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Transcriptomic profiling classifies pancreatic ductal adenocarcinoma (PDAC) into several molecular subtypes with
distinctive histological and clinical characteristics. However, little is known about the molecular mechanisms that define
each subtype and their correlation with clinical outcome. Mutant KRAS is the most prominent driver in PDAC, present in
over 90% of tumors, but the dependence of tumors on oncogenic KRAS signaling varies between subtypes. In particular,
the squamous subtype is relatively independent of oncogenic KRAS signaling and typically displays much more
aggressive clinical behavior versus the progenitor subtype. Here, we identified that yes-associated protein 1 (YAP1)
activation is enriched in the squamous subtype and associated with poor prognosis. Activation of YAP1 in progenitor
subtype cancer cells profoundly enhanced malignant phenotypes and transformed progenitor subtype cells into squamous
subtype. Conversely, depletion of YAP1 specifically suppressed tumorigenicity of squamous subtype PDAC cells.
Mechanistically, we uncovered a significant positive correlation between WNT5A expression and YAP1 activity in human
PDAC and demonstrated that WNT5A overexpression led to YAP1 activation and recapitulated a YAP1-dependent but
Kras-independent phenotype of tumor progression and maintenance. Thus, our study identifies YAP1 oncogene as a
major driver of squamous subtype PDAC and uncovers the role of WNT5A in driving PDAC malignancy through activation
of the YAP pathway.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is projected to be the second leading cause of  cancer-related 
mortality by 2030 (1) and presents as a highly heterogeneous disease with complex genetic and molecular 
diversity. Although the majority of  PDACs share near-ubiquitous mutations of  the KRAS oncogene and 
the frequent inactivation of  TP53, SMAD4, and CDKN2A tumor suppressors, additional somatic mutations 
occur at low individual prevalence, suggesting diverse nongenetic mechanisms underlying PDAC progres-
sion (2). Recent large-scale transcriptomic analyses classified human PDAC into several molecular sub-
types with distinctive histological and clinical characteristics (3–6). However, the molecular subtypes are 
not consistently associated with any somatic mutations or other genetically altered pathways (6), suggesting 
that the biological phenotypes of  these subsets are driven by subtype-specific molecular mechanisms other 
than genetic alterations. Besides the aberrantly differentiated endocrine exocrine/exocrine (ADEX/exo-
crine) and immunogenic subtypes, which are likely defined by signatures derived from non-neoplastic cells 

Transcriptomic profiling classifies pancreatic ductal adenocarcinoma (PDAC) into several molecular 
subtypes with distinctive histological and clinical characteristics. However, little is known about the 
molecular mechanisms that define each subtype and their correlation with clinical outcome. Mutant 
KRAS is the most prominent driver in PDAC, present in over 90% of tumors, but the dependence of 
tumors on oncogenic KRAS signaling varies between subtypes. In particular, the squamous subtype 
is relatively independent of oncogenic KRAS signaling and typically displays much more aggressive 
clinical behavior versus the progenitor subtype. Here, we identified that yes-associated protein 
1 (YAP1) activation is enriched in the squamous subtype and associated with poor prognosis. 
Activation of YAP1 in progenitor subtype cancer cells profoundly enhanced malignant phenotypes 
and transformed progenitor subtype cells into squamous subtype. Conversely, depletion of YAP1 
specifically suppressed tumorigenicity of squamous subtype PDAC cells. Mechanistically, we 
uncovered a significant positive correlation between WNT5A expression and YAP1 activity in human 
PDAC and demonstrated that WNT5A overexpression led to YAP1 activation and recapitulated a 
YAP1-dependent but Kras-independent phenotype of tumor progression and maintenance. Thus, 
our study identifies YAP1 oncogene as a major driver of squamous subtype PDAC and uncovers the 
role of WNT5A in driving PDAC malignancy through activation of the YAP pathway.
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(4, 6), the molecular signatures of  cancer cells largely fall into 2 categories: the squamous/quasimesen-
chymal/basal-like and the progenitor/classical subtypes. The squamous subtype reproducibly exhibits the 
worst prognosis compared with the other subtypes (3, 5, 6). Although the essential role of  KRAS oncogene 
in tumor initiation and maintenance has been well appreciated (7, 8), it has been recently demonstrated 
that KRAS is dispensable for the survival of  squamous subtype tumors (5, 9), suggesting that additional 
oncogenic drivers define and contribute to the malignancy of  this subtype. Identifying the oncogenic path-
ways that drive the squamous subtype tumors will likely reveal subtype-specific vulnerabilities to treat these 
highly malignant tumors.

