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MEKK3 Sustains EMT and Stemness in Pancreatic Cancer
by Regulating YAP and TAZ Transcriptional Activity
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Abstract. Background/Aim: Pancreatic cancer is one of the
most threatening and poorly understood human malignancies.
MEKK3 (MAP3K3) is a serine/threonine kinase activated by
different signaling pathways. YAP and TAZ are critical
oncogenic effectors in pancreatic cancer. We hypothesized
that MEKK3 could sustain pancreatic cancer by inducing
YAP/TAZ oncogenic activities. Materials and Methods: In
Pancl and AsPCI pancreatic cancer cell lines MEKK3 was
knocked-out (KO) by the CRISPR/Cas9 method. These cells
were used to evaluate MEKK3 contribution to the expression
of YAP/TAZ and their target genes, cell migration, stemness,
and in vivo tumor growth. Results: MEKK3 KO reduced both
EMT and cell migration, the size of 3D colonies and the
percentage of CD44%/CD24*/EpCAM* CSC, promoter
recruitment of YAP/TAZ and the expression of their target
genes. It reduced tumor growth and prolonged mice overall
survival. Conclusion: Silencing of MEKK3 represents a valid
approach to revert in vivo the aggressiveness of pancreatic
cancer by modulating YAP/TAZ transcriptional activities.

Pancreatic cancer remains one of the most lethal and poorly
understood human malignancies (1, 2). It has the lowest
S-year relative survival rate among solid tumors at 8% (3),
and is projected to become the second leading cause of
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cancer-related death by 2030 in Western countries (4). Poor
prognosis in pancreatic cancer is attributed to its early
metastatic behavior, aggressive clinical course, and limited
efficacy of chemotherapeutic treatments (5, 6).

Epithelial-to-mesenchymal transition (EMT) is a well-
coordinated process triggered by many signaling pathways
during embryonic development. However, its aberrant
activation in cancer development has been associated with
cancer stem cell properties, self-renewal capabilities,
resistance to conventional therapies, and endow cancer cells
with the migratory and invasive capabilities associated with
metastatic competence (7).

In the last decade, we contributed to this field by
demonstrating that different paracrine inflammatory signals
— including Interleukin-1 (IL-1) (8) — could induce EMT and,
in turn, metastasis and treatment resistance in colorectal (9,
10) and pancreatic cancer (11). During the immune and
inflammatory responses, the IL-1- induced TRAF-6 signaling
leads to the activation of NF-xB (12) — a key transcriptional
factor that orchestrates expression of many genes involved
in inflammation, oncogenesis, and apoptosis (13, 14) —
through two parallel signaling pathways depending upon the
activation of two Mitogen-activated kinase kinase kinases
(MAP3KSs), the TGF--activated kinase 1 (TAK1; MAP3K7)
(15, 16), and the MAP3K3, or MEKK3 (17, 18).

MEKK3 is a serine/threonine kinase belonging to the
MEKK/STE11 subgroup of the MAP3K family that is
constitutively expressed in several types of tissues. A pivotal
role for MEKK3 has been demonstrated in orchestrating
cellular processes such as proliferation, cell cycle progression,
differentiation, migration, apoptosis and inflammatory response
(17, 19), through the integration of different signaling
pathways, such as TNFa (20), IL-1 (17) and TLR4 (21).

The transcriptional regulators yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif (TAZ)
are emerging as key players in cancer initiation and progression.
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In particular, by forming complexes with transcription factors
such as TEA domain family members (TEADs), AP1, SMADs
and nucleosome remodeling deacetylase (NuRD) complex, they
drive the transcription of genes involved in cell cycle
progression, cell proliferation, differentiation, angiogenesis,
stress response, apoptosis, and extracellular matrix formation
(22-24), as well as in maintaining self-renewal and tumor-
initiation capacity of Cancer Stem Cells (CSC) (22, 25).

In the present study, we hypothesized that MEKK3 could
mediate EMT and stemness in pancreatic cancer by
regulating YAP and TAZ oncogenic activities independently
of its effect on NF-xB transcriptional activity.

Materials and Methods

Cell lines and reagents. Human pancreatic cancer cell lines AsPC1
and Pancl were purchased from the American Type Culture
Collection (Manassas, VA, USA) and cultured as in (15).

