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Master splicing regulator MBNL1 shapes large transcriptomic changes
that drive cellular differentiation during development. Here we
demonstrate that MBNL1 is a suppressor of tumor dedifferentiation.
We surveyed MBNL1 expression in matched tumor/normal pairs
across The Cancer Genome Atlas and found that MBNL1 was
down-regulated in several common cancers. Down-regulation of
MBNL1 predicted poor overall survival in breast, lung, and stomach
adenocarcinomas and increased relapse and distant metastasis in
triple-negative breast cancer. Down-regulation of MBNL1 led to in-
creased tumorigenic and stem/progenitor-like properties in vitro and
in vivo. A discrete set of alternative splicing events (ASEs) are shared
between MBNL1-low cancers and embryonic stem cells including a
MAP2K7Δexon2 splice variant that leads to increased stem/progen-
itor-like properties via JNK activation. Accordingly, JNK inhibition is
capable of reversing MAP2K7Δexon2-driven tumor dedifferentiation
in MBNL1-low cancer cells. Our work elucidates an alternative-
splicing mechanism that drives tumor dedifferentiation and identifies
biomarkers that predict enhanced susceptibility to JNK inhibition.

MBNL1 | MAP2K7 | JNK inhibitors | alternative splicing | tumor cell
dedifferentiation

Alternative splicing (AS) is a posttranscriptional mechanism
that increases eukaryotic protein diversity during develop-

ment (1). Consequently, AS results in acquisition of cellular and
organ identity conferred by differential isoform profiles (2). As
developmental growth signaling pathways are often coopted in
cancer, aberrant AS is a hallmark of cancer progression and me-
tastasis (3, 4). Specific tumor initiating cell (TIC) or cancer stem cell
(CSC) populations are also known for specific splicing alterations in
CD44 or alpha6 integrin in breast (5, 6) andDCLK1 in kidney cancer
(7). Recently, TICs were reported to acquire resistance to immu-
notherapy in skin cancer models, placing TICs as the root cause of
tumor relapse and an important therapeutic target (8).
At the cellular level, tumorigenic dedifferentiation results in

acquisition of cellular plasticity, or stemness, that has many
similarities with the pluripotent states of embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) (9). Profound
splicing alterations occur during differentiation of stem and
progenitor cells (10) as well as during somatic reprogramming of
differentiated cells into iPSCs by the Yamanaka factors (11). In
an effort to understand how AS profiles drive such dramatic cell
fate changes, Han et al. compared AS patterns in ESCs and
iPSCs with those of differentiated mouse and human cell types
(12). Remarkably, they found that levels of muscleblind-like
proteins (MBNL1 and MBNL2), implicated in myotonic dys-
trophy, not only differed between pluripotent (low) and differ-
entiated (high) cells, but also controlled differentiation such that
reducing MBNL1 and MBNL2 expression in differentiated cells
led to a switch toward an ESC-like AS pattern and vice versa.
This work demonstrated that MBNL proteins function as master
splicing regulators capable of shaping large transcriptomic
changes that can drive cellular differentiation.

Muscleblind-like 1 (MBNL1) is a C3H zinc-finger RNA-binding
protein that is involved in multiple RNA-processing steps during
development (13–16).MBNL1Δexon7 isoform functions as a tumor
suppressor in prostate cancer (17) by regulating splicing and tran-
script abundance of genes involved in DNA repair, cell cycle, and
migration. It also suppresses metastasis in breast (18) and colon
cancer (19) by regulating transcript abundance of DBNL, TACC1,
and SNAIL transcripts, respectively. MBNL1 has also been pre-
dicted to control AS patterns of undifferentiated cells across solid
tumors (20), a finding that suggests that MBNL1-driven AS events
might underlie emergence of TICs and tumor relapse. The extent
to which MBNL1 functions to drive dedifferentiation and acquisi-
tion of stemness properties for the emergence of TICs as well as
underlying biological mechanisms governing this dedifferentiation
remains unknown.
Here we report that low MBNL1 expression is a phenotype of

many common solid cancers and that it is correlated with reduced
overall survival, increased relapse, and distant metastasis. We
demonstrate that MBNL1 drives cellular dedifferentiation in cancer
by regulating the skipping of exon2 of MAP2K7 via JNK activation.
Importantly, our data show that MBNL1 and MAP2K7Δexon2
expression are biomarkers for increased cancer stemness and

Significance

Targeting stem-like cells in cancer is critical to overcoming re-
sistance and relapse post chemotherapy or immunotherapy.
We elucidate an alternative-splicing driven mechanism of can-
cer dedifferentiation and define a molecular context wherein
stem-like tumor cells show enhanced susceptibility to JNK in-
hibition. MBNL1 and MAP2K7Δexon2 can prognosticate pa-
tients for JNK inhibition that can render stem-like tumor cells
susceptible to therapy.

Author contributions: D.R. designed research; D.R., Y.C.Y., M.I., and S.C. performed re-
search; T.B.H.I., S.G.R., P.T., and D.M.E. contributed new reagents/analytic tools; D.R., M.I.,
S.C., and A.B. analyzed data; D.R. wrote the paper; and D.M.E. provided overall
supervision.