Yes-associated protein 1 (YAP1) is a transcriptional coactivator and plays critical roles in controlling 
normal tissue growth as well as tumor development (10). Its activity is kept in check by the upstream Hippo 
pathway, composed of  the MST1/2-LATS1/2 kinase cascade, which phosphorylates YAP1 at multiple ser-
ine residues and sequesters YAP1 in cytoplasm for degradation (11). In vivo studies using genetically engi-
neered mouse (GEM) models have shown that pancreas-specific Yap1 depletion abolished PDAC develop-
ment driven by oncogenic Kras (12, 13), suggesting that YAP1 is essential for tumor initiation. However, 
the function of  YAP1 in tumor maintenance in advanced human PDAC has not been firmly established. 
Notably, although we recently demonstrated that amplification of  Yap1 gene is capable of  bypassing KRAS 
dependency to maintain tumor growth in a PDAC mouse model (14), the genetic alterations in YAP1 and 
core components of  its upstream Hippo signaling pathway are very rare in human PDAC, pointing to a 
critical need to identify the nature of  YAP expression and regulation as well as its association with clinical 
outcomes in human PDAC.

In this study, we found that the YAP1 activation signature is highly enriched and preferentially required 
for the progression and maintenance of  the squamous subtype of  PDAC. Gene expression profiling further 
uncovered a strong positive correlation of  the noncanonical WNT pathway with the YAP1 activation sig-
nature; WNT5A, a prototypical noncanonical WNT ligand, is significantly upregulated in YAP1-activated 
tumors and is required for YAP1 activation and tumorigenic activity in the squamous PDAC subtype. 
Moreover, we demonstrated that WNT5A enables the bypass of  KRAS dependency to promote cell prolif-
eration in vitro and drive tumor relapse in vivo in a YAP1-dependent manner. Our study delineated a crit-
ical role of  the WNT5A/YAP1 axis in this deadliest form of  human PDAC and identified context-specific 
vulnerabilities that may be exploited therapeutically.

Results
YAP1 plays a critical role in PDAC progression. We first evaluated the expression and role of  YAP1 in human 
PDAC by using tissue microarray (TMA) analysis in a cohort of  92 human PDAC samples. As shown in 
Figure 1, 43 of  92 PDACs (47%) exhibited high YAP1 protein expression in tumor epithelium compared 
with the surrounding tissue; the median overall survival for the YAP1-low group was 38.3 months com-
pared with 25.3 months for the YAP1-high group (P = 0.02) (Figure 1, A and B). Such association between 
elevated YAP1 protein and poor survival is similar to a recent report (15) and was further validated in 
an independent cohort of  83 patients with PDAC (P = 0.0475) (Figure 1C), suggesting that YAP1 may 
promote adverse biological outcomes in PDAC. We further characterized the in vivo function of  YAP1 
using GEM models. To faithfully recapitulate the PDAC initiation of  human patients and investigate the 
requirement of  YAP1 for PDAC when tumor initiation had started in the adult pancreas, we generated a 
tamoxifen-inducible YAP1-knockout mouse model of  PDAC. Tamoxifen-induced acinar-specific activa-
tion of  Cre recombinase in adult pancreas of  the Mist1-CreERT2 LSL-KrasG12D/+ LSL-Trp53R172H/+ (MKP) model 
led to rapid PDAC development accompanied by induction of  nuclear YAP1 expression in tumor cells 
(YAP-WT; Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.130811DS1). In contrast, acinar-specific deletion of  Yap1 in the MKPY (YAP-KO) 
model completely blocked tumor development (Supplemental Figure 1, A–C). Although all MKP mice 
succumbed to PDAC with a median survival of  103 days (n = 16), the Yap1-null MKPY mice remained 
entirely free of  any overt pathological lesion (n = 13) (Supplemental Figure 1D). This could be attributed 
to the effect of  YAP1 on cell proliferation and survival, as evidenced by the loss of  both Ki67 and Survivin 
(BIRC5) staining in YAP-KO pancreas (Supplemental Figure 1, E and F). The protective effect of  Yap1 
deletion on KrasG12D- and Trp53R172H/+-induced PDAC development was further supported with an indepen-
dent tamoxifen-inducible Elastase-CreERT2 LSL-KrasG12D/+ LSL-Trp53R172H/+ model (Supplemental Figure 1G). 
These results suggested that YAP1 plays a critical role in PDAC progression.
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YAP1 is activated in the squamous subtype of  human PDAC. To further study the role of  YAP1 in advanced 
human PDAC, we analyzed the expression profiles of  the distinct molecular subtypes of  human PDAC 
from TCGA collection (4) and found that tumors of  the squamous subtype exhibited elevated expression 
of  genes that are known to be associated with YAP1 activation (ref. 16, Figure 1D, and Supplemental Table 
1). Consistent with the TMA analysis, YAP1 pathway activation was significantly correlated with poor 
survival in patients with PDAC (Figure 1E). Moreover, expression of  the YAP1 activation signature was 
significantly corr  elated with that of  the squamous subtype signature (Figure 1F), underscoring the tight 
association between YAP1 activation and squamous subtype tumors.

