
Laboratory Investigation (2020) 100:1589–1601
https://doi.org/10.1038/s41374-020-0466-8

ARTICLE

The HNRNPA2B1–MST1R–Akt axis contributes to epithelial-to-
mesenchymal transition in head and neck cancer

Amit Gupta1,3 ● Sandhya Yadav1 ● Archana PT1,4 ● Jharna Mishra2 ● Atul Samaiya2 ● Rajendra Kumar Panday2 ●

Sanjeev Shukla 1

Received: 2 December 2019 / Revised: 23 June 2020 / Accepted: 23 June 2020 / Published online: 15 July 2020
© The Author(s), under exclusive licence to United States and Canadian Academy of Pathology 2020

Abstract
The deregulation of splicing factors and alternative splicing are increasingly viewed as major contributory factors in
tumorigenesis. In this study, we report overexpression of a key splicing factor, heterogeneous nuclear ribonucleoprotein
A2B1 (HNRNPA2B1), and thereby misregulation of alternative splicing, which is associated with the poor prognosis of
head and neck cancer (HNC). The role of HNRNPA2B1 in HNC tumorigenesis via deregulation of alternative splicing is not
well understood. Here, we found that the CRISPR/Cas9-mediated knockout of HNRNPA2B1 results in inhibition of HNC
cells growth via the misregulation of alternative splicing of MST1R,WWOX, and CFLAR. We investigated the mechanism of
HNRNPA2B1-mediated HNC cells growth and found that HNRNPA2B1 plays an important role in the alternative splicing
of a proto-oncogene, macrophage stimulating 1 receptor (MST1R), which encodes for the recepteur d’origine nantais
(RON), a receptor tyrosine kinase. Our results indicate that HNRNPA2B1 mediates the exclusion of cassette exon 11 from
MST1R, resulting in the generation of RONΔ165 isoform, which was found to be associated with the activation of Akt/PKB
signaling in HNC cells. Using the MST1R-minigene model, we validated the role of HNRNPA2B1 in the generation of
RONΔ165 isoform. The depletion of HNRNPA2B1 results in the inclusion of exon 11, thereby reduction of RONΔ165
isoform. The decrease of RONΔ165 isoform causes inhibition of Akt/PKB signaling, which results in the upregulation of E-
cadherin and downregulation of vimentin leading to the reduced epithelial-to-mesenchymal transition. The overexpression of
HNRNPA2B1 in HNRNPA2B1 knockout cells rescues the expression of the RONΔ165 isoform and leads to activation of
Akt/PKB signaling and induces epithelial-to-mesenchymal transition in HNC cells. In summary, our study identifies
HNRNPA2B1 as a putative oncogene in HNC that promotes Akt/PKB signaling via upregulation of RONΔ165 isoform and
promotes epithelial to mesenchymal transition in head and neck cancer cells.

Introduction

Head and neck cancer (HNC) is a heterogeneous disease,
comprising of tumors that arise from the lip, oral cavity,
hypopharynx, oropharynx, nasopharynx, or larynx. HNC is
one of the leading causes of cancer-associated deaths and is
expected to rise by 30% in 2020 [1]. HNC is considered one
of the highly aggressive malignancies, at eighth place
worldwide [2, 3]. The annual incidence of HNC worldwide
is predicted to be more than 550,000 cases, with around
300,000 associated deaths [4, 5]. In Southeast Asian
countries, particularly in India, the incidences of HNC
occurrence are reported to be high among the male popu-
lation [1, 4], associated with late diagnosis and poor prog-
nosis [6]. Despite having improved treatment modalities,
the advanced stage HNC control rate is just 40% for 5 years
[7], and the overall survival rate of HNC patients remains
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poor [8]. This indicates the urgent need for the identification
of new molecular therapeutic targets.

The heterogeneous nuclear ribonucleoproteins (HNRNP)
represent a large family of RNA-binding proteins that are
expressed in almost all tissue types [9]. These proteins
majorly regulate the process of alternative splicing [10] and
are also reported to be involved in mRNA trafficking,
transcriptional regulation, and translation [9, 11, 12]. The
investigation of HNRNPs role in the regulation of gene
expression is receiving increased interest. Interestingly,
various members of HNRNP family are reported with
deregulated expression in many diseases, including cancer.
Moreover, few of the HNRNPs are investigated for their role
in growth and development of cancer cells [13, 14]. The
heterogeneous nuclear ribonucleoprotein A2B1
(HNRNPA2B1) is one of the highly expressing cellular
proteins [9] and reported to be involved in mRNA splicing,
trafficking, and mRNA translation [15–17]. Intriguingly, the
overexpression of HNRNPA2B1 has been observed in var-
ious malignancies [18–20] and shown to promote onco-
genesis via regulating the transcription as well as alternative
splicing of multiple cancer-specific isoforms [17, 21, 22].
Recent reports have shown that the process of alternative
splicing is widely dysregulated in cancer cells and promotes
the expression of cancer-specific isoforms that remains
absent in normal cells [21, 23–29]. The changes in alter-
native splicing due to aberrant expression of splicing reg-
ulators are evolving as the basis of tumorigenesis,
metastasis, and chemotherapeutic resistance thus holds a
strong potential to be exploited for therapeutic development.