Generation of knock-out cell lines. Pancl and AsPCl1 cells were
transfected with plasmids expressing either control or MEKK3
targeting guide RNAs (Table I), as well as with Cas9-RFP vectors
(Transomic, Huntsville, AL, USA) using OMNIfect transfection
reagent (#OTR1001, Transomic) following manufacturer’s
instruction and selected with 2 pug/ml Blasticidin (A1113902, Life
Technologies, Carlsbad, CA, USA) for 72 h. RFP-positive cells
were single-sorted (FACS CANTO ARIA 1II, BD, Franklin Lakes,
NJ, USA) into 96-well plates. Single clones were expanded and
screened for MEKK3 expression by protein immunoblotting.

Quantitative real-time PCR (qRT-PCR). qRT-PCR was performed
as previously described in (26). Primers for IL1a (QT00001127),
ILI  (QT00021385), CXCL1 (QT00199752), CXCL2
(QT00013104), CXCL3 (QT00015442) and IL8 (QT00000322)
were purchased from QIAGEN (Hilden, Germany). All the other
primers used for amplification are listed in Table II.

Western blotting analyses. Western blot analyses were performed as
described in (27). Anti-CDH1 (ab40772, 1:10000) antibody was
purchased from Abcam (Cambridge, UK). YAP/TAZ (sc-101199,
1:1,000), CTGF (sc-14939, 1:1000), GAPDH (sc-166545, 1:50,000),
as well as secondary HRP-conjugated anti-mouse (sc-2318) and anti-
rabbit (sc-2030) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). MEKK3 (#5727, 1:1,000),
AXL (#3269, 1:1000), p65 (#4764, 1:1,000), p-p65 (#3031, 1:1,000)
were purchased by Cell Signaling (Danvers, MA, USA) and
vimentin (M0725, 1:4,000) was purchased DakoCytomation
(Glostrup, Denmark). Images were acquired using ImageQuant LAS
4000 mini (GE Healthcare Life Sciences, Little Chalfont, UK).

Migration assays. Transwell migration assays were performed as
described in (28) and wound healing (WH) assay as in (29). For
transwell assays, cells were automatically counted using Imagel
software. For WH, photographs of at least three different points
were taken every hour for 72 h. Images were acquired by
fluorescence microscopy (EVOS FL Auto, Thermo Fisher Scientific,
Carlsbad, CA, USA). Wound opening was measured using the
Image J WH tool plugin.
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Table 1. Sequences of control and MEKK3 targeting guide RNA.

Gene Clone ID Sequence

MAP3K3 TEVH-1081756 GGACATTCGTGATTTCCGGA
MAP3K3 TEVH-1148898 CCTTGTGGTGCACAGACACG
MAP3K3 TEVH-1216040 ACAGACACGTGGTAGCGCCG

TELG1012 Non targeting control GGAGCGCACCATCTTCTTCA

Cell proliferation assays. 1.0x103 MEKK3 KO or control cells were
seeded in 96-well plates. Cell proliferation was measured by using
the Sulforhodamine B (SRB) assay, as in (30).

Colony-forming assay. Colony-forming assay was performed as
previously described in (31). Colonies were counted by automatic
microscopy (EVOS FL Auto).

Chromatin immunoprecipitation (ChIP) assay. Cells were
crosslinked and chromatin was extracted and sonicated. Chromatin
was incubated overnight with the following antibodies: IgG (Vector
Laboratories, X0720, 1:50, Burlingame, CA, USA), anti-Phospho-
NF-kB (#3033, 1:50 Cell Signaling), anti-YAP (Santa Cruz
Biotechnology, sc-101199, 1 pg, Santa Cruz, CA, USA). Dynabeads
Protein G were blocked overnight with 1 mg/ml Sonicated Salmon
Sperm (Thermo Fisher Scientific, 15632011, Carlsbad, CA, USA)
and Img/ml Bovine Serum Albumin (Thermo Fisher Scientific,
AM?2616, Carlsbad, CA, USA). Thirty pl Dynabeads Protein G
(50% slurry) were used for each IP. Immunoprecipitated (IPed)
chromatin was purified with DNeasy Blood & Tissue Kit (Qiagen,
69504, Hilden, Germany) following manufacturer’s instruction.
DNA enrichment was assessed by qRT-PCR (primers listed in Table
III). IPed chromatin was normalized to input chromatin (GAPDH
gene). Histograms show the ratio of Ab-specific IPed chromatin
normalized to IgG.