To further exclude the possibility that the YAP1 activation signature in squamous subtype PDAC is 
largely derived from tumor stroma, we analyzed the transcriptome data of  human PDAC cell lines from the 
Cancer Cell Line Encyclopedia data set and of  a collection of  47 PDAC patient-derived xenograft (PDX) 
models, after the expression reads from murine hosts were omitted. Consistent with the notion that the 
molecular signatures of  ADEX or immunogenic subtypes are likely derived from nontumor cells (4), we 
failed to identify these signatures in both human PDAC cell lines and PDX models (Supplemental Figure 

Figure 1. YAP1 is activated in the squamous subtype of human PDAC. (A) Representative images of YAP1 TMA showing tumor adjacent normal pancreatic 
tissue or tumor samples with low/high YAP1 level. Scale bar: 200 μm. (B and C) Kaplan-Meier curves for overall survival in patients with PDAC from MD 
Anderson (B) or Johns Hopkins University School of Medicine (C) stratified by YAP1 expression. (D) YAP1 signature score among human PDAC subtypes in 
The Cancer Genome Atlas (TCGA) data set. ADEX, aberrantly differentiated endocrine exocrine subtype; Immu, immunogenic subtype; Pro, progenitor sub-
type; SQ, squamous subtype. (E) Kaplan-Meier curves for overall survival in all patients with PDAC from TCGA data set stratified by YAP1 activation signa-
ture score. (F) Correlation between squamous subtype signature and YAP1 signature in PDAC TCGA data set. (G and H) YAP1 signature score in squamous 
or progenitor subtype human PDAC cell lines (G) or PDXs (H). The box plots depict the minimum and maximum values (whiskers), the upper and lower 
quartiles, and the median. The length of the box represents the interquartile range. Error bars for all panels indicate ± SD. P value for survival analysis was 
calculated with log-rank test.

https://doi.org/10.1172/jci.insight.130811
https://insight.jci.org/articles/view/130811#sd
https://insight.jci.org/articles/view/130811#sd
https://insight.jci.org/articles/view/130811#sd


4insight.jci.org   https://doi.org/10.1172/jci.insight.130811

R E S E A R C H  A R T I C L E

2, A and B, and data not shown). Not surprisingly, the molecular signatures of  human PDAC cell lines and 
PDX models clustered primarily under either the progenitor or squamous subtype (Supplemental Figure 2, 
A and B). In accordance with analysis of  TCGA data, the YAP1 activation signature was consistently ele-
vated in the squamous subtype cells (Figure 1, G and H), underscoring that YAP1 is preferentially activated 
in the squamous PDAC subtype.