The HNRNPA2B1 has been shown to affect the process of
alternative splicing of various genes and promotes the
expression of cancer-specific isoforms [30]. Similarly, the
macrophage stimulating 1 receptor (MST1R), which encodes
for recepteur d’origine nantais (RON), is reported to have
multiple alternatively spliced isoforms [31–33]. The MST1R
is a member of the MET family of receptor tyrosine kinases,
which is observed to be deregulated in various malignancies
[34–36] and positively correlates with tumor aggressiveness
and metastasis [37]. However, MST1R validation as a
molecular target has remained a challenge due to production
of various isoform in cancer cells, which remains absent in
normal cells. Notably, one of the cancer-specific isoforms of
MST1R is generated by exclusion of exon 11 in the final
transcript, which is known as RONΔ165. The expression of
RONΔ165 isoform is reported in different cancers, including
breast, ovarian, pancreatic, and colon cancer [33, 38, 39]. The
RONΔ165 is known for self-activation and constitutively
signals for activation of various downstream signaling path-
ways, which in turn promotes the invasive behavior of cancer
cells and ultimately promotes cellular transformation [40, 41].
Previous reports have identified the role of mutation and a
handful of splicing regulators that impacts the splicing of

exon 11 in the final transcript [42–45]. These studies clearly
indicate that the splicing of MST1R and expression of
RONΔ165 is highly regulated, and the role of the splicing
regulator is partially understood. Several preclinical studies
have highlighted MST1R as a potential target for anticancer
therapy [46, 47]. While complete understanding of the
MST1R splicing mechanism and the regulatory proteins might
help us to identify novel drug targets.

In this study, we have investigated the role of
HNRNPA2B1 in head and neck oncogenesis. We observed
that HNRNPA2B1 exhibits a high degree of expression in
HNC tumor tissue compared with paired normal. Interest-
ingly, we observed that increased expression of
HNRNPA2B1 modulates the alternative splicing of MST1R
and promotes the expression of RONΔ165 isoform. Further
observation identified that RONΔ165 isoform of MST1R
well correlated with the increased activation of the Akt/PKB
pathway and epithelial-to-mesenchymal transition (EMT)
by increasing the expression of a mesenchymal marker,
vimentin, and decreasing the expression of epithelial marker
E-cadherin. Conclusively, our study shows that
HNRNPA2B1–MST1R–Akt/PKB axis is crucial for cancer
cell growth and can be exploited for the development of
new molecular therapeutics.

Materials and methods

HNC sample collection

The HNC tissue and paired normal tissue were obtained
from Bansal Hospital. After surgery, tumor and adjacent
normal tissue pairs were collected and immediately snap-
frozen and stored at −80 °C until further use. Informed
consent was obtained from patients undergoing surgery for
HNC at Bansal Hospital, Bhopal, India. This study was
approved by the Institute Ethics Committee. Clinical char-
acteristics of patients used in the study are presented in
Supplementary Tables S1 and S2.

Cell culture

Human HNC cell lines H413 (ECACC 06092007) and
H157 (ECACC 07030901) were obtained from the Eur-
opean Collection of Authenticated Cell Culture (ECACC,
Salisbury UK). The cell line was cultured in the ECACC
recommended media, supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific, USA), 100 units/ml of
penicillin and streptomycin (Thermo Fisher Scientific,
Waltham, USA), 2 mM L-glutamine (Sigma, Saint Louis,
USA), and 0.5 µg/ml sodium hydrocortisone succinate
(Sigma, Saint Louis, USA). The cell line was cultured in a
humidified atmosphere at 37 °C and 5% CO2.
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Cell viability assay/MTT assay

HNRNPA2B1-depleted H413 cells were seeded in 96-well
culture plates (4 × 103 cell/well) and cultured for 0, 12, 24,
and 48 h (in triplicate for each condition). Post incubation,
the 10 µl MTT (Sigma, Saint Louis, USA) stock solution
(2 mg/ml) was added to each well and incubated for 2 h in
the dark. Post incubation, formazan crystals formed in the
cells were solubilized using dimethyl sulfoxide, and the
optical density was analyzed at 570 and 750 nm using plate
reader BioTek Eon (BioTek, Winooski, USA)

Wound-healing assay

The HNRNPA2B1-depleted H413 cells were seeded in a
12-well plate (1 × 105 cells/well), and the cells were cul-
tured till 100% confluency. The wound was created using
200 μl pipette tip, sequentially, the cells were washed with
1× PBS for two times to remove cellular debris. The
wounds were visualized at 10× with an inverted microscope
(Olympus, Tokyo, Japan), and three random images were
captured for indicated time points. The wound width was
measured using Q-Capture software and the graph was
plotted with GraphPad Prism5 (La Jolla, CA, USA).