Competing interest statement: D.R is an inventor on a patent “Stratification of Cancer
Patients by MBNL1 and MAP2K7Δexon2 Expression for Susceptibility to JNK Inhibition”
filed in the Singapore patent office, Provisional Application No. 10201910208U. D.M.E is
the founder, director, and CEO of Black Diamond Therapeutics and a consultant to Engine
Bioscience in areas unrelated to this manuscript.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: All RNA-seq data generated are available via European Nucleotide Ar-
chive (ENA) under accession no. PRJEB32567.
1To whom correspondence may be addressed. Email: debleena.ray@duke-nus.edu.sg or
david.epstein@duke-nus.edu.sg.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2002499117/-/DCSupplemental.

First published June 29, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2002499117 PNAS | July 14, 2020 | vol. 117 | no. 28 | 16391–16400

CE
LL

BI
O
LO

G
Y

https://orcid.org/0000-0002-8232-4062
https://orcid.org/0000-0002-5625-0426
https://orcid.org/0000-0002-4288-0056
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2002499117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.ebi.ac.uk/ena/data/view/PRJEB32567
mailto:debleena.ray@duke-nus.edu.sg
mailto:david.epstein@duke-nus.edu.sg
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002499117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002499117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002499117


increased JNK activity. MBNL1–JNK-driven cancer stemness
can be reversed by JNK inhibition.

Results
Down-Regulation of MBNL1 Is Correlated with Poor Prognosis in
Cancer. To survey MBNL1 expression across different forms of
cancer, we took advantage of The Cancer Genome Atlas (TCGA)
from which RNA-sequencing (RNA-seq) data in 16 cancer types
with matching tumor and normal samples were available. We found
that MBNL1 was significantly down-regulated in 8 cancer types—
bladder, breast, colon, lung adenocarcinoma (LUAD), lung squa-
mous cell carcinoma (LUSC), prostate, stomach, and uterine
cancers—which we hereafter refer to as MBNL1-low cancers.
MBNL1 was also up-regulated in three subtypes of renal

cancer (Fig. 1A and Dataset S1, Table S1). In total, 312 (86%)
tumors out of 360 analyzed tumor/normal pairs across the
“MBNL1-low cancers” show lower expression ofMBNL1 (Fig. 1B).
As MBNL1 andMBNL2 share structural and functional similarities
(21), we analyzed the expression of MBNL2 using the same TCGA
RNA-seq data. MBNL2 was down-regulated in all MBNL1-low
cancers except for colon adenocarcinoma (COAD) (SI Appendix,
Fig. S1A and Dataset S1, Table S1), indicating a complementary
role for MBNL1 and 2 in most MBNL1-low cancers.
We next performed immunohistochemistry (IHC) in an in-

dependent cohort of matched stomach adenocarcinoma clinical
samples and found that MBNL1 was down-regulated in 36% of
those samples (9/25) (Fig. 1C, SI Appendix, Fig. S1 B and C, and
Dataset S1, Table S2). MBNL1 showed both nuclear and
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Fig. 1. MBNL1 is down-regulated in cancer and is a prognostic marker for survival. (A) Box plot showing median difference in variance stabilized transformed
read counts (VST counts) for MBNL1. Each shaded circle (red, up-regulated; blue, down-regulated) represents a unique patient. Down-regulated indicated in
red font, up-regulated by green font (log2 fold change >0.5 (abs), P value <0.05) and no change in black font. (B) The table lists number (N) of patients with
higher or lower MBNL1 expression in matched tumors/normal. (C) Representative MBNL1 expression (IHC) in matched tumor and normal stomach adeno-
carcinoma patients in a tissue microarray (TMA). (D) Western blot showing MBNL1 expression. (E) Kaplan–Meier plots showing correlation between MBNL1
and overall survival. (F and G) Kaplan–Meier plots showing correlation between MBNL1 expression and “relapse-free survival” and “distant-metastasis-free
survival.”
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cytoplasmic staining as previously reported (22). As MBNL1 is
ubiquitously expressed, we used excised MBNL1 knockdown
(KD) MDA-MB-231 xenograft tumors as a negative control for
our MBNL1 antibody in IHC (see Fig. 3E). Western blot showed
MBNL1 is down-regulated in six poor-to-moderately differenti-
ated stomach cancer cell lines and not in two well-differentiated
stomach cancer cell lines as compared to GES-1 and HFE-145,
non-neoplastic gastric epithelial cell lines (Fig. 1D, SI Appendix,
Fig. S1D, and Dataset S1, Table S3). We note that several
stomach cancer cell lines in Fig. 1D express the exon5+ MBNL1
isoform identified by RT-PCR (SI Appendix, Fig. S1E). This is a
recurrent tumor-associated splice isoform in colorectal, lung, and
breast tumors (23). The inclusion of exon5 is driven by down-
regulation of MBNL1 protein (24). This isoform is distinct from
that described in ref. 17. The specific function of exon5+