YAP1 is essential for the maintenance of  the squamous subtype PDAC. To further investigate the requirement 
of  YAP1 in the squamous subtype of  PDAC, we conducted loss-of-function studies with shRNA in a 
panel of  human PDAC cell lines and early-passage primary cell lines derived from human PDX tumors. 
Knockdown of  YAP1 strongly suppressed the colony formation capacity of  PDAC cell lines (PaTu8988T, 
SNU410, and PL45) and PDX cell lines (PATC148 and PATC153) belonging to the squamous subtype with 
a strong YAP1 activation signature (Figure 2, A and B, and Supplemental Figure 3, A and B). In contrast, 
the progenitor subtype cell lines, including PaTu8988S, HPAF-II, HPAC, PATC102, and PATC108 cells, 
were relatively insensitive to YAP1 depletion (Figure 2, A and B, and Supplemental Figure 3, A and B). 
Moreover, inducible knockdown of  YAP1 in established tumors resulted in inhibition of  proliferation, 
induction of  apoptosis, and eventual regression of  PaTu8988T tumors, whereas the growth of  PaTu8988S 
tumors was not affected (Figure 2C and Supplemental Figure 3, C–E), indicating the role of  YAP1 for 
tumor maintenance in the squamous PDAC subtype.

We further investigated whether YAP1 is able to endow progenitor subtype cells with the squamous phe-
notype. Expressing constitutive active YAP1S127A mutant, which is resistant to cytoplasmic retention and deg-
radation (11), in PaTu8988S cells, a progenitor subtype human PDAC cell line, induced a transcriptional 
signature that was highly similar to that of  PaTu8988T cells, which were derived from the same patient as 
PaTu8988S cells (17) but were of  the squamous subtype (Figure 2D and Supplemental Table 2). Of impor-
tance, ectopic expression of  YAP1S127A substantially enhanced the anchorage-independent growth, migration, 
and invasion capacity of  PaTu8988S cells and an early-passage patient-derived cell line, Pa04C (Figure 2, 
E and F, and Supplemental Figure 3, F and G), suggesting active YAP1 may promote the tumorigenicity 
and metastatic spread of  PDAC cells. Indeed, YAP1S127A expression diminished necrotic regions within the 
primary tumor core and enhanced the distal metastasis of  Pa04C cells in an orthotopic xenograft model 
(Supplemental Figure 3, H–J). This was accompanied by induction of  canonical YAP1 target genes, such 
as CYR61, CTGF, and AXL, in both cultured cells and xenograft tumors (Supplemental Figure 3, K and L). 
Gene expression microarray and subsequent gene set enrichment analysis (GSEA) in these cells supported an 
established YAP1 signature (Supplemental Figure 3M), enrichment in pathways associated with tumor devel-
opment and metastasis, and the underlying cellular processes responsible, such as cell proliferation, cell cycle 
progression, migration, motility, and epithelial-mesenchymal transition (Supplemental Tables 3 and 4). Of  
interest, cellular processes including cell cycle progression and signaling pathways significantly activated in 
Pa04C-YAP1S127A, such as MYC, IL-6/STAT3, TGF-β, RhoA, E2F, and TNF, along with the Hippo signaling 
pathway, were part of  all 4 gene signatures (GP2–5) associated with the squamous subtype of  PDAC (ref. 3 
and Supplemental Tables 5 and 6), underscoring the role of  YAP1 activation in this most aggressive subtype.