Nude mouse orthotopic xenograft models. Five-weeks old female
athymic nude mice (Crl:CDI1-Foxnlnu, CDNSSFE05S) were
purchased from Charles River (Wilmington, MA, USA). All mice
were housed and treated in accordance with the guidelines of the
University of Verona Animal Ethic Committee, and maintained in
specific pathogen-free conditions. To produce pancreatic tumors,
1.0x104 cells/pl in a solution of 1:1 Matrigel:PBS (Matrigel Matrix
Growth Factor Reduced, 356230, BD, Franklin Lakes, NJ) were
orthotopically injected as described in (32). Bulky disease was
considered present when the tumor burden was prominent in the
mouse abdomen (tumor volume >2,000 mm?3). The median survival
duration was considered reached when at least three of five mice
in a group presented with bulky disease, and tumor growth was
monitored by fluorescence imaging (IVIS 100 imaging system,
Xenogen, PerkinElmer, Waltham, MA, USA). Mice were
euthanized by cervical dislocation when evidence of advanced
bulky disease was present, which was considered the day of death
for survival evaluation.

Immunohistochemistry. Formalin-fixed paraffin-embedded tissue
sections were subjected to immunostaining using the streptavidin—
peroxidase technique, with diaminobenzidine (Immpact DAB,
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Table II. Sequences of primers used in gRT-PCR.

Primer FW Sequence Rev Sequence

CTGF TACCAATGACAACGCCTCCT TGCCCTTCTTAATGTTCTCTTCC
DKK1 AAAAATGTATCACACCAAAGGACAAG ATCCTGAGGCACAGTCTGATGA
BDNF AGTTCGGCCCAATGAAGAAA GAGCATCACCCTGGACGTGTA
FOSL1 GCAGGCGGAGACTGACAAAC TTCCGGGATTTTGCAGATG
CYR61 GGATCTGCAGAGCTCAGTCAGA CTTTCCCCGTTTTGGTAGATTCT
AXL TGCGCCAGGGAAATCG AGGCATACAGTCCATCCAGACA
YAP CCACAGGCAATGCGGAATAT CTGGCTACGCAGGGCTAACT
TAZ GGTGCTACAGTGTCCCCACAA TTTCTCCTGTATCCATCTCATCCA
BIRC3 GACAGGAGTTCATCCGTCAAGTT TCTGATGTGGATAGCAGCTGTTC
BAX TGGAGCTGCAGAGGATGATTG GCTGCCACTCGGAAAAAGAC
BCL2 GGCTGGGATGCCTTTGTG CAGCCAGGAGAAATCAAACAGA
b-actin GGCATGGGTCAGAAGGATT CACACGCAGCTCATTGTAGAAG

Table III. Sequences of ChIP primers used in gRT-PCR.

Primer FW Sequence Rev Sequence

Bcel2 TGCACGTCCCTAGACATTGCT CGCTGCCCTGCTGTGAA

Axl GAGTGGAGTTCTGGAGGAATGTTT GTGAGGCCGTGTCTCTCTATCC
DKK1 GAAGGTGCTTAACGCATTGATTC CCCATCCCAAATTCCATCTG
FosL1 GCCTGTGTTCCCAAGGAAAG CCTTCCATTTCATCAGCTCTAGCT
CTGF GGATCAATCCGGTGTGAGTTG CCTACACAAACAGGGACATTCCT

SK-4105, Vector Lab, Burlingame, CA, USA) as a chromogen, as
previously described in (33). For antigen retrieval, the sections were
subjected to pressure cooker heating in antigen retrieval buffer (either
citrate pH 6.0, ab93678 or Tris-EDTA pH 9.0, ab93684, Abcam,
Cambridge, UK). Sections were incubated at 4°C overnight with
Abcam primary rabbit monoclonal antibodies anti-Ki67 (ab92742,
1:4,000), anti-CTGF (ab6992, 1:600), anti-AXL (ab72069, 1:100),
anti-MMP7 (ab207299, 1:4,000) and anti-CXCR4 (ab124824, 1:500).
Slides were incubated for 30 min with ImnmPRESS™ HRP Anti-
Rabbit IgG Peroxidase Polymer Detection Kit (MP-7401-50, Vector
Lab, Burlingame, CA, USA), counterstained with Vector®
Hematoxylin QS (H-3404, Vector Lab, Burlingame, CA, USA) and
mounted using VectaMount™ Permanent Mounting Medium (H-
5000, Vector Lab, Burlingame, CA, USA).

Results

MEKK3 KO reverts EMT in pancreatic cancer cell lines. In
order to study the contribution of MEKK3 to the
aggressiveness of pancreatic cancer, we used CRISPR-Cas9
method to knock-out the expression of MEKK3 in AsPCl1
and Pancl cell lines. With this approach, we were able to
completely suppress the expression of MEKK3 in these cell
lines (Figure 1A). To determine the effect of targeting
MEKKS3 expression on the EMT phenotype in pancreatic
cancer, we demonstrated that the expression of the epithelial
marker gene E-cadherin was significantly upregulated and

that of the mesenchymal marker Vimentin was down-
regulated in both MEKK3 knock-out (KO) cell lines
compared with their respective control cell lines (Figure 1B).
Consistently, MEKK3 KO cells had significantly lower
migration rates than did their respective control cell lines in
transwell (Figure 1C) and wound-healing assays (Figure 1D).

To study the contribution of MEKK3 to pancreatic cancer
cells stemness, we evaluated the ability of MEKK3 KO or
control cells to form colonies, and to form 3D structures in
suspension. Pancl and AsPC1 MEKK3 KO cells showed a
significant reduction in colony size (Figure 1E). Likewise, we
observed that spheroids formed by MEKK3 KO cell lines
were significantly smaller than those formed by their control
counterparts (Figure 1F). We further evaluated the percentage
of CD44%/CD24*/EpCAM* Cancer Stem Cells (CSC)
represented in the spheroids arisen by Ctrl and MEKK3 KO
cell lines, and we observed that they were decreased by at
least 40% in MEKK3 KO spheroids (Figure 1G).

Altogether, these data suggest that MEKK3 contributes to
both EMT and stemness of pancreatic cancer cells.

MEKK3 KO modulates YAP/TAZ transcriptional activities. In
order to understand the molecular mechanisms underlying the
oncogenic activity of MEKK3 in pancreatic cancer, we initially
investigated whether MEKK3 KO could impair the expression
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and/or activity of NF-xB. Surprisingly, MEKK3 KO did not
modulate the activating phosphorylation of NF-xB (Figure 2A).
Accordingly, we could not measure a difference in the
recruitment of NF-xB onto its target promoter Birc3 (Figure
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Figure 3. MEKK3 KO reduces the YAP/TAZ target gene expression, but
not YAP/TAZ. A) Western blot analysis for the expression of YAP/TAZ
in control and MEKK3 KO Pancl and AsPCI cells. B) Histograms
show fold change in mRNA expression of YAPITAZ over [5-actin by qRT-
PCR. Mean values and SD are shown. t-test has been used to perform
statistical analysis. C) Western blot analysis for YAP/ITAZ and AXL in
the indicated cells. D) Expression levels. Histograms show mRNA levels
of the indicated YAP/TAZ target genes over f-actin. Mean values and
SD are shown. t-test has been used to perform statistical analysis.
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2B), or any consistent or significant modulation of the
expression of several NF-kB regulated genes (Figure 2C). In
conclusion, these data demonstrate that both NF-xB levels and
transcriptional activity are not regulated by MEKK3.
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Because of the growing evidences supporting a role for YAP
and TAZ in contributing to pancreatic cancer initiation and
progression (34, 35), we investigated whether MEKK3 KO
could affect YAP/TAZ expression or transcriptional activity. We
observed that neither YAP or TAZ proteins nor mRNA levels
were significantly affected by MEKK3 KO in Pancl and AsPC1
cell lines (Figure 3A-B). Nonetheless, when we investigated the
transcriptional activity of YAP/TAZ we measured a consistent
and significant reduction of the mRNA expression levels of their
target genes CTGF, DKK1, AXL, FosL.1 and BDNF in MEKK3
KO cells as compared to their respective controls (Figure 3C).
Likewise, we observed a significant reduction of AXL protein

levels in MEKK3 KO cells (Figure 3D). Altogether, our results
show for the first time an involvement of MEKK3 in sustaining
YAP/TAZ transcriptional activity.

These data pointed out the possibility that MEKK3 KO
might affect the recruitment of YAP/TAZ to the promoters
of their responsive genes. To this end, we measured the
capability of YAP/TAZ to immunoprecipitate target regions
of chromatin in the promoters of their responsive genes by
ChlIP assays. Indeed, we observed a complete abolishment of
YAP/TAZ binding to the promoter regions of Axl, DKK1
and FosL1 onto TEAD?2 binding sites, as well as on AP1
sites in the CTGF promoter (Figure 4).
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Altogether, these data demonstrate that MEKK3 KO
inhibits YAP/TAZ oncogenic activities by preventing their
recruitment onto their responsive promoters.

MEKK3 KO reduces tumor growth and increases survival of
pancreatic cancer orthotopic xenograft models. To determine
the in vivo relevance of targeting MEKK3, we evaluated
growth and survival of orthotopic control and MEKK3 KO
pancreatic cancer xenografts. At the median survival duration
of mice in the control group (day 66), mice injected with
MEKK3 KO cells experienced a significant reduction of
tumor burden (Figure 5A). Accordingly, mice injected with
MEKK3 KO cells demonstrated a statistically significant
increase in median overall survival (control vs. MEKK3 KO
median survival=66 vs. 84.5 days, p=0.0306) (Figure 5B).

Immunohistochemical analyses were carried out to
evaluate both the proliferation rate of the tumors and the
expression of YAP/TAZ targets contributing to the
aggressiveness of pancreatic cancer. We observed a marked
reduction of Ki67-positive cells in tumors arisen from
MEKK3 KO Pancl cells (Figure 5C). In addition, the
expression of the YAP/TAZ induced proteins CTGF, AXL
and MMP7 as well as that of the stemness/migration marker
CXCR4 was reduced in MEKK3 KO tumors if compared
with controls (Figure 5C).
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Discussion

In this study, we demonstrated that MEKK3 contributes to EMT
and stemness in models of pancreatic cancer. This mechanism
is independent on the activation of NF-kB and is, however,
mediated by the transcriptional coactivators YAP/TAZ.

In recent years, MEKK3 has been involved in the
development and the malignancy of different tumors. In
particular, MEKK3 induced proliferation, migration and
invasion of lung cancer cells, through the activation of AKT
and GSK3f signaling pathways (36), metastasis and
survival of breast cancer cells (37), as well as
chemoresistance of ovarian cancer cells (38, 39). MEKK3
has shown clinical relevance in esophageal squamous cell
carcinoma, where the combination of its overexpression
combined to lymph-node positivity has been shown to be a
negative prognostic factor (40).

YAP has been recently demonstrated as a critical
oncogenic effector of pancreatic cancer development induced
by oncogenic KRAS gene (35). Moreover, two recent papers
studied the mechanism of tumor recurrence after KRAS
inhibition in pancreatic and lung cancer models, and
intriguingly linked the rescue of cell survival of initially
KRAS addicted tumor cells to YAPI activation. In
genetically engineered KRASG!2P: TP33L+ mouse models,
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spontaneous relapse of pancreatic cancer developed after
KRASS12P jnactivation relied on YAP1 overexpression as a
mechanism for KRAS independent growth (34, 41). The
Hippo kinase cascade is the main regulator of YAP/TAZ
through phosphorylation by the kinase LATS and consequent
proteasomal or autophagic degradation. However, recent
studies have expanded the complexity of YAP/TAZ
identifying new upstream signaling pathways (22). Our study
contributes to this field by providing evidences for a role of
MEKKS3 in sustaining key oncogenic features in vitro and in
vivo in pancreatic cancer by inducing the binding of
YAP/TAZ to the promoter regions of their regulated genes.

We recently demonstrated that the activation of NF-xB
mediated by TAK1 contributes in an essential manner to the
chemoresistance of pancreatic cancer (15). Different studies
have demonstrated that MEKK3 could affect directly, or
indirectly through TAK1, NF-kB activation (17, 20, 21). Our
present results demonstrated that knock-out of MEKK3 did
not affect NF-kB in pancreatic cancer, suggesting that TAK1
could be the main inducer of NF-xB, and in turn of
chemoresistance, in this tumor type.

In conclusion, our work identifies MEKK3 as a positive
regulator of YAP/TAZ activity in pancreatic cancer, and
supports the development of MEKK3 inhibitors which could
potentially be used as a mean to target the still undruggable
YAP/TAZ transcriptional cofactors in integrated therapeutic
strategies (42) in order to improve mortality of this
devastating disease.
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