MBNL1 isoform in cancer is a current subject of research in our

laboratory. Taken together, our data demonstrate that MBNL1
is consistently down-regulated across many cancers.
To understand the clinical significance of MBNL1 down-

regulation, we used a survival analysis tool called the Kaplan–
Meier plotter (https://kmplot.com/analysis/). We found that low
MBNL1 expression was significantly correlated with poor overall
survival in patients with stomach, breast, and lung adenocarci-
nomas (Fig. 1E). In triple-negative breast cancer (TNBC), a
highly aggressive form of breast cancer associated with a high
risk of relapse, low MBNL1 expression correlated with increased
relapse and distant metastasis (Fig. 1 F and G). We further
validated this observation in two additional breast adenocarci-
noma datasets: METABRIC (25) and data from Forero et al.
(26). In the METABRIC cohort, low MBNL1 expression was
significantly associated with poor overall survival (in ER−/
HER2− and subtype agnostic, SI Appendix, Fig. S1 F and G). In
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the Forero et al. TNBC cohort (26), low expression of MBNL1
was associated with increased relapse (note due to the small size
of this cohort, n = 38, survival disadvantage is not statistically
significant, P = 0.0589; SI Appendix, Fig. S1H). We further in-
vestigated genomic alterations at the MBNL1 locus and their
implications on clinical outcome. We found MBNL1 genomic
alterations are rare in MBNL1-low cancers (SI Appendix, Fig.
S1 I and J and SI Appendix). Taken together, these data indicate
that low MBNL1 expression segregates with poor prognosis for
some cancers.

Loss of MBNL1 Mediates Transcriptomic Alterations Associated with
Stemness. To understand how MBNL1 down-regulation impacts
transcriptomic changes, we performed RNA-seq upon knock-
down of MBNL1 (using siRNA pool) in immortalized non-
neoplastic stomach cell line HFE-145 (SI Appendix, Fig. S2A).
We obtained 108 paired-end reads per sample and analyzed the
data using the mixture-of-isoforms (MISO) pipeline to identify
differentially spliced isoforms in control-KD pairs (27). We
identified 926 differentially spliced alternative splicing events
(ASEs) out of which 201 high-confidence ASEs that occur in
four out of six replicate pairs and show greater than 20% dif-
ference in percent spliced in (PSI or ψ) values were identified
(Dataset S1, Table S4). Wiggle plots demonstrating two high-
confidence ASEs are shown as examples in Fig. 2A and SI Ap-
pendix, Fig. S2D. The high-confidence ASEs consisted of
132 skip-inclusion events (SIE), 21 mutually exclusive events
(MXE), 18 3′-alternative splice site selection events (3′ASS),
13 5′ASS events, and 17 retained intron (RI) events (Fig. 2B and
Dataset S1, Table S4).
We next asked whether the high-confidence ASEs we identi-

fied in HFE-145 cells were also differentially spliced in MBNL1-
low cancers. To answer this question we interrogated the PSI
values of high-confidence ASEs (downloaded from https://bio-
informatics.mdanderson.org/TCGASpliceSeq) in matched
tumor–normal samples in bladder, breast, colon, lung (LUAD
and LUSC), prostate, stomach, and uterine cancers from the
TCGA RNA-seq data. We found that 39 of the 201 (∼20%)
high-confidence ASEs, in at least one MBNL1-low cancer
showed statistically significant difference in median PSI value
between tumor and normal samples (P value <0.05, determined
by Wilcoxon signed-rank test) in the direction concordant with
KD of MBNL1 in HFE-145 cells (Fig. 2 C and D). We defined
this subset of 39 ASEs as “MBNL1-regulated tumor-associated
ASEs” (MRTA-ASEs) (Dataset S1, Table S5 and Fig. 2 C and
D). Interestingly COAD shows the least number of MRTA-ASEs
(Fig. 2D) despite showing down-regulation of MBNL1 in 100%
of tumors (Fig. 1 A and B). It is noteworthy that COAD is also
the only MBNL1-low cancer that does not present down-
regulation of MBNL2 (SI Appendix, Fig. S1A). Therefore, this
lack of MRTA-ASEs might be attributed to the compensatory
role of MBNL2 (21).
Corollary to this analysis, we compared the high-confidence

ASEs with MBNL1 correlated tumor-associated (TA)-ASEs
computed by Sebestyén et al. and Cheng et al. (20, 28). We found
17 overlapping ASEs between our high-confidence ASEs and
MBNL1-correlated TA-ASEs from the above studies (Dataset
S1, Table S6). These 17 MBNL1-correlated TA-ASEs showed a
very significant overlap with MRTA-ASEs (P value = 2.874 ×
10−8 and an enrichment of 9.7-fold over any overlap occurring by
chance, SI Appendix, Fig. S2B and Dataset S1, Table S6).
MRTA-ASEs include ASEs in MBNL1 itself and in MBNL2,

indicating self-regulation as previously reported (24). They fur-
ther include ASEs of cytoskeletal genes involved in epithelial–
mesenchymal transition (e.g., FMNL3), transcription and chro-
matin remodeling genes (e.g., TRERF1, NCOR3, RCOR3, and
TEAD1), cell cycle and cell division genes (e.g., KIF13A, NUMA1,
and SYNE1), and JNK signaling pathway genes (e.g., MAP2K7 and