We and others have previously shown that YAP1 activation enables the bypass of  oncogene addic-
tion in multiple cancer types, including PDAC (14, 18–20). Indeed, compared with PaTu8988S cells, 
PaTu8988T cells were more resistant to KRAS knockdown with shRNA (Supplemental Figure 4, A–C). 
Expression of  YAP1S127A partially rescued the growth of  PaTu8988S cells upon KRAS depletion (Sup-
plemental Figure 4, B and C), indicating that YAP1 activation could enable the bypass of  KRAS depen-
dence in human PDAC cells. Accordingly, pathway analysis of  human PDAC expression profiles in 
TCGA data set indicated that gene signatures induced upon KRAS knockdown (21) or suppressed by 
oncogenic KRAS expression (22) were significantly upregulated in squamous subtype tumors (Sup-
plemental Figure 4D), suggesting relatively low KRAS activity in these tumors. By using an inducible 
KrasG12D-driven PDAC GEM model, we recently obtained a collection of  spontaneous relapse tumors 
following KrasG12D extinction in advanced PDAC (inducible-Kras–negative tumors; iKras– tumors) (14). 
These tumors neither expressed oncogenic Kras nor exhibited strong activation of  KRAS surrogates and 
are thus deemed KRAS-independent. Of  interest, the molecular signature of  the iKras– tumors (Supple-
mental Table 7), which is composed of  genes that are highly expressed in iKras– tumors compared with 
those in iKras+ ones (14), was also significantly enriched in the squamous subtype of  human PDACs 
(Supplemental Figure 4, E and F), further supporting the notion that squamous subtype tumors are rela-
tively KRAS-independent. Consistent with YAP1 activation in the human squamous subtype of  PDAC, 
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the YAP1 signature was significantly enriched in mouse iKras– tumors (Figure 2G). Although YAP1 
knockdown exhibited minimal effect on progenitor subtype Kras-driven mouse tumor lines (AK192 and 
19636), YAP1 depletion significantly suppressed the proliferation and colony formation capability of  
squamous subtype cells (PD3077; ref. 23) and iKras– tumor cells (Figure 2H and Supplemental Figure 
4G), underscoring YAP1 dependency in the squamous subtype of  tumors.

Figure 2. YAP1 is essential for the maintenance of squamous subtype of PDACs. (A and B) Colony formation assay in human PDAC cell lines (A) or PDX 
cells (B) infected with YAP1 shRNAs or nontargeting shRNA. Relative colony numbers upon normalization to the nontargeting shRNA group are shown (n 
= 3). (C) PaTu8988S and PaTu8988T cells engineered with inducible shRNA targeting YAP1 or nontargeting shRNA were subcutaneously injected into nude 
mice. Animals were treated with doxycycline once tumor size reached 20–50 mm3. Tumor volumes were measured on the indicated dates after injection 
(n = 5). (D) Heatmap shows the expression level of squamous and progenitor subtype signature genes measured with NanoString in PaTu8988S cells 
expressing GFP or YAP1S127A and PaTu8988T cells. (E and F) Ectopic expression of YAP1S127A in PaTu8988S and Pa04C cells promotes anchorage-independent 
growth in soft agar (quantification from triplicates shown) (E) and cell invasion in a Boyden chamber assay (quantification of triplicates is shown) (F). (G) 
YAP1 signature score among mouse PDAC tumors with indicated genotypes. (H) Colony formation assay in mouse PDAC cells infected with YAP1 shRNAs or 
nontargeting shRNA. Relative colony numbers upon normalization to the nontargeting shRNA group is shown (n = 3). The box plots depict the minimum 
and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. Error bars from 
all panels indicate ± SD. *P < 0.05; **P < 0.01.
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WNT5A overexpression contributes to YAP1 activation in PDAC. To identify mechanisms for YAP1 activa-
tion, we first performed genomic analysis of  primary human tumors from TCGA data set, showing that no 
frequent copy number changes or mutations of  the YAP1 locus were revealed (Supplemental Figure 5A). 
Similarly, although Yap1 is amplified in a subset of  mouse iKras– tumors (14), most iKras– tumors harbor 
no genomic alteration of  Yap1 despite enrichment of  the YAP1 signature (Figure 2G and Supplemental 
Figure 5B). In addition, there is no obvious difference in YAP1 transcription level between squamous and 
progenitor subtypes of  PDAC cell lines (Supplemental Figure 5C), indicating posttranscriptional mecha-
nisms for YAP1 activation in PDAC. Indeed, YAP1 activation as manifested by its nuclear translocation 
(11) was evident in YAP1-dependent human PDAC cells, including PaTu8988T, SNU410, and PL45 cells 
and iKras– mouse tumors or the derived cell lines without Yap1 amplification (iKras– Yap1Amp–) (Figure 3, A 
and B, and Supplemental Figure 5D). Conversely, YAP1 was localized in both the cytoplasm and nuclei 
in PDAC cells with weak YAP1 signature, such as PaTu8988S, HPAF-II, and HPAC cells, as well as pro-
genitor subtype KrasG12D-driven mouse tumors and iKras– tumors with Yap1 amplification (iKras– Yap1Amp+) 
(Figure 3, A and B). Accordingly, YAP1-activated human and mouse PDAC cells exhibited reduced phos-
phorylation at S127 (Supplemental Figure 5, E and F), suggesting that YAP1 activation is largely mediated 
by the upstream Hippo pathway at the posttranslational level.