Transwell invasion assay

The transwell invasion assay was performed as described
earlier [48]. Briefly, the HNRNPA2B1-depleted, control,
and HNRNPA2 overexpressing H413 cells were serum-
starved for 24 h and followed for invasion assay. The H413
(2 × 104) cells were resuspended in serum-free media and
added to the upper chamber of transwell (Corning, NY,
USA) over Matrigel (Corning, Bedford, MA, USA) layer
and the lower chamber was filled with 10% FBS containing
media. The cells were incubated for 24 h in cell culture
incubator. The nonmigrated cells in the upper layer of
Matrigel were removed, and cells migrated to the lower
chamber of transwell were fixed in 4% paraformaldehyde,
stained with 0.05% crystal violet, and five random fields
were counted using an inverted microscope (Olympus,
Tokyo, Japan).

Quantitative real-time reverse transcriptase-PCR
(qRT-PCR)

Total RNA was extracted from cultured H413 and H157,
HNC cells using Trizol (Thermo Fisher Scientific, Wal-
tham, USA) according to the manufacturer’s instruction.
RNA was quantified using BioSpectrometer (Eppendorf,
Hamburg, Germany). The 1 µg of total RNA was reverse
transcribed by Superscript complementary DNA (cDNA)
synthesis kit (Thermo Fisher Scientific, Waltham, USA) as

per the manufacturer’s instructions. The experiment was
done using SYBR green (Promega, Fitchburg, Wisconsin,
USA) with light cycler 480 II (Roche, Basel, Switzerland)
according to the manufacturer’s protocol. Primers were
designed using the IDT Primer Quest tool (https://www.
idtdna.com/). Primers used in this study are mentioned in
Supplementary Table S3. The average cycle thresholds of
independent experiments were calculated and normalized to
housekeeping control gene RPS16 for HNC cells using the
formula [2(Ct control− Ct target)]. The Student’s t test was fol-
lowed to compare gene expression between two different
groups. P < 0.05 was considered as statistically significant.

Immunoblotting

The HNC tissues were first crushed and powdered by fol-
lowing liquid nitrogen-mediated freezing in a mortar pestle.
The powdered cells were lysed in NP-40 lysis buffer.
Similarly, the H413 and H157, HNC cells were trypsinized
and washed with ice-cold 1X PBS and lysed with NP-40
lysis buffer. The protein was quantified using Bradford
assay and was separated on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore,
Burlington, USA). The protein carrying PVDF membranes
were blocked with 5% skimmed milk and probed with
different primary antibodies: anti-HNRNPA2B1 (Abcam,
Melbourne, Australia), anti-GAPDH (Cell Signaling Tech-
nology, Beverly, MA, USA), anti-phosphoAkt (Cell Sig-
naling Technology, Beverly, USA), anti-pan Akt (Cell
Signaling Technology, Beverly, USA), anti-E-cadherin
(Abcam, Melbourne, Australia), anti-vimentin (Abcam,
Melbourne, Australia), anti-ZEB1 (Cell Signaling Tech-
nology, Beverly, MA, USA), anti-SLUG (Cell Signaling
Technology, Beverly, MA, USA), anti-TWIST2 (Sigma,
Saint Louis, USA), and anti-Flag (Novus Biologicals, CO,
USA) in a 1:1000 dilution. After 2 h of primary antibody
incubation at room temperature, membranes were washed
with 1× TBST (tris-buffered saline and Tween-20) three
times and incubated with secondary antibodies Alexa-Flour
680 anti-rabbit IgG (Thermo Fisher Scientific, Waltham,
MA, USA) and Alexa-Flour 790 goat anti-mouse IgG
(Thermo Fisher Scientific, Waltham, MA, USA) for 45 min
at room temperature, in dark. The membrane was washed
with 1X TBST three times, and bands were visualized using
the Odyssey membrane scanning system (Li-Cor Bios-
ciences, Bad Homburg, Germany).

Immunohistochemistry (IHC)

The tissue specimens were sectioned using a manual
microtome and fixed on a poly L-lysine coated slide.
Post antigen retrieval, the sections were stained with an
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anti-HNRNPA2B1 antibody (1:100; Abcam, Melbourne,
Australia) for 2 h in a wet chamber. Post incubation, the
Vectastain kit (PK-8200, Burlingame, CA, USA) protocol
was followed as per the manufacturer’s protocol. The
degree of immunostaining was reviewed by an unbiased
pathologist and scored semiquantitatively. The staining
index divided as: + as week, ++ as moderate, and +++ as
strong staining.

Cloning

The HNRNPA2 overexpression plasmid was constructed by
amplifying the hnRNPA2 fragment from H413 cells cDNA
using Q5 Hotstart High-Fidelity DNA Polymerase (New
England Biolabs, MA, USA). The primers used for ampli-
fication are mentioned in Supplementary Table S3. The
hnRNPA2 product was cloned between the EcoRI and XhoI
sites in the PCMV-3Tag1A expression vector (Agilent
Technologies, Santa Clara, CA, USA).

Construction of dual chromatic MST1R minigene

The MST1R/RON gene region from exon 10 to 12,
including the introns, was selected for the minigene con-
struction. MST1R/RON gene was PCR amplified from
human genomic DNA (HEK293) in two halves. The first
half extended from exon 10 to middle of exon 11 (75th bp).
EcoRI restriction site and start codon were placed before
exon 10. An extra base pair was inserted after the 75th bp of
exon 11 in the first half such that if exon 11 is included, it
will result in reading frameshift. The second half extended
from 76th bp of exon 11 to exon 12. The two halves of RON
were joined by overlap extension PCR (OE-PCR). The
eGFP gene was PCR amplified from pEGFP-n1 vector
without the initiation codon. A stop codon and BamHI
restriction site were inserted at the end of eGFP gene
through PCR. RON and eGFP genes were sewed together
by OE-PCR. The entire RON-GFP construct was cloned
into EcoRI/BamHI site of pmCherry-N1 vector (Supple-
mentary Fig. S4a). The primers used for MST1R-minigene
construction are mentioned in Supplementary Table S3.

HNRNPA2B1 knockout

The HNRNPA2B1 specific guide RNA was identified using
Genetic Perturbation Platform, Broad Institute, and cloned
in pLentiCRISPR-E vector (78852, Addgene, Watertown,
USA) by following the Zhang Lab short guide RNA cloning
protocol. The HNRNPA2B1guide RNA cloned
pLentiCRISPR-E vector was transfected in H413 and H157,
HNC cells. Post transfection, cells were cultured and
selected with 1 µg/ml puromycin for 5 days. The selected
cells were cultured and used for downstream applications.

Oncomine and MiPanda data analysis

The expression of HNRNPA2B1 was analyzed using the
Oncomine database (https://www.oncomine.org/resource/
login.html) as well as in MiPanda database (http://www.
mipanda.org), and among various cancers, HNC profiles
were selected for further investigation. The expression of
HNRNPA2B1 was analyzed in HNC normal and tumor
tissues as per the experimental requirement. The analyzed
expression data and graphs were exported for
representation.

Survival analysis

The data of survival correlation with HNRNPA2B1
expression was obtained from the protein atlas database
(https://www.proteinatlas.org/). The expression of
HNRNPA2B1 was analyzed in HNC tissues as well as in
other cancer types. The data was classified into low-
expression and high-expression groups, and Kaplan–Meier
survival curve analysis was followed.

Densitometric analysis

Densitometric analysis was performed using ImageJ soft-
ware suit. Briefly, the band intensity was calculated with
ImageJ and normalized with a respective loading control.
The normalized control values were further normalized to
one, and the protein fold change was calculated using
control values.

Statistical analysis

The statistical analysis in this study was performed with
GraphPad Prism5 (La Jolla, CA, USA). The differences
between the two groups were compared using an unpaired
two-tailed Student’s t test. The differences between three or
more groups were calculated using a one-way analysis of
variance by the Newman–Keuls test. The differences
were considered statistically significant with *P < 0.05,
**P < 0.01, and ***P < 0.001, ns nonsignificant difference
(P > 0.05).

Results

HNRNPA2B1 is overexpressed in HNC and confers
poor clinical outcome

To understand the effect of HNRNPA2B1 in HNC, we
analyzed the expression of HNRNPA2B1 in HNC profiles
using The Cancer Genome Atlas (TCGA) and MiPanda
database, which showed the significant overexpression of
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HNRNPA2B1 in tumor samples (Fig. 1a, b). To further
strengthen our observation, we analyzed HNRNPA2B1
expression in few more HNC profiles using the Oncomine
database, which showed consistent observation with sig-
nificantly increased expression of HNRNPA2B1 in head and
neck tumor tissue in comparison with normal tissue
(Fig. 1c–e and Supplementary Fig. S1a).

Furthermore, the HNRNPA2B1 expression was vali-
dated at the protein level by immunoblotting and IHC in

HNC tumor and paired normal tissues. The immunoblotting
and IHC showed highly increased expression of
HNRNPA2B1 (Fig. 1f, g and Supplementary Fig. S1b, c),
which was consistent with RNA profile expression. Inter-
estingly, we also noticed that HNRNPA2B1 expression and
its cytoplasmic localization positively correlated with
higher-grade HNC in comparison with low-grade HNC
(Fig. 1g and Supplementary Fig. S1c). This observation
indicates that HNRNPA2B1 cytoplasmic localization might

Fig. 1 HNRNPA2B1 expression in head and neck cancer.
HNRNPA2B1 expression analysis in different head and neck cancer
profiles. a HNRNPA2B1 expression analysis using RNAseq database
MiPanda. b HNRNPA2B1 expression analysis using the TCGA
dataset. HNRNPA2B1 expression analysis using Oncomine database
(c) Peng, (d) Cromer, and (e) Estilo. f Immunoblotting of

HNRNPA2B1 in head and neck cancer tumor and paired normal
samples. g Immunohistochemistry analysis for the expression as well
as localization of HNRNPA2B1 in head and neck cancer tumor
samples. Scale bar= 125 µm. TPM transcript per million, H & E
hematoxylin and eosin.
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be critical for cancer advancement. Moreover, we also
observed that higher expression of HNRNPA2B1 correlates
with poor survival of HNC patients (Supplementary
Fig. S1d) and the negative correlation of HNRNPA2B1
expression with patient survival is not limited to HNC but
includes liver, renal, and prostate cancer as well (Supple-
mentary Fig. S1e). Collectively, we observed that
HNRNPA2B1 is overexpressed and positively correlates
with higher grades of HNC and confers poor prognosis.

HNRNPA2B1 promotes cellular proliferation,
migration, and invasion of HNC cells

The elevated expression of HNRNPA2B1 in the HNC
tumor sample prompted us to investigate its role in tumor-
igenesis. To understand the role of HNRNPA2B1 in HNC
tumorigenesis, we depleted the expression of HNRNPA2B1
in H413 HNC cells using CRISPR/Cas9 (Fig. 2a).
Sequentially, we identified the involvement of
HNRNPA2B1 in cellular proliferation via MTT assay. We
observed a significant reduction in cellular proliferation in
HNRNPA2B1-depleted cells in comparison with control
cells (Fig. 2b). Our observation was consistent with the
previous reports wherein HNRNPA2B1 overexpression is
reported to promote breast and cervical cancer cell

proliferation [49]. Notably, previous reports indicated a
possible role of HNRNPA2B1 in invasion and migration of
breast cancer and pancreatic cancer cells [49, 50]; however,
the role of HNRNPA2B1 in migration and invasion of HNC
cell remained unexplored. Hence, we investigated the
invasive and migratory behavior of HNRNPA2B1-depleted
HNC cells through Matrigel invasion assay and wound-
healing assay, respectively. We observed a significantly
compromised migration and invasive behavior of
HNRNPA2B1-depleted HNC cells (Fig. 2c, d). These
results indicate that HNRNPA2B1 promotes cellular pro-
liferation, cell migration, and invasion in HNC cells, and
thereby promotes head and neck tumorigenesis.

HNRNPA2B1 promotes EMT via alternative splicing
of MST1R

The HNRNPA2B1 is shown to promote the oncogenesis via
regulating alternative splicing [51, 52]. Hence, to under-
stand the role of HNRNPA2B1 in alternative splicing of
few of the target genes [53] in HNC, we analyzed the dif-
ferential splicing pattern of WWOX, CFLAR, and MST1R in
HNC cells. We observed an enhanced expression of the
full-length isoforms of target genes, WWOX (inclusion of
exon 6–8) [53], CFLAR (exclusion and inclusion of exon 7)

Fig. 2 HNRNPA2B1 depletion reduced in vitro tumorigenesis of
head and neck cancer cell. a Immunoblotting of HNRNPA2B1 in
HNRNPA2B1-depleted head and neck cancer cell line, H413.
b Relative cellular proliferation analyzed using MTT assay in
HNRNPA2B1-depleted H413 cells. (n= 3). c Cell migration was
analyzed through wound-healing assay, (left) wound was observed

under the microscope, scale bar 500 µm, and (right) quantification of
wound width (n= 3). d The cell invasion was analyzed via Matrigel
invasion assay, (left) single field of invaded cells was captured under
the microscope, scale bar: 250 µm, and (right) invaded cells were
counted at five different fields under the microscope (n= 3).
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[54], and MST1R (inclusion of exon 11) upon
HNRNPA2B1 depletion (Fig. 3a, b, d). Notably, we
observed much-pronounced effect of HNRNPA2B1 on
MST1R splicing in comparison with other candidate genes;
hence, we focused more on investigating the effect of
MST1R splicing switch on HNC tumorigenesis.

In order to understand the effect of HNRNPA2B1 over-
expression on MST1R in HNC cells, first, we analyzed the
expression of MST1R in primary HNC tissues, metastatic
cancer tissue, and HNC cell lines with the help of MiPanda
database (Supplementary Fig. S2a). We observed a sig-
nificant upregulation of MST1R in primary and metastatic
HNC tissues as well as in HNC cell lines in comparison with
normal tissue. Similarly, we also analyzed the expression of
MST1R in HNRNPA2B1-depleted cells (Supplementary
Fig. S2b) through qRT-PCR, which showed significant
downregulation of MST1R. Secondly, in addition to
decreased expression of MST1R, we also observed differ-
ential expression of multiple isoforms of MST1R [32] in
HNRNPA2B1-depleted HNC cells. The MST1R is reported
to have two major isoforms, normal-specific isoform with

the inclusion of exon 11 and cancer-specific isoform with the
exclusion of exon 11 also known as RONΔ165 [31]. The
upregulation of RONΔ165 isoform of MST1R has been
reported in various cancers [39]. Hence, we investigated the
MST1R splicing switch upon HNRNPA2B1 depletion. We
performed the MST1R semiquantitative PCR using the exon
9 and exon 12 primers and observed a dramatic reduction in
RONΔ165 isoform of MST1R upon HNRNPA2B1 depletion
in H413 HNC cells (Fig. 3c, d). In addition, we also vali-
dated the MST1R splicing switch in another HNRNPA2B1-
depleted HNC cells, H157 (Supplementary Fig. S2c) and
observed a splicing pattern similar to H413 cells (Supple-
mentary Fig. S2d). Moreover, we observed a similar splicing
switch when we used the dual chromatic MST1R-minigene
system. The MST1R-minigene transfection showed the
consistent result, higher expression of exon 11 included
isoform indicated by expression of mCherry protein and
negligible expression of exon 11 excluded isoform or
RONΔ165, indicated by the expression of green fluorescent
protein in HNRNPA2B1-depleted HNC cells, H413 and
vice versa in wild-type HNC cells (Fig. 3e).

Fig. 3 HNRNPA2B1 regulates the alternative splicing and pro-
motes invasive behavior of head and cancer cells. Semiquantitative
PCR to analysis of HNRNPA2B1 target gene. a WWOX exon 6–8
inclusion/skipping. b CFLAR exon 7 inclusion/skipping. c Pictorial
diagram to show differential splicing pattern of MST1R in HNC cells.

d MST1R exon 11 inclusion/skipping. e MST1R-minigene transfec-
tion and fluorescence analysis in control and HNRNPA2B1-depleted
H413 HNC cells, oral cancer cells. Scale bar= 200 µm. f Immuno-
blotting of HNRNPA2B1, pAkt, pan Akt, E-cadherin, vimentin, and
GAPDH in control and HNRNPA2B1-depleted H413 cells.
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The expression of HNRNPA2B1 has been reported to
have a positive correlation with invasive behavior [55] and
EMT in cancer cells [50]; however, how the HNRNPA2B1
increases the invasive behavior of cancer cells and how it
promotes EMT in HNC remained poorly understood.
Interestingly, the RONΔ165 isoform of MST1R is known to
affect the various cellular signaling, including Akt/PKB
signaling [56]. Hence, we hypothesized that HNRNPA2B1
might be regulating the EMT via promoting the expression
of oncogenic isoforms, RONΔ165 of MST1R. Therefore, we
analyzed the activation of Akt/PKB signaling upon
HNRNPA2B1 depletion and found that HNRNPA2B1-
depleted cells showed dramatically reduced activation of
Akt/PKB signaling, analyzed via pAkt immunoblotting
(Fig. 3f). Next, we hypothesized that HNRNPA2B1 might
be promoting the EMT via the activation of Akt/PKB
pathway. Hence, we analyzed the expression of EMT reg-
ulators TWIST2, SLUG, and ZEB1 (Supplementary
Fig. S2e), as well as, the epithelial marker E-cadherin and

mesenchymal marker, vimentin (Fig. 3f) in H413 HNC
cells. Similarly, we also analyzed the expression of
vimentin in another hnRNA2B1 knockout HNC cells, H157
(Supplementary Fig. S2c). We observed a dramatic reduc-
tion in the expression of EMT regulators and markers in
both the HNC cell lines; additionally, we also examined the
expression of TWIST2 in the same HNC patients’ samples,
used to analyze HNRNPA2B1 expression and observed an
elevated expression in tumor samples in comparison with
paired normal tissues (Supplementary Fig. S2f). Collec-
tively, these results indicate that HNRNPA2B1 promotes
EMT in HNC cells via MST1R splicing dependent activa-
tion of Akt/PKB pathway.

Ectopic expression of HNRNPA2B1 restores the
oncogenic potential of HNC cells and promotes EMT

In order to validate the effects of HNRNPA2B1 depletion
on HNC, we planned to ectopically express the majorly

Fig. 4 HNRNPA2B1 promotes epithelial-to-mesenchymal transi-
tion. a Immunoblotting of Flag-tagged HNRNPA2 in HNRNPA2B1-
depleted H413 cells. b Semiquantitative PCR analysis of alternative
splicing of MST1R upon HNRNPA2B1 depletion as well as, upon
ectopic expression of Flag-tagged HNRNPA2 in HNRNPA2B1-
depleted H413 cells. c MST1R-minigene transfection and fluores-
cence analysis in control cells, HNRNPA2B1-depleted with vector
control cells, and HNRNPA2B1-depleted HNRNPA2 expressing HNC
cells. Scale bar= 200 µm. d Immunoblotting of HNRNPA2B1, pAkt,

pan Akt, E-cadherin, vimentin, and GAPDH in control cells,
HNRNPA2B1-depleted and HNRNPA2B1-depleted HNRNPA2
expressing H413 cells. e Relative cellular proliferation analyzed using
MTT assay in HNRNPA2B1-depleted and HNRNPA2 reexpressing
H413 cells (n= 3). f The cell invasion was analyzed via Matrigel
invasion assay, (left) single field of invaded cells was captured under
the microscope, scale bar: 250 µm, and (right) invaded cells were
counted at five different fields under the microscope (n= 3).
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expressed isoform, HNRNPA2, in HNRNPA2B1-depleted
H413 HNC cells. The expression of Flag-tagged
HNRNPA2 was confirmed by immunoblotting (Fig. 4a).
Post validation, we analyzed the differential splicing pattern
of MST1R through semiquantitative PCR and found the
expected restored expression of RONΔ165 isoform
(Fig. 4b). Similarly, we confirmed the MST1R splicing
switch using the MST1R-minigene system and observed an
increased expression of exon 11 excluded, RONΔ165 of
MST1R shown by expression of green fluorescent protein
(Fig. 4c). We observed in Fig. 3 that HNRNPA2B1-
depleted cells showed reduced expression of MST1R, so we
tested the expression of MST1R in HNRNPA2 expressing
cells, and interestingly, we observed that the ectopic
expression of HNRNPA2 also restored the expression of
MST1R (Supplementary Fig. 3a).

Furthermore, to prove our hypothesis of HNRNPA2B1
regulated MST1R splicing dependent activation of the Akt/
PKB pathway (Supplementary Fig. 3b), we analyzed the Akt/
PKB signaling via immunoblotting of pAkt and observed the
restored activation of Akt/PKB signaling (Fig. 4d) in
HNRNPA2-expressing but HNRNPA2B1-depleted H413
cells. Similarly, the expression of vimentin was also found to
be upregulated, while the expression of E-cadherin was sig-
nificantly reduced upon HNRNPA2 expression in
HNRNPA2B1-depleted cells (Fig. 4d). Sequentially, we
validated the restored oncogenic potential via analyzing the
cellular proliferation and invasive behavior of HNC cells. We
observed the restored cellular proliferation of HNRNPA2B1-
depleted HNC cells upon HNRNPA2 reexpression, which
was comparable with control cells (Fig. 4e). Similarly, we
also observed restored invasive behavior of HNRNPA2
expressing cells in comparison with control H413 HNC cells
(Fig. 4f). Altogether, these results indicated that the
HNRNPA2B1–MST1R–Akt/PKB axis is crucial for HNC
cell growth and invasive behavior; wherein, HNRNPA2B1
regulates MST1R splicing and promotes the cellular pro-
liferation and invasion via activation of Akt/PKB pathway.

Discussion

The deregulated alternative splicing events have been
observed in various malignancies [57], which support all the
major hallmarks of cancer, including cellular proliferation,
apoptosis, chemotherapeutic resistance, and immune eva-
sion [58]. The interlink between deregulated alternative
splicing and tumor onset and progression is still emerging
as a novel and vital facet of cancer biology. Our data
showed in this study directly present a link of a contributory
role for MST1R splicing as part of a common oncogenic
splicing switch regulated by RNA-binding protein
HNRNPA2B1 in HNC cells.

The deregulated expression of HNRNPA2B1 is observed
in various malignancies [59, 60] and this observation is
consistent in HNC cells as well. Moreover, the correlation
of HNRNPA2B1 expression and its cytoplasmic localiza-
tion with aggressive lung cancer is proposed as an effective
prognosis factor for lung cancer [61], and interestingly, we
also observed higher cytoplasmic localization of
HNRNPA2B1 in high-grade HNC tissues. This clearly
establishes that HNRNPA2B1 not only overexpresses in
various cancer types but also follows a similar mode
of oncogenesis. Moreover, the higher expression of
HNRNPA2B1 is well correlated with various properties of
cancer cells such as proliferation, migration invasion, and
metabolic rewiring [50, 62–65]; however, the complete
understanding of underlying molecular mechanisms
remained poorly understood. While, in our study, we
showed that HNRNPA2B1 affects proliferation and inva-
sive behavior of HNC cells, which adds a new dimension to
a plethora of HNRNPA2B1-mediated oncogenesis. Recent
pieces of evidence have shown the role of HNRNPA2B1 in
promoting the invasive behavior of breast and cervical
cancer cells via hyperactivation of various signaling,
including ERK-STAT3 and Akt/PI3K pathways [49, 63],
which ultimately upregulates the expression of transcription
factors of EMT pathway such as SNAIL and TWIST2.
However, the effect of HNRNPA2B1 overexpression on the
activation of various signaling remained unanswered. Our
attempt to answer this question fills up the missing link
wherein we showed that elevated expression of
HNRNPA2B1 encourages the splicing switch of MST1R
and partially, promotes the expression of MST1R as well.
The increased expression of MST1R regulates various
receptor tyrosine kinase signaling [66].

Recent advancement in splicing biology indicates that
cancer cells reframe the expression of various genes,
including splicing regulators [67], which might also affect
the process of alternative splicing [68]. The HNRNPA2B1
is well investigated for its canonical role as a splicing reg-
ulator via promoting the expression of cancer-specific iso-
forms, which affects the various cellular pathways such as
metabolism, apoptosis, proliferation, and invasion
[52, 53, 69]. The differential alternative splicing of WWOX,
CFLAR, and MST1R upon HNRNPA2B1 overexpression in
HNC has broadened the current knowledge of
HNRNPA2B1 splicing targets in HNC cells. The MST1R
encodes for a receptor tyrosine kinase and shown to have an
expression of multiple isoforms in various cancer cells
[70, 71]. As reported previously, the alternative splicing of
MST1R leads to the expression of RONΔ165 isoform which
in turn leads to the constitutive activation of downstream
signaling [70, 72]. Our study showed that elevated
expression of HNRNPA2B1 regulates MST1R splicing
switch and encourages the expression of RONΔ165. The
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RONΔ165 isoform expression promotes constitutive acti-
vation of Akt/PKB pathway in HNC cells. However,
complete understanding of HNRNPA2B1-mediated splicing
switch of MST1R still remains a question. Recent reports
have indicated that the expression as well as differentially
spliced isoforms of MST1R affect cellular motility in dif-
ferent malignancies and regulates various downstream sig-
naling, which ultimately affects the process of EMT in
cancer cells [73, 74]. Accumulated evidence indicates that
the cancer cells undergo EMT show more aggressive
growth and metastasis [75]. In our report, we observed the
reversal of EMT upon depletion of HNRNPA2B1, which
was evident by the decreased expression of vimentin and
increased expression of E-cadherin. As the MST1R inhi-
bition reported ineffective due to its multiple spliced forms
[32], HNRNPA2B1 stands a possibility to be used as an
alternative target for the better management of aggressive
tumor types. Moreover, HNRNPA2B1 depletion and com-
plementation experiments indicate that the phenomenon of
EMT is being governed by HNRNPA2B1 in HNC cells,
which correlates well with the association of HNRNPA2B1
with high-grade tumor tissues of hepatic cancer [61] and
HNC. This clearly indicates that HNRNPA2B1 is one of the
key regulators of EMT in different malignancies.

Conclusively, in this study, we observed the elevated
expression of HNRNPA2B1 in HNC tumor tissues. Simi-
larly, our observation reiterated with the fact that higher-
grade cancers have more cytoplasmic localization of
HNRNPA2B1 than the lower-grade cancers. In an attempt
to understand the underlying molecular signaling of
HNRNPA2B1, we revealed that HNRNPA2B1 is involved
in the splicing of a proto-oncogene MST1R and promotes
the generation of RONΔ165 isoform in HNC cells. We

identified the Akt/PKB signaling as one of the targets of
MST1R splicing switch in HNC cells, which is reported for
its hyperactivation in cancer cells [76]. Consequentially, we
also observed high expression of EMT markers (low E-
cadherin and high vimentin) in HNRNPA2B1-expressing
cells than in HNRNPA2B1-deficient cells. As an outcome
of changes in cancer-signaling pathways on the cellular
phenotypes, we compared cell viability, migration, and the
invasive behavior of HNRNPA2B1-sufficient and
HNRNPA2B1-deficient cells. We concluded that over-
expression of HNRNPA2B1 makes the cells proliferate,
migrate, and invade faster than normal, which are the
hallmarks of oncogenesis (Fig. 5). These results suggest that
inhibition of HNRNPA2B1 might compromise the invasive
and aggressive behavior of HNC cells. Altogether, we
reveal a crucial role for HNRNPA2B1 in MST1R splicing-
switch-mediated EMT, invasion, and migration in HNC
cells and speculate that HNRNPA2B1 may qualify as a
potential therapeutic target.
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