SPAG9). Gene Ontology (GO) term analysis ofMBNL1 correlated
TA-ASEs in MBNL1-low cancers from Sebestyén et al. (20)
showed the enrichment of “actin cytoskeleton organization” GO:
0030036 (P value = 4.38 × 10−06) as the key biological process
enriched. Our previous work also showed that MBNL1 is one of the
key splice factors that regulate an AS program in gastric cancer
involved in actin cytoskeleton reorganization associated with in-
vasive/metastatic properties of cancer (28). Together, this suggests
that MBNL1 down-regulation-mediated AS affects important cel-
lular processes involved in cancer.
Han et al. reported that different AS patterns between ESCs

and differentiated cells are controlled by MBNL proteins (12).
An ESC-specific switch in FOXP1 controls dedifferentiation of
differentiated cells into ESC-like cells. They also found that
MBNL proteins are expressed at low levels in ESCs, and that
MBNL1 and MBNL2 KD in mouse embryonic fibroblasts en-
hance somatic reprogramming efficiency by the Yamanaka
“OKSM” factors (12). To explore whether any of the MRTA-
ASEs was present in the Han et al. dataset, we compared the
overlap between the SIEs from our MRTA-ASEs with the ESC-
differential SIEs defined by Han et al. We discovered that there
were indeed 12 overlapping ASEs (P value = 2.107 × 10−10 and
an enrichment of 11.3-fold over any overlap expected by chance),
and that for each of them the direction of splicing in cancer is
toward ESCs (Fig. 2E and Dataset S1, Table S7). We defined
these 12 ASEs as cancer stemness-associated MRTA-ASEs
(CS-MRTA-ASEs). We validated 8 out of the 12 CS-MRTA-
ASEs by RT-PCR in MBNL1 KD HFE-145 cells using two
separate siRNAs (Fig. 2F). Two out of the remaining 4
CS-MRTA-ASEs did not show differential splicing while for the
other two, we failed to design a sufficiently specific primer set.
Importantly, CS-MRTA-ASEs include two known oncogenic
ASEs: NUMB (29) and NUMA1 (20). However, in our dataset we
did not observe any differential splicing alterations in FOXP1,
identified by Han et al. (12), as the primary ASE that drives
dedifferentiation. We further surveyed the TCGA RNA-seq data
and discovered that FOXP1 was not differentially spliced be-
tween tumor and normal in any of the MBNL1-low cancers, in-
dicating that FOXP1 isoforms do not play a role in tumor
dedifferentiation (SI Appendix, Fig. S2C).
Along with splicing, MBNL1 affects transcript stability (15).

We therefore analyzed the effect of MBNL1 KD on gene expres-
sion changes. We identified 1,630 up-regulated and 1,341 down-
regulated genes in MBNL1 KD HFE-145 cells (Dataset S1, Table
S8). Gene ontology analysis (PANTHER overrepresentation test,
(SI Appendix,Materials and Methods) shows that dysregulated genes
regulate “developmental processes” (GO: 0050793) and “cell mi-
gration” (GO: 00303341, Fig. 2G and Dataset S1, Table S9). Up-
regulated genes included POSTN, TGFb2, NOTCH3, and SOX4
that have established roles in CSC biology (30–32). We validated
the up-regulation of these genes via qRT-PCR in MBNL1 KD
HFE-145 cell lines using two separate siRNAs (Fig. 2H). Taken
together, our data show that loss of MBNL1 in cancer up-regulates
cancer stem cell-specific isoforms and transcripts associated with
stem-like features. We therefore hypothesized: MBNL1 down-
regulation drives tumorigenic dedifferentiation in cancer.

MBNL1 KD Increases Tumorigenic Properties in Normal and Cancer
Cell Lines. Because increased clonogenic activity, migration, and
invasion are functional properties adopted by undifferentiated
cancer stem-like cells, we investigated such properties in vitro in
stomach (AGS) and breast (MDA-MB-231) cancer cell lines as
representative cellular models of MBNL1-low cancer and HFE-
145 as a model for non-neoplastic epithelial cells. To this end, we
generated stable MBNL1 knockdowns using two different
shRNAs targeting constitutive exons of MBNL1 and a non-
targeting control shRNA (shNeg) (Materials and Methods and
Fig. 3A). All MBNL1 KD cell lines showed increased soft-agar
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colony formation (Fig. 3B) and increased in vitro cell migration
(Fig. 3D) and invasion (SI Appendix, Fig. S3 A and B).
Importantly, subcutaneous (s.c.) cell injection into the flanks

of nonobese diabetic/severe combined immunodeficient (NOD/
SCID) mice (n = 5 per group) led to formation of larger tumors in
mice that had received MBNL1 KD MDA-MB-231 cells compared
to control cells (Fig. 3 C and E). Excised tumors were stained for
MBNL1 expression using IHC to confirm sustained KD of MBNL1
(Fig. 3 E, Right). These data demonstrate that lowering MBNL1
expression increases in vitro and in vivo tumorigenic properties.

Low MBNL1 Expression Increases Stem/Progenitor-Like Properties in
Cancer.We next focused our efforts on assessing self-renewal and
long-term growth potential in vitro and in vivo as readouts of
stem/progenitor-like functional properties in cancer cells. We
found that larger and increased numbers of tumor spheres were
formed upon KD of MBNL1 in limiting dilution assays in AGS
and MDA-MB-231 cells (SI Appendix, Fig. S4 A and B). In serial
replating assays, MBNL1 KD AGS cells were able to form ter-
tiary spheroids unlike control cells, while MBNL1 KD MDA-
MB-231 cells formed twice the number of tertiary spheroids
relative to control cells (Fig. 4 A and B). S.c. injection of 4 × 106,
4 × 105, 4 × 104, and 4 × 103 MBNL1 KD and control
MDA-MB-231 cells into the flanks of NOD/SCID mice (n = 5
per group) showed early tumor initiation and faster tumor growth
at all cell dilutions. A total of 4,000 parental MDA-MB-231 cells
injected into NOD/SCIDmice completely failed to form any tumor,
while 4,000 MBNL1 KD MDA-MB-231 cells showed tumor initi-
ation in 2/5 mice 29 d postinjection (Fig. 4C). We also found that
KD of MBNL1 led to the up-regulation of known CSC (CD133 and
LGR5) and pluripotency markers (OCT4, NANOG, and SOX2) in
MDA-MB-231 and AGS cells (Fig. 4D).
To gain a deeper insight into stem-associated gene expression

patterns resulting from low MBNL1 expression in cancer, we
scored tumor/normal pairs within TCGA stomach and breast
cancer cohorts using defined ESC gene sets reported to be
present in various forms of cancers (33). Correlation analysis
between MBNL1 expression and “stemness score” for each patient
showed that lower MBNL1 expression correlated with higher

stemness gene expression pattern in these tumors. (Fig. 4E). This
correlation is most prominent with wide confidence intervals in
triple-negative breast cancer (Fig. 4F, however we note the low
number of triple-negative samples in this TCGA cohort, n = 11 and
a P value that was >0.05), which also shows increased relapse
and distant metastasis as a function of MBNL1 down-regulation
(Fig. 1 F and G).
Finally, we grew parental MDA-MB231 and AGS cell lines as

monolayers or as tumor spheroids in suspension to enrich for
CSCs (ref. 34 and SI Appendix, Fig. S4 C and D) and measured
MBNL1 expression by Western blot. Both AGS andMDA-MB-231
cells grown as tumor spheroids showed decreased MBNL1 ex-
pression relative to monolayer culture (Fig. 4G), indicating that low
expression of MBNL1 marks stem/progenitor-like cells. Taken to-
gether, our data show that stem cell-like functional properties in-
crease in cancers that present low expression of MBNL1.

MBNL1 Regulates Skipping of Exon2 of MAP2K7 in Cancer. The 12
CS-MRTA-ASEs identified by us points to mechanisms by which
MBNL1 might regulate acquisition of stem cell-like properties in
cancer cells (Dataset S1, Table S7). We were intrigued to see the
MAP2K7Δexon2 isoform in this subset, as this isoform is known
to harbor a high-affinity JNK docking site (ref. 35 and SI Ap-
pendix, Fig. S5A) leading to activation of JNK signaling (36).
Indeed, many studies have linked activated JNK with cancer
stemness (37, 38), but more importantly, the MAP2K7/JNK
pathway is druggable with existing small molecule and peptide
inhibitors.
We found that knockdown of MBNL1 led to skipping of exon2

of MAP2K7 in HFE-145 cells (Fig. 2 E and F). We validated this
in stable MBNL1 KD MDA-MB-231 cells (Fig. 5A). Intronic
region upstream and downstream of the skipped MAP2K7 exon2
was enriched with statistically significant MBNL1 binding motifs:
“gcuugc” (39) and “ygcuky” (40) (SI Appendix, Fig. S5 B and C).
We further discovered that exon2 of MAP2K7 is significantly
skipped in many MBNL1-low cancers (i.e., bladder, breast, co-
lon, prostate, and stomach, Fig. 5B). Spearman’s correlation
analysis showed that inclusion of exon2 of MAP2K7 is inversely
correlated with MBNL1 expression in bladder, breast, prostate,

A B

C

D

E

Fig. 3. MBNL1 KD increases in vitro colony formation, migration, and in vivo tumor formation. (A) Western blot showing expression of MBNL1 in indicated
cell lines treated with nontargeting shRNA (shNeg) or two MBNL1 shRNAs. (B and D) Bar graphs (Top) and representative images (Bottom) showing soft agar colony
formation (B) and in vitro Transwell migration (D) in indicated cell lines. Data showmean ± SD. See also SI Appendix, Fig. S3. (C) X-Y graph showingmean ± SD tumor
volume (mm3) over time (days) in NOD/SCID mice injected with MDA-MB-231 cells treated with shNeg control shRNA (green) vs. MBNL1 KD cells (red). (E, Left)
Image of resected tumors from four replicate mice per treatment category and IHC staining with MBNL1 primary antibody (E, Right) of the excised tumors.
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and stomach cancers (Fig. 5C). We also discovered that (similar
to down-regulation of MBNL1 expression) increased skipping of
MAP2K7 exon2 correlated with a higher stemness score in
stomach and breast cancer (Fig. 5D).

Low Levels of MBNL1 Activate JNK and Promote Acquisition of Stem
Cell-Like Functional Properties by Alternative Splicing of MAP2K7 Exon2.
We next investigated how MBNL1 down-regulation and consequent
up-regulation of MAP2K7Δexon2 splice isoform affects JNK activa-
tion, CSC and pluripotency marker expression, and in vitro migratory
and invasive behavior. We observed that serum stimulation increased

phospho JNK and phospho c-JUN in MBNL1 KD MDA-MB-231
and HFE-145 cells compared to cells transfected with control shRNA
or siRNA, respectively (Fig. 6A). KD ofMBNL1 in HFE-145 also led
to up-regulation of CSC and pluripotency genes, except forOCT4 (SI
Appendix, Fig. S6A). We next used a panel of naturally MBNL1-low/
MAP2K7Δexon2-high and MBNL1-high/MAP2K7Δexon2-low cancer
cell lines (SI Appendix, Fig. S6 B–E) to analyze JNK signaling.
Overall, MBNL1-low/MAP2K7Δexon2-high cell lines showed in-
creased JNK activation upon serum stimulation compared to the
MBNL1-high/MAP2K7Δexon2-low cell lines (Fig. 6 B and C). IM95
harbors an inactivating MAP2K7 mutation (41); consequently, it

A B
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D

E F

G

Fig. 4. MBNL1 down-regulation leads to increased stem/progenitor-like properties in cancer. (A and B) Bar graph (Left) and representative images at 10×
magnification (Right) showing mean (±SD) number of tumorspheres formed by cells transfected with shNeg and shMBNL1#2 in primary, secondary, and
tertiary plating for indicated cell lines (n = 3). (C) X-Y graph (Top) showing mean ± SD tumor volume (mm3) over time (days) in NOD/SCID mice s.c. injected
with MDA-MB-231 cells treated with shNeg control shRNA (green) vs. MBNL1 KD cells (red) at indicated dilutions. (Bottom) Representative images of excised
tumors. (D) Relative expression of LGR5, CD133, OCT4, NANOG, and SOX2 in control and MBNL1 KD cells. Data show mean ± SD. (E) Scatterplot showing
correlation between MBNL1 expression and stemness score in matched TCGA tumor/normal stomach and breast cancer samples. (F) Scatterplot showing
correlation between MBNL1 expression and stemness score in three subtypes of breast adenocarcinoma. (G) Western blot showing MBNL1 expression in
indicated cell lines grown either as monolayer or in suspension as tumor spheroids.
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failed to activate JNK upon serum stimulation despite showing low
MBNL1 and high MAP2K7Δexon2 expression (Fig. 6B). We next
scored TCGA patients for JNK activity gene expression signature
(42) and correlated the expression of MBNL1 and MAP2K7 exon2
PSI to the JNK activity score (JAS). We found that MBNL1 down-
regulation as well as up-regulation of MAP2K7Δexon2 splice iso-
form is significantly correlated to increased JAS in breast cancer (SI

Appendix, Fig. S6 F and G). Altogether, we conclude that MBNL1
expression and MAP2K7 exon2 splicing status are determinants for
JNK pathway activation.
To directly examine the role ofMAP2K7Δexon2 splice isoform

in cellular dedifferentiation and cancer stem/progenitor-like
properties, we used an antisense morpholino (AMO) directed
against the 5′ splice site ofMAP2K7 exon2 (36) to forceMAP2K7
exon2 skipping in HFE-145 cells. This produced robust exon2
skipping and activation of JNK signaling (Fig. 6 D and E) as pre-
viously reported (36). Most importantly it drove up-regulation of
CSC and pluripotency markers (CD133, NANOG, and SOX2,
Fig. 6F) and increased trans-well migration and invasion (Fig. 6G),
thereby recapitulating stemness phenotype observed upon loss of
MBNL1 expression. Surprisingly, the MAP2K7 AMO also led to
up-regulation of MAP2K7 and a modest (∼30%) down-regulation
of MBNL1 proteins, suggesting feedback signaling (Fig. 6 E, Right).
Next, we ectopically expressed a MAP2K7–JNK1 fusion construct

in HFE-145 cells to assess whether activation of JNK signaling alone
can recapitulate the MBNL1 down-regulation-mediated cancer
stemness phenotype. As expected, this construct robustly activated
JNK signaling (Fig. 6 H, Left), up-regulated CSC (LGR5 and
CD133) and pluripotency (NANOG and SOX2) markers (Fig. 6I),
and increased migration and invasion (Fig. 6J). However, we failed to
observe down-regulation of MBNL1 protein upon ectopic expression
of the MAP2K7–JNK1 construct. In all, our data delineate a
mechanism in which MBNL1 functions as a suppressor of stemness
in cancer by preventing up-regulation of the MAP2K7Δexon2 iso-
form and JNK activation.

MBNL1-Low/MAP2K7Δexon2-High CSC-Like Cells Have Enhanced
Susceptibility to JNK Inhibition. In our final set of experiments,
we explored the potential of JNK inhibitors in reversing a
MBNL1-low stem/progenitor-like phenotype. To this end, we
used two small molecules (SP600125 [10 μM] and JNK-IN-8 [5
μM]) and a peptide inhibitor (D-JNKI-1, that is currently in
phase III clinical trials for hearing loss and ocular inflammation)
against JNK. Inhibition of JNK signaling by the small molecules
as well as by the peptide resulted in a marked reversal of up-
regulation of CSC and pluripotency markers in MBNL1 KD cells
(Fig. 7 A and B and SI Appendix, Fig. S7). Finally, we treated our
panel of MBNL1-low/MAP2K7Δexon2-high and MBNL1-high/
MAP2K7Δexon2-low cancer cell lines with different concentra-
tions of JNK-IN-8 and measured cell viability after 24 h (SI
Appendix, Fig. S8). JNK-IN-8 showed a threefold lower mean
effective dose 50 (ED50) in MBNL1-low/MAP2K7Δexon2-high
cell lines compared to the MBNL1-high/MAP2K7Δexon2-low cell
lines (Fig. 7C). This indicates MBNL1-low/MAP2K7Δexon2-high
cells have an enhanced susceptibility to JNK inhibition. Taken to-
gether, our data demonstrate that down-regulation of MBNL1 is
associated with an increased stemness phenotype in cancer driven
by high levels of the MAP2K7Δexon2 isoform and increased JNK
signaling, and that JNK inhibition can reverse this phenotype. Our
data point to the important conclusion thatMAP2K7 exon2 splicing
status can potentially be used as a biomarker to prognosticate pa-
tients with cancer for JNK inhibition therapy as MBNL1-low
MAP2K7Δexon2-high cells show enhanced susceptibility to JNK
inhibition.

Discussion
Here we discovered a tumor cell dedifferentiation mechanism
that can be reversed by JNK inhibition (Fig. 7D). Earlier ther-
apeutic strategies that target CSC-specific cell surface markers
are in various stages of clinical development (43), but it remains
unclear whether these approaches will eventually become successful
and hence the need for identification of additional therapeutic ap-
proaches. The role of JNK signaling in cancer and stemness is well
established. JNK signaling is important in CSC self-renewal and
maintenance in triple-negative breast cancer (44) and colon cancer

A
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C

D

Fig. 5. MBNL1 regulates MAP2K7 exon2 skipping. (A) RT-PCR validation of
skipping of MAP2K7 exon2 in the stable MBNL1 KD MDA-MB-231 cell line.
(B) Box plots showing median PSI values for MAP2K7 exon2 SIE in indicated
cancer types using all available normal and tumor samples from TCGA. n.s.
refers to not significant. (C) Scatterplots showing correlation between
MBNL1 mRNA expression and MAP2K7 exon2 delta PSI values in matched
tumor normal pairs in indicated cancer types. (D) Scatterplot showing cor-
relation between stemness score and delta PSI value of MAP2K7 exon2 of
matched TCGA tumor and normal cancer samples.
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(38). In colon cancer, JNK-mediated c-JUN phosphorylation seques-
ters away the Mbd3/NuRD repressive complex from the LGR5 pro-
moter, causing its up-regulation (45). Although JNK activity is known
to be context dependent (46), our findings suggest that inhibition of
JNK can be a promising strategy to target CSCs in the clinic.
Though previous studies have established that MBNL1 is

down-regulated in some cancers, we here provide an extensive
survey across 16 cancer types in matched tumor and normal
samples to identify eight common MBNL1-low solid cancers. We
also show down-regulation of MBNL1 protein in clinical samples
and cancer cell lines. We establish that MBNL1 down-regulation

is associated with poor prognosis, relapse, and metastasis. We
found that MBNL1 was significantly up-regulated in three sub-
types of renal cancer (kidney chromophobe, kidney renal clear
cell carcinoma, and kidney renal papillary cell carcinoma), likely
indicating kidney-specific difference in MBNL1 function and
regulation. Furthermore, we show that reduced MBNL1 levels
increase in vitro and in vivo tumorigenesis in breast and stomach
cancer cell line models, and drive acquisition of stem cell-like
functional and transcriptomic properties. In the context of T cell
activation, Martinez et al. reported that exon2 skipping in JNK
kinaseMAP2K7 exposes a JNK docking site, leading to increased
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Fig. 6. Low levels of MBNL1 and consequent presence of MAP2K7Δexon2 splice form is associated with increased JNK signaling and acquisition of stem/
progenitor-like properties. (A) Western blot analysis of ph-JNK, JNK, ph-c-JUN, and c-JUN in MBNL1 KD and control MDA-MB-231 and HFE-145 cells in the
presence or absence of serum. (B and C) Western blot analysis of ph-JNK and JNK in a panel of MBNL1-low/MAP2K7Δexon2-high and MBNL1-high/
MAP2K7Δexon2-low cell lines. Note for B, all protein lysates were analyzed on the same sodium dodecyl sulfate polyacrylamide gel but image was edited to
exclude MKN7 due to technical reasons. This edit is indicated by visibly separating the image. (D) MAP2K7 exon2 and GAPDH RT-PCR in HFE-145 cells
transfected with control or MAP2K7 exon2 AMO. (E) Western blot showing expression of ph-JNK, JNK, ph-c-JUN, c-JUN, MAP2K7, MBNL1, and GAPDH in HFE-
145 cells treated with control or MAP2K7 exon2 AMO. (F and I) qRT-PCR showing relative expression of CD133, LGR5, OCT4, NANOG, and SOX2 in HFE-145
cells transfected with control or MAP2K7 AMO and control or MAP2K7–JNK1 construct, respectively. Data show mean ± SD. (G and J) Bar graph (Top) and
representative images (Bottom) showing migration (Left) and invasion (Right) in HFE-145 cells either transfected with control or MAP2K7 AMO (G) and
transfected with either control or MAP2K7–JNK1 construct (J). Data show mean ± SD. (H) Western blots of ph-JNK, JNK, ph-c-JUN, and c-JUN expression in
HFE-145 cells mock transfected with vehicle alone or with 0.5 μg MAP2K7–JNK1 construct. Right shows semiquantitative RT-PCR ofMAP2K7 showing skipping
of exon2 in HFE-145 cells transfected with MAP2K7–JNK1 construct.
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JNK activation (36). Our work extends from these findings by
demonstrating that this is likely an ASE shared across many or
all MBNL1-low cancers which largely drives the MBNL1
down-regulation-mediated tumor dedifferentiation that can be
reversed by JNK inhibition. We speculate that other MBNL1-
regulated ASEs, such as that in SPAG9 and dysregulated ex-
pression of MAP kinase-related genes (e.g., up-regulation of
MAPK8IP2 that encodes the JNK interacting protein 2 or JIP2)
associated with MBNL1 down-regulation feeds forward to acti-
vate JNK signaling and contributes to cancer stemness (Fig. 7D).
Therefore, MAP2K7Δexon2 isoform joins a select few of cancer-
associated splice events with a defined function in cancer.
Previous work suggested that JNK inhibition can effectivity

target CSC populations (47). We here identify biomarkers that
explain the molecular context by which some but not other forms
of cancer would be candidates for JNK inhibition, possibly in
combination with chemotherapy or immunotherapy to achieve
relapse-free durable responses. D-JNKI-1 (XG-102) is the most
promising JNK inhibitor currently in phase III clinical trials for
hearing loss and ocular inflammation (48). D-JNKI-1 has also
shown encouraging effects against tumor growth in a mouse skin
cancer model (49). Our data show that D-JNKI-1 in vitro suc-
cessfully reverses up-regulation of CSC and pluripotency mark-
ers in a MBNL1-low breast cancer cell line model. Accordingly,

JNK-IN-8, which binds JNK1 irreversibly as a covalent adduct to
the conserved cysteine116 residue, consistently showed higher
efficacy in MBNL1-low/MAP2K7Δexon2-high cancer cells. MBNL1
and MAP2K7Δexon2 expression status, therefore, may function as
effective biomarkers for predicting responsiveness to JNK inhibitors.
In conclusion, we show that MBNL1 is a prognostic marker,

the loss of expression of which segregates with reduced overall sur-
vival. We reveal that MBNL1 down-regulation drives cancer cell
dedifferentiation via aMAP2K7Δexon2–JNK signaling pathway. Our
work identifies MBNL1 andMAP2K7Δexon2 as biomarkers that can
be used to prognosticate patients for JNK inhibition therapy.

Materials and Methods
All cell lines used were exempted by the Institutional Review Board of the
National University of Singapore following submission for review. Primary
human stomach cancer and adjacent tissue samples were collected with in-
formed consent of patients undergoing surgery by the Singapore tissue re-
pository under the guidelines and policies of the SingHealth Centralized
Institution Review Board. All procedures performed on mice were approved
by the The Institutional Animal Care and Use Committee, Biological Resource
Centre, A-Star, Singapore.

RNA-Sequencing Analysis to Measure Differential Splicing and Gene Expression.
siNeg (two biological replicates) and siMBNL1 (three biological replicates)
HFE-145 cells were used for RNA sequencing to generate 100 million paired-
end reads. Reads were aligned to hg19 reference genome using STAR
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Fig. 7. JNK inhibition reverses MBNL1 KD-associated stem/progenitor-like properties. (A and B) qRT-PCR analysis showing mean (±SD) expression of CD133,
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aligner v2.4.2a (50). Exon-centric alternative splicing analysis was performed
using MISO (27) to quantify relative abundance of alternative splice isoforms by
a percent spliced in (PSI) value. We then performed pairwise comparison for
all six pairs (two siNeg vs. three siMBNL1 samples). ASEs that have a ΔPSI
(PSI_N-PSI_T) value >0.2 or < −0.2 in at least four out of the six pairs analyzed
were defined as high-confidence ASEs. We further used the same dataset to
analyze differential gene expression using DESeq2 (51). We considered genes
with log2 fold change >0.5 and < −0.5 with an adjusted P value of <0.05
(Benjamini–Hochberg correction) to be differentially expressed.

See SI Appendix for SI Appendix, Supplementary Materials and Methods
and Dataset S1, Tables S10 and S11 for primer sequences and reagents.

Data Availability. All RNA-seq data generated are available via European
Nucleotide Archive (ENA) under accession no. PRJEB32567.
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