We further performed GSEA analysis to compare the differentially regulated pathways in iKras– Yap-
1Amp– versus iKras– Yap1Amp+ cells. Of  interest, one of  the pathways significantly elevated in iKras– Yap1Amp– 
cells was the noncanonical WNT pathway (ref. 24, Figure 3C, and Supplemental Table 8), which was 
recently shown to suppress Hippo signaling and activate YAP1 in adipocytes (25). Of  importance, a signif-
icant correlation between the noncanonical WNT signature and YAP1 activation signature was observed 
in TCGA data set (Figure 3D), suggesting control of  YAP1 activation by the noncanonical WNT pathway 
in PDAC. A survey of  WNT ligands identified WNT5A, the prototypic noncanonical WNT ligand (26), to 
be exclusively overexpressed in iKras– Yap1Amp– tumor cells at both mRNA and protein levels (Figure 3E and 
Supplemental Figure 5G). Moreover, WNT5A expression was also significantly elevated in the squamous 
subtype compared with its expression in progenitor subtype tumors and was significantly correlated with 
the YAP1 signature in TCGA data set (Figure 3, F and G). Deletion of  Wnt5a with CRISPR in 2 indepen-
dent iKras– Yap1Amp– tumor cell lines led to the induction of  YAP1 phosphorylation at S127, the increase 
in cytoplasmic retention of  YAP1 protein, as well as the downregulation of  YAP1 downstream target 
genes (Figure 3, H–J). In addition, ectopic expression of  Wnt5a in KrasG12D-driven tumor cells resulted in 
a decrease in YAP1 phosphorylation (Figure 3K), further supporting the notion that WNT5A expression 
drives YAP1 activation in mouse PDAC cells. We validated these findings in human PDAC cell lines, in 
which WNT5A expression was found to be highly elevated in the YAP1-dependent PaTu8988T cells in 
contrast to progenitor subtype PaTu8988S cells (Figure 3E). Ectopic expression of  WNT5A in PaTu8988S 
cells reduced YAP1 phosphorylation and enhanced YAP1 nuclear localization (Figure 3, I and K). In con-
trast, depletion of  WNT5A in PaTu8988T cells with shRNA resulted in elevated YAP1 phosphorylation 
with concordant induction of  LATS1/2 phosphorylation (Figure 3L), supporting the notion that WNT5A 
activates YAP1 through the suppression of  Hippo signaling. Taken together, our data suggest that WNT5A 
overexpression can lead to YAP1 activation in PDAC cells.

WNT5A overexpression enables tumor maintenance and bypass of  KRAS dependence. At the functional level, 
Wnt5a deletion in iKras– Yap1Amp– tumor cells with CRISPR significantly inhibited colony formation (Figure 
4, A and B). In agreement with the genetic ablation, treatment with WNT5A antagonist BOX-5 specifically 
induced YAP1 phosphorylation and abolished the colony formation ability of  iKras– Yap1Amp– tumor cells, 
but not the Yap1Amp+ cells (Figure 4, C–E), indicating the requirement of  WNT5A for YAP1 activation and 
induced tumorigenic activity. Indeed, Wnt5a deletion also significantly inhibited xenograft tumor growth 
in vivo, which was rescued by reconstituted WNT5A expression (Figure 4, F and G). Of  importance, 
in contrast to the predominant nuclear staining of  YAP1 in the parental iKras– Yap1Amp– cells, Wnt5a-KO 
tumors exhibited a significant amount of  cytoplasmic YAP1, whereas WNT5A reconstitution restored 
YAP1 nuclear accumulation without affecting total YAP1 expression level (Figure 4, H and I, and Supple-
mental Figure 6A), suggesting that the diminished tumor growth was due to decreased YAP1 activity. Con-
sistent with the role of  YAP1 in driving squamous subtype, expression of  squamous subtype genes (Cav1 
and Pappa) was suppressed in Wnt5a-KO tumors whereas the expression of  progenitor subtype genes (Tff1 
and Muc13) was induced, which was partially reversed upon WNT5A reconstitution (Supplemental Figure 
6B). In addition, expression of  constitutively active YAP1S127A largely rescued the inhibitory effect of  Wnt5a 
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deletion on tumor growth (Figure 4G), thus suggesting that WNT5A overexpression in mouse PDAC 
cells promotes tumor growth by activating YAP1. In agreement with this notion, depletion of  WNT5A in 
human PDAC cell line PaTu8988T significantly inhibited cell colony formation ability (Figure 4J).

Because YAP1 activation can maintain tumor growth upon genetic extinction of KRAS oncogene in PDAC 
(14, 20), we next investigated whether WNT5A overexpression can also serve to bypass KRAS dependency. 
Indeed, ectopic expression of WNT5A in KrasG12D-driven iKras tumor cells and KRAS-dependent PaTu8988S 
cells partially restored the colony formation upon KRAS depletion (Figure 5A and Supplemental Figure 6, C 
and D). In addition, forced WNT5A expression in KrasG12D-driven iKras tumor spheres was able to maintain 
cell viability upon extinction of KrasG12D by doxycycline withdrawal, whereas most control tumor cells express-
ing GFP underwent apoptosis (Figure 5, B–D). Of importance, the survival effect of WNT5A upon KrasG12D 
extinction was largely abolished upon YAP1 knockdown (Figure 5, B–D), indicating that YAP1 is required for 
WNT5A-induced bypass of KRAS dependence. Indeed, similar to the effect of YAP1S127A, ectopic WNT5A 
expression in iKras tumor cells showed KRAS-independent tumor growth when injected orthotopically into 
nude mice, whereas GFP-expressing iKras tumor cells failed to maintain tumor growth in the absence of doxy-
cycline (Figure 6, A–C). Of importance, WNT5A-induced KRAS-independent tumor growth was abolished in 
Yap1-deleted cells (Supplemental Figure 6, E and F), underlining the requirement of YAP1 for WNT5A-mediat-
ed bypass of KRAS dependence. Notably, all WNT5A-driven tumors showed lower MAPK activity and strong 
nuclear YAP1 accumulation compared with KrasG12D-driven tumors (Figure 6D). Together, these results indicate 
that WNT5A overexpression can activate YAP1 and substitute for oncogenic Kras-driven tumor maintenance.

WNT5A/YAP1 axis functions in primary human PDAC. We further validated the WNT5A/YAP1 axis in 
primary human PDAC, showing that WNT5A expression was elevated in squamous subtype PDX tumors 
(Figure 7A). Accordingly, WNT5A protein was highly expressed, whereas YAP1 phosphorylation was 
relatively low in squamous subtype PATC148 and PATC153 cells, while 2 cell lines derived from progenitor 
subtype tumors, PATC102 and PATC108, exhibited elevated YAP1 phosphorylation along with absence of  
WNT5A expression (Figure 7B). This is in accordance with the elevated expression of  YAP1 target gene 
CYR61 in squamous subtype PDXs (Figure 7B).

ShRNA-mediated depletion of  WNT5A in PDX-derived PATC148 and PATC153 cells caused an 
increase in YAP1 phosphorylation, suppression of  colony formation ability, and diminished tumor growth 
in vivo (Figure 7, C–F), supporting the role of  WNT5A for tumorigenic activity. In contrast, WNT5A shR-
NA had minimal effect on in vivo tumor growth of  PATC108 cells (Figure 7F). Consistent with the role of  
WNT5A in bypass of  KRAS dependence, knockdown of  KRAS elicited less inhibition on the growth of  
high WNT5A–expressing PATC148 (KRASG12D) cells compared with low WNT5A–expressing PATC102 
(KRASG12D) and PATC108 (KRASG12D) cells, with KRAS-WT PATC153 cells being resistant to KRAS knock-
down (Figure 7, G and H). Together, our data indicate that WNT5A overexpression in squamous subtype 
PDACs contributes to YAP1 activation and tumor growth.

Discussion
In this study, we found that deletion of  Yap1 in adult pancreas completely blocked KRAS-induced PDAC 
development (Supplemental Figure 1, B–D). Immunohistochemical staining on these tumor tissues showed 
marked decrease in the cell proliferation index, as measured by Ki67 staining (Supplemental Figure 1F) 
and low Survivin (BIRC5) expression (Supplemental Figure 1E). Because Survivin expression overlapped 

Figure 3. YAP1 activation in PDAC is mediated by WNT5A overexpression. (A and B) Human pancreatic cancer cell lines of progenitor or squamous subtype 
(A) or mouse PDAC cells of indicated genotypes (B) were subjected to immunofluorescence staining with anti-YAP1 (red) and DAPI (blue). (C) Noncanonical 
(NC) WNT pathway enrichment score in iKras– mouse PDAC tumors without (Amp–) or with (Amp+) Yap1 amplification. (D) Correlation between NC WNT 
signature and YAP1 signature in PDAC TCGA data set. (E) Western blots for WNT5A in mouse PDAC cells of indicated genotypes and human PDAC cell lines. 
(F) WNT5A expression in squamous or progenitor subtype human PDACs in TCGA data set. (G) Correlation between WNT5A expression and YAP1 signature in 
PDAC TCGA data set. (H) Western blot analysis for WNT5A, YAP1, and phospho-YAP1 (S127) in 2 independent iKras-Yap1Amp– cells with CRISPR-mediated Wnt5a 
deletion. Two independent Wnt5a-knockout (KO) clones were included, and a clone without Wnt5a deletion was used as a control (Ctr). Vinculin blot for E-4 
was run in parallel with the rest of the blots for E-4 contemporaneously. (I) E-4 (iKras-Yap1Amp–) Wnt5a-KO cells and PaTu8988S cells expressing GFP or WNT5A 
were subjected to immunofluorescence staining with anti-YAP1 (red) and DAPI (blue). (J) Relative mRNA levels of YAP1 downstream targets in E-4 (iKras– Yap-
1Amp–) Wnt5a-KO cells. P value was corrected with Dunnett’s method. (K) Western blot analysis for WNT5A, YAP1, and phospho-YAP1 (S127) in mouse iKras 
PDAC cells (AK192) or human PaTu8988S cells expressing GFP or WNT5A (top). The quantification of phospho-YAP1/total YAP1 signals is shown. (L) Western 
blot analysis for WNT5A, LATS1/2, phospho-LATS1/2, YAP1, and phospho-YAP1 (S127) in PaTu8988T cells infected with WNT5A shRNAs or nontargeting 
shRNA (shCtr). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box 
represents the interquartile range. Error bars from all panels indicate ± SD. *P < 0.05; **P < 0.01. Scale bar: 20 μm.
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with YAP1 expression in Yap1-WT PDAC but was completely lost in Yap1-KO pancreas, it is likely regu-
lated directly by YAP1 at the transcription level, as shown in esophageal squamous cell carcinoma (27). 
Survivin is a known antiapoptotic protein that is expressed only in tumor cells (28) and primarily during the 
G2 mitotic phase of  the cell cycle (29). The mostly nuclear expression of  Survivin that is observed in YAP-
WT tumor sections (Supplemental Figure 1E) supports its predominant role in regulating the cell cycle. 
Accordingly, higher Survivin expression was also in agreement with predominant gene signatures associat-
ed with cell cycle progression in Pa04C-YAP1S127A cells (Supplemental Table 4) and a higher percentage of  
Pa04C-YAP1S127A cells in the G2/M phase by cell cycle analysis (data not shown).

We provided evidence that YAP1 is highly activated in squamous subtype PDACs and is required for 
their tumorigenic function. Despite the emerging role of  YAP1 as a major oncogene in multiple cancer 
types, genetic alterations of  the YAP1 gene or its upstream Hippo pathway are relatively uncommon (30, 
31). YAP1 amplification or mutations in NF2, an upstream negative regulator of  YAP1 activity, has been 
reported in about 1% of  human PