Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is a sin-
gle-stranded DNA (ssDNA) and RNA-binding protein that regu-
lates a multitude of cellular processes via transcriptional,

posttranscriptional, and translational mechanisms. Because of
its pleotropic effects, increased as well as reduced expression
have been implicated in disease processes (1–6). With specific
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regard to increased expression, elevated hnRNP K levels have
been observed in archived pathologic samples from patients
with high-grade solid tumors (3,7–9). Additionally, hnRNP K has
been implicated as a positive regulator of progrowth genes (ie,
SRC and EIF4E) (10,11). These observations allude to an onco-
genic function of hnRNP K. However, whether elevated hnRNP K
levels can independently act as a driver of cancer remains
unknown.

In the current manuscript, we assessed our working hypoth-
esis that hnRNP K is a hitherto unknown oncogene with the ca-
pacity to drive neoplasms through diverse molecular programs
including c-Myc. To investigate the oncogenic potential of
hnRNP K, we focused on its role in a hematological malignancy
where c-Myc is implicated: diffuse large B-cell lymphoma
(DLBCL). Using DLBCL patient samples, we analyzed the impact
that hnRNP K expression levels had on patient outcomes. To ex-
plore hnRNP K functions, we employed Hnrnpk-overexpressing
transgenic mice and a host of molecular biology and biochemi-
cal assays to elucidate hnRNP K’s role in lymphomagenesis.

Methods

Analysis of hnRNP K Expression Levels in DLBCL Patient
Samples

Patient samples were obtained from the Histopathology Core at
MD Anderson Cancer Center under institutional review board–
approved protocols PA 11–0704 (CBR) and PA 11–0392 (KHY).
Patient consent was obtained at the time of collection in accor-
dance with the Declaration of Helsinki. Immunohistochemistry
was performed as previously described (12), using antibodies
against hnRNP K (3C2, Abcam). Two pathologists independently
scored the hnRNP K expression.

Generation of Em-Hnrnpk Mice

The full-length Hnrnpk cDNA was cloned into the pBSV.E6BK
vector (13), which was used to generate the Em-Hnrnpk trans-
genic mice. All mouse studies were conducted with approval
from the Institutional Animal Care and Use Committee at MD
Anderson under protocol 0000787-RN02.

Mass Spectrometry

Immunoprecipitation was performed using a-hnRNP K (Santa
Cruz Biotechnology, D-6, Dallas, TX) or a-IgG (Abcam, ab18413,
Cambridge, UK) using cytoplasmic and nuclear lysates from
OCI-AML3 cells. Immunoprecipitated proteins were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), silver stained, and prepared for liquid
chromatography-mass spectometry (LC-MS/MS) analysis.
Proteins were identified by searching the fragment spectra
against the Swiss-Prot protein database (EBI) using Mascot
(Matrix Science, London, UK) or Sequest (Thermo Fisher
Scientific, Waltham, MA).

Formaldehyde-RNA Immunoprecipitation (fRIP)

RNA samples for fRIP were prepared using a protocol described
previously (14). The resulting RNA was then converted to cDNA
and subjected to single-read sequencing on an Illumina HiSeq

2000 at a depth of 36 nucleotides per read at the MD Anderson
Sequencing Core.

In Vitro BET-Bromodomain Inhibitor Assays

Splenocytes isolated from El-Hnrnpk (n¼ 5) mice were treated
with JQ1 (100, 300, or 1000 nM), ARV-825 (Arvinas Inc, New
Haven, CT) (1, 3, or 10 nM), or vehicle (dimethyl sulfoxide
[DMSO]) for 24 hours. Cell viability was measured at each har-
vest using trypan blue exclusion.

In Vivo BET-Bromodomain Inhibitor Assays

Lin–CD117+ cells from tumor-burdened El-Hnrnpk mice (n¼ 3)
were injected into matched pairs of irradiated female NSG mice
(age 8–12 weeks). Engrafted mice were treated with vehicle
(DMSO in 10% HP-b-CD) or JQ1 (50 mg/kg delivered in DMSO and
10% HP-b-CD). After three weeks of treatment, mice were killed.
Evaluation of lymphocytes by flow cytometry and complete
blood count (CBC) was performed pre- and posttreatment.

Statistical Analysis

Statistical analyses were performed using Student t tests or
Mann-Whitney tests. Survival analysis and comparison of
curves was performed using the Kaplan-Meier estimator and
log-rank test, respectively. Hazard ratios were obtained via the
Mantel-Haenszel method. P values less than 0.05 were consid-
ered statistically significant. All statistical tests were two-sided.

Detailed descriptions are provided in Supplementary
Materials (available online).

Results

hnRNP K Levels in Patients With DLBCL

To examine whether alterations in hnRNP K expression affect
patients with lymphoid malignancies, we screened samples
from patients with de novo DLBCL without MYC genomic altera-
tions. HNRNPK RNA levels were elevated in CD19+ B cells from
patients with lymphoma (n¼ 15) compared with healthy donors
(n¼ 9, P¼ .04) (Figure 1, A). hnRNP K protein expression was also
found to be elevated in lymph node and bone marrow biopsies
from patients with DLBCL in 7 of 10 samples compared with
controls (activated lymph nodes from healthy donors undergo-
ing tonsillectomy) (Figure 1, B). Furthermore, stratifying DLBCL
patient samples (n¼ 75) by high (n¼ 46) or low (n¼ 29) hnRNP K
expression showed that patients with high hnRNP K expression
had a statistically significant decrease in overall survival (OS)
and progression-free survival (PFS) (median OS and PFS at
<25 months [high hnRNP K] vs median not reached at
>200 months [low hnRNP K], P< .001 and P< .001, respectively)
(Figure 1, C and D; Supplementary Figure 1, A, available online).
Increased hnRNP K expression was also associated with poor
outcomes both in germinal B-cell (GBC) and activated B-cell
(ABC) subtypes of DLBCL and a lack of complete remission
(Table 1; Supplementary Figure 1, B and C, and Supplementary
Table 1, available online). hnRNP K expression was not elevated
in MYC rearranged cases compared with cases with normal
fluorescence in situ hybridization or polysomy cases (P¼ .43).
Together, these results indicate that hnRNP K is overexpressed
in a large subset of patients with DLBCL that do not harbor MYC
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genomic alterations, and this overexpression is associated with
poor clinical outcomes, suggesting that hnRNP K overexpres-
sion may underlie B-cell lymphomagenesis.

Generation and Phenotypic Analysis of Em-Hnrnpk
Transgenic Mice

To directly examine the impact of hnRNP K overexpression
in vivo, we generated three lines of transgenic mice that overex-
press hnRNP K specifically in the B-cell compartment (Em-
Hnrnpk, Lines 171, 173, and 177) (Figure 2, A–D; Supplementary
Figure 2, A–C, available online).

Phenotypically, Em-Hnrnpk mice exhibited a statistically sig-
nificant reduction in survival across all transgenic lines com-
pared with wild-type mice (P< .001 for all lines; Line 171 [n¼ 30]:
hazard ratio [HR]¼ 64.23, 95% confidence interval [CI]¼ 26.1 to
158.0; Line 173 [n¼ 31]: HR¼ 25.27, 95% CI¼ 10.3 to 62.1; Line 177
[n¼ 25]: HR¼ 119.5, 95% CI¼ 42.7 to 334.2, compared with wild-
type mice [n¼ 64]) (Figure 3A).Gross analyses of moribund mice
revealed that Em-Hnrnpk mice had a 12-fold increase in splenic
weight (P¼ .006) and a 3.5-fold increase in hepatic weight
(P¼ .01) (Figure 3, B–E). To more precisely characterize these ma-
lignancies, we performed flow cytometric, morphologic, and im-
munohistochemical analyses. Em-Hnrnpk mice primarily
displayed one of two distinct immunophenotypes as assessed
by flow cytometry. Six of 10 mice expressed the surface markers
B220hi CD43+ CD24+, which is suggestive of a pre-B-cell. The

remaining four mice displayed a B220lo CD43+ CD24+ immuno-
phenotype, indicating a more immature B cell (Supplementary
Figure 3A, available online). These results are reminiscent of Em-
Myc mice, which often exhibit heterogeneous immunopheno-
types (15–18). Morphologically, we observed loss of splenic ar-
chitecture in diseased Em-Hnrnpk spleens compared with wild-
type mice (Figure 3F, hematoxylin and eosin staining) and ex-
pansion of B-cell lineage markers (Figure 3F, PAX5 staining).
Additionally, we observed invasion of B cells throughout the
liver (Figure 3G, B220 staining), with only marginal T-cell infil-
tration (Figure 3G, CD3 staining). In addition to their invasive
nature, Em-Hnrnpk-dependent lymphomas were highly prolifera-
tive as determined by elevated Ki67 levels (Figure 3F). Taken to-
gether, these data indicate that hnRNP K overexpression
directly contributes to lymphomagenesis and that hnRNP K is a
bona fide oncogene when overexpressed.

Even though lymphomas typically reside within hematopoi-
etic tissues, they can extravasate into the peripheral blood. CBC
analyses and Wright staining of peripheral blood from Em-
Hnrnpk mice showed a statistically significant increase in large
unstained cells (LUC) when compared with wild-type mice
(mean [SD] ¼12.2 [2.1]%, (n¼ 23) vs mean [SD] ¼ 1.3 [0.2]%
(n¼ 10), respectively, P¼ .002) (Figure 3, H). To identify compo-
nents that contribute to cell migration and proliferation, we ex-
amined cytokine levels in the serum of mice. Compared with
wild-type mice (n¼ 4), Em-Hnrnpk mice (n¼ 6) had a statistically
significant increase in the lymphocytic proliferative cytokine
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Figure 1. hnRNP K expression levels in DLBCL patient samples. A) Quantitative RT-PCR analysis of HNRNPK levels in CD19+ B cells isolated from patients with lym-

phoma (n¼ 15) and healthy donors (n¼9). Data are represented as the mean 6 SD as determined from triplicate samples after normalization to GAPDH expression. P

values were calculated using a two-sided Student t test. B) Immunohistochemical analyses of hnRNP K levels in activated lymph nodes of healthy donors (tonsils) and

in lymph nodes of patients with DLBCL. The scale bar represents 50mm. C) Kaplan-Meier curve representing overall survival of patients with DLBCL based on high

hnRNP K expression (n¼46) compared with patients with weak or low expression (n¼ 29). Statistical significance was determined by a two-sided log-rank test. D)

Kaplan-Meier curve representing progression-free survival of patients with DLBCL based on high hnRNP K expression (n¼46) compared with patients with weak and/

or low expression (n¼29). Statistical significance was determined by a two-sided log-rank test. DLBCL ¼ diffuse large B-cell lymphoma; hnK ¼ heterogeneous nuclear

ribonucleoprotein K (hnRNP K); RT-PCR ¼ reverse transcription polymerase chain reaction.
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interleukin-9 (IL-9), consistent with observations in DLBCL
patients (19) (P< .001) (Figure 3I). Together, these findings indi-
cate that hnRNP K overexpression promotes the development
of B-cell lymphomas that have the potential to extravasate into
the peripheral blood.

Assessing Transplantability of Cells From Em-Hnrnpk
Mice

To better understand the malignant nature of Em-Hnrnpk cells,
we performed transplantation experiments (Figure 4, A). Mice
transplanted with Em-Hnrnpk cells had a statistically significant
decrease in survival compared with recipients of wild-type cells
(HR¼ 13.19, 95% CI¼ 2.5 to 69.1 for Em-Hnrnpk cell recipients,
wild-type cell recipients survived until the end of the study
[day 100], P¼ .002) (Figure 4B). CBC analyses showed a statisti-
cally significant increase in the number of LUCs in mice trans-
planted with Em-Hnrnpk cells (P¼ .046) (Figure 4C), recapitulating
the phenotypes observed in Em-Hnrnpk transgenic mice. Taken
together, these experiments support the cell-autonomous na-
ture of Em-Hnrnpk cells for driving malignant phenotypes.

Global Analyses to Delineate hnRNP K Function

Our clinical and in vivo observations provide firm evidence that
hnRNP K acts as an oncogene when overexpressed. Given its lack
of enzymatic activity, we postulated that hnRNP K functions as
an oncogene via its DNA-binding (transcriptional), RNA-binding
(posttranscriptional) functions or through protein-protein inter-
actions that alter signaling cascades (2,20,21). Consequently, we
performed mass spectrometry to identify proteins associated
with hnRNP K. hnRNP K predominantly bound to RNA-
processing and ribosomal proteins, insinuating that hnRNP K
may regulate genes primarily at a posttranscriptional level
(Supplementary Figure 4, A–C, available online). We next per-
formed formaldehyde RNA-immunoprecipitation experiments
(fRIP) to identify transcripts bound to hnRNP K. fRIP-Seq experi-
ments revealed that hnRNP K was associated with a number of
transcripts implicated in cancer progression (22) (Supplementary
Figure 4D, available online). When cross-referenced with known
tumor suppressive and oncogenic transcripts implicated in lym-
phomagenesis (23), the MYC transcript emerged as an important
immunoprecipitant of hnRNP K (Figure 5A). Importantly, our fRIP
data revealed an association between hnRNP K and the MYC

Table 1. Clinicopathologic characteristics of patients with diffuse large B-cell lymphoma (DLBCL) with low or high levels of hnRNP K
expression

Characteristic

DLBCL GCB-DLBCL ABC-DLBCL

hnRNP Khigh hnRNP Klow

P*
hnRNP Khigh hnRNP Klow

P*
hnRNP Khigh hnRNP Klow

P*No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)

Age, y
<60 15 (32.6) 12 (41.4) .47 7 (36.8) 9 (56.3) .32 8 (29.6) 3 (23.1) 1.0
�60 31 (67.4) 17 (58.6) 12 (63.2) 7 (43.8) 19 (70.4) 10 (76.9)

Sex
Male 25 (54.3) 19 (65.5) .47 11 (57.9) 10 (62.5) 1.0 14 (51.9) 9 (69.2) .33
Female 21 (45.7) 10 (34.5) 8 (42.1) 6 (37.5) 13 (48.1) 4 (30.8)

Stage
I–II 16 (37.2) 16 (55.2) .15 12 (66.7) 9 (56.3) .73 4 (16.0) 7 (53.8) .02
III–IV 27 (62.7) 13 (44.8) 6 (33.3) 7 (43.8) 21 (84.0) 6 (46.2)

B symptoms
No 25 (61.0) 20 (74.1) .31 13 (76.5) 11 (73.3) 1.0 12 (50.0) 9 (75.0) .28
Yes 16 (39.0) 7 (25.9) 4 (23.5) 4 (26.7) 12 (50.0) 3 (25.0)

Serum LDH levels
Normal 17 (47.2) 13 (52.0) .80 8 (57.1) 9 (64.3) 1.0 9 (40.9) 4 (36.4) 1.0
Elevated 19 (52.8) 12 (48.0) 6 (42.9) 5 (35.7) 13 (59.1) 7 (63.6)

No. of extranodal sites
0 or 1 34 (73.9) 26 (89.7) .14 14 (73.7) 14 (87.5) .42 20 (74.1) 12 (92.3) .24
�2 12 (26.1) 3 (10.3) 5 (26.3) 2 (12.5) 7 (25.9) 1 (7.7)

ECOG performance status
0 or 1 24 (66.7) 22 (88.0) .07 9 (64.3) 13 (92.9) .17 15 (68.2) 9 (81.8) .68
�2 12 (33.3) 3 (12.0) 5 (35.7) 1 (7.1) 7 (31.8) 2 (18.2)

Largest tumor size, cm
<5 18 (52.9) 10 (58.8) .77 9 (60.0) 6 (60.0) 1.0 9 (47.4) 4 (57.1) 1.0
�5 16 (47.1) 7 (41.2) 6 (40.0) 4 (40.0) 10 (52.6) 3 (42.9)

IPI risk group
0–2 21 (50.0) 22 (78.6) .02 11 (64.7) 12 (80.0) .44 10 (40.0) 10 (76.9) .04
3–5 21 (50.0) 6 (21.4) 6 (35.3) 3 (20.0) 15 (60.0) 3 (23.1)

Therapy response
Complete response 23 (50.0) 26 (96.3) <.001 12 (63.2) 16 (100.0) .009 11 (40.7) 12 (92.3) .002

Noncomplete response 23 (50.0) 1 (3.7) 7 (36.8) 0 (0.0) 16 (59.3) 1 (7.7)

*Characteristics are compared by Fisher exact test. P values are two-sided. ABC ¼ activated B-cell–like; ECOG ¼ Eastern Cooperative Oncology Group; GCB ¼ germinal

center B-cell–like; hnRNP K ¼ heterogeneous nuclear ribonucleoprotein K; LDH ¼ lactate dehydrogenase; IPI ¼ International Prognostic Index.
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internal ribosome entry site (IRES) and exon 2 of the MYC coding
sequence (Supplementary Figure 4E, available online). Using a
Burkitt lymphoma cell line (Ramos) and murine splenic lysates,
we confirmed these hnRNP K/MYC interactions via native
RNA-immunoprecipitation assays (RIP) (P< .001 and P¼ .03, re-
spectively) (Figure 5, B and C; Supplementary Figure 4F, available
online).

Because RIP cannot exclude the possibility of a multiprotein
complex containing other RNA-binding proteins, we sought to
determine whether the hnRNP K/MYC interaction was direct.
Using a computer-based algorithm, we scanned the MYC tran-
script for putative hnRNP K-binding sites and identified potential
novel hnRNP K-binding motifs in the MYC IRES and the second
exon of the MYC transcript, consistent with our fRIP analyses. To
test for direct binding between hnRNP K and RNA, we performed
fluorescence anisotropy assays using recombinant hnRNP K pro-
tein (Supplementary Figure 4, G and H, available online). Here, we
observed a specific and stringent interaction between hnRNP K
and the MYC IRES and the MYC exon 2 sequence (Figure 5, D and
E; Supplementary Figure 4I, available online), which was lost
when the hnRNP K consensus sites were mutated.

Elucidating hnRNP K’s Impact on c-Myc Expression

Increased c-Myc expression, a critical hallmark in the pathogen-
esis of lymphomas, is often attributed to MYC translocations or
amplification. However, MYC rearrangements in de novo DLBCL

occur at frequencies well below the incidence of c-Myc overex-
pression (24–26), indicating that alternate mechanisms that in-
crease c-Myc expression must exist. Given our observations
that hnRNP K directly interacts with the MYC transcript, we hy-
pothesized that hnRNP K overexpression represents a novel
mechanism to increase c-Myc levels in the absence of MYC ge-
nomic lesions. To examine this, we evaluated c-Myc expression
levels in our models and observed increased c-Myc expression
in mice (Figure 6A; Supplementary Figure 5A, available online)
and DLBCL patient samples that did not carry MYC alterations
(P¼ .01) (Figure 6, B and C). Conversely, hnRNP K knockdown
resulted in a decrease in c-Myc expression in Ramos cells and
293T cells (Figure 6, D and E), indicating that hnRNP K may regu-
late c-Myc levels.

Next, we sought to determine the mechanisms underlying
hnRNP K-mediated c-Myc regulation. We investigated the effect
of hnRNP K on MYC at transcriptional, posttranscriptional, and
translational levels. In DLBCL patient samples, as well as sam-
ples from healthy and diseased Em-Hnrnpk mice, MYC RNA levels
remained unchanged compared with corresponding controls
(P¼ .90, P¼ .84, and P¼ .20, respectively) (Supplementary
Figure 5,B–D, available online). Therefore, the increase in c-Myc
protein expression was not reflective of a concomitant increase
in MYC RNA. To further examine any potential role in transcrip-
tion, we used luciferase-based transcriptional assays and ob-
served that hnRNP K had only a modest effect on the MYC
promoter (Supplementary Figure 5, E and F, available online),
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suggesting that in this context, hnRNP K primarily exerts its in-
fluence on c-Myc expression posttranscriptionally.

RNA-immunoprecipitation and fluorescence anisotropy
assays, described above, show that hnRNP K bound the MYC
transcript within its IRES and coding sequence. To determine
the functional consequence of the hnRNP K MYC interaction, we
performed RNA stability assays. hnRNP K overexpression in
293T cells increased stability of the MYC transcript (t1/2:
76 minutes [hnRNP K] vs t1/2: 46 minutes [control]) (Figure 6F;
Supplementary Figure 5G, available online). Further, the pres-
ence of hnRNP K binding sites in the IRES of the MYC transcript
alludes to a role for hnRNP K in regulating MYC ribosomal load-
ing (27). To assess the effect of hnRNP K in regulating the trans-
lation of MYC mRNA, we performed polysome assays in 293T
cells and observed a global change in the translational profile of
cells transfected with siHNRNPK. Specifically, there was a dra-
matic increase in the monosomes accompanied by a minimal
decrease in the polysome fractions (Figure 6G), consistent with
previously published data (27). Although hnRNP K knockdown
caused a global increase in the monosome fraction, there was a
statistically significant decrease in the amount of MYC mRNA
bound to monosomes, (Figure 6H), suggesting that there may be
defective loading of the MYC mRNA onto the ribosomes when
hnRNP K levels are reduced. We next used a luciferase-based re-
porter system to assess the effects of hnRNP K on the MYC IRES
in vitro. Luciferase-reporters containing the entire MYC IRES or
a short stretch of the MYC IRES (used in our fluorescence anisot-
ropy assays) showed greater luciferase activity compared with
the empty vector controls and the reporter containing the MYC
IRES with mutated hnRNP K sites (Supplementary Figure 5H,

available online). These results indicate that hnRNP K interacts
with, stabilizes, and influences the ribosomal loading of the
MYC transcript. Together, these effects contribute to elevated c-
Myc expression. Our studies, therefore, reveal a novel mecha-
nism for driving c-Myc expression when the MYC locus is nei-
ther amplified nor translocated.

Assessing the Efficacy of Bromodomain Inhibition in
hnRNP K-Dependent B-Cell Lymphomas

Given that hnRNP K overexpression directly contributes to the
expression of c-Myc in vivo, we next sought to investigate
whether these effects could be therapeutically mitigated.
Although no drug currently exists for directly targeting
hnRNP K’s interactions with MYC, BET-bromodomain inhibitors
such as JQ1 (28) and BRD4-PROTACs such as ARV-825(29), both
of which inhibit MYC transcription and consequently reduce the
amount of transcript available to be translated (30), have been
shown to be effective in tumors with elevated c-Myc. Thus, in
the context of hnRNP K overexpression, reducing the pool of
MYC transcripts may be an effective way to mitigate hnRNP K’s
oncogenic functions. To assess this, we treated splenocytes
from Em-Hnrnpk mice (n¼ 5) with increasing doses of JQ1 or
ARV-825 and observed a statistically significant decrease in via-
bility at 24 (Figure 7A), 48, and 72 hours (Figure 7B) compared
with vehicle (DMSO).

To examine the efficacy of bromodomain inhibitors in vivo,
we treated CD45.1+ NSG mice transplanted with CD45.2+ Em-
Hnrnpk cells with JQ1 for 21 days and observed a statistically
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significant reduction in the number of CD45.2+ donor cells in the
transplanted NSG mice (P ¼ .045, n¼ 3) (Figure 7, C and D) and re-
duced tumor burden in the spleen compared to the vehicle con-
trol (P ¼ .03, n¼ 3) (Figure 7E). Mechanistically, we observed that
JQ1 reduced c-Myc protein levels in OCI-AML3 and Ramos cell
lines as previously published (31) (Figure 7, F and G). Intriguingly,
JQ1 treatment also resulted in a moderate reduction in hnRNP K
protein levels (Figure 7, F and G). Using RNA-immunoprecipitation
assays, we observed a reduced interaction between hnRNP K and
the MYC transcript following JQ1 treatment (Figure 7, H and I).
However, this is likely due to reduced MYC transcript levels on JQ1
treatment, which limits the pool of MYC transcript available to
hnRNP K (Supplementary Figure 6,A and B, available online). JQ1
did not to appear to affect the efficiency of the interaction of
hnRNP K to MYC (Supplementary Figure 6, C and D, available on-
line), suggesting JQ1 does not inhibit the hnRNP K/MYC interac-
tion. Even though we are currently unable to directly target
hnRNP K or c-Myc in vivo, JQ1 indirectly targets these oncogenic
molecules, and these results demonstrate the efficacy of BET-
bromodomain inhibitors in hnRNP K and c-Myc-overexpression-
dependent B-cell malignancies.

Discussion

In this study, we evaluate the role of hnRNP K overexpression in
lymphomagenesis. Herein, we observed that DLBCL patients

with high hnRNP K expression suffered poor clinical outcomes
compared with patients with lower hnRNP K levels. Mouse
models that specifically overexpress hnRNP K in the B-cell com-
partment exhibited a highly penetrant lymphoma phenotype
and had reduced survival compared with wild-type mice.
Molecularly, we observed that high hnRNP K expression
resulted in increased c-Myc levels in mouse models and DLBCL
patient samples. Mechanistically, we observed that hnRNP K
exerts oncogenic functions through posttranscriptional and
translational regulation of the MYC transcript. These results
suggest that overexpression of hnRNP K may force c-Myc ex-
pression and contribute to the pathogenesis of DLBCL in the ab-
sence of MYC genomic aberrations. Taken together, our results
indicate that hnRNP K behaves as an oncogene when
overexpressed.

In contrast to our current observations, we and others have
previously demonstrated that haploinsufficiency or reduced
hnRNP K expression also contributes to tumor development by
dampening the response of the p53 pathway (4,6,32,33).
Reconciling hnRNP K’s tumor-suppressive and oncogenic roles
is perplexing, but extant literature offers insights into the ratio-
nale behind hnRNP K’s dual functionality. First, hnRNP K is a
highly pleiotropic RNA and ssDNA-binding protein that influen-
ces transcription, translation, and splicing. Thus, perturbations
in its expression may lead to the inappropriate expression of
target proteins resulting in growth or differentiation advan-
tages. This pleiotropy offers a plausible rationale for the
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observation that loss (34–38) and gains (39–41) in expression
negatively affect clinical outcomes and disease. Second, it is en-
tirely plausible that an insufficiency of hnRNP K allows for
paths to tumorigenesis distinct from that of overexpression, as
HNRNPK loss results in diminished activation of tumor suppres-
sors (4,6,32), whereas overexpression of hnRNP K has been
linked to activation of proliferative programs (10,42). These
observations suggest that hnRNP K may have its hand both on
the throttle and the brake of cellular programs that influence

tumor formation and that any changes in its expression may re-
sult in neoplastic formation.

Although these dual oncogenic and tumor-suppressive func-
tions are biologically interesting, dose-dependent events also
create a perplexing therapeutic challenge. A prudent treatment
strategy for tumors harboring alterations in proteins with dual
tumor suppressor/oncogenic functions must be context-
specific. In the context of hnRNP K overexpression, directly tar-
geting hnRNP K or ablating its critical downstream targets may
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represent a viable therapeutic strategy. Because no established
hnRNP K-specific therapies currently exist and given hnRNP K’s
relationship with c-Myc, and the notion that c-Myc can be indi-
rectly targeted with BET-bromodomain inhibitors (eg, JQ1 and
ARV-825), we evaluated the efficacy of BRD4 inhibition.
Bromodomain inhibition was efficacious in our model system,
resulting in a decrease in c-Myc levels and reduced disease bur-
den. Surprisingly, we also observed that JQ1 affects hnRNP K
protein levels via a mechanism that remains to be determined.
These results suggest that BET-bromodomain inhibitors could
be an effective therapeutic modality in the treatment of malig-
nancies characterized by hnRNP K overexpression, particularly
when c-Myc levels are elevated secondarilyy to increased
hnRNP K.

Given the dual functionality of hnRNP K and the fact that its
bevy of functions have not been fully elucidated, there are some
limitations to our study. This point is highlighted by the fact
that hnRNP K has the capacity to regulate gene expression and
signaling pathways beyond MYC. Thus, much work remains to
fully understand how hnRNP K affects disease progression.
Secondly, both overexpression and reduced expression of
hnRNP K have been implicated in various malignancies, yet
it remains enigmatic whether cell context or differentiation
states affect the oncogenic or tumor-suppressive functions of
hnRNP K in a given setting. Finally, given the retrospective na-
ture of our clinical observations, future studies will be useful to
assess the levels and role of hnRNP K in patients at different
stages of disease and/or treatment.

In summary, our findings provide strong evidence that wild-
type hnRNP K behaves as an oncogene when overexpressed.
From a clinical perspective, hnRNP K overexpression may repre-
sent a novel mechanism for stimulating c-Myc expression in
the absence of MYC alterations. This could have far-reaching
implications for lymphoma patients, particularly those who do
not harbor MYC amplifications or translocations and may bene-
fit from hnRNP K screening for the purpose of risk stratification
or potential inclusion in clinical trials using BET-bromodomain
inhibitors. Finally, the challenge of improving outcomes for
patients with DLBCL and other hnRNP K-overexpressing malig-
nancies emphasizes the need to better understand the biology
of this dual oncogene/tumor suppressor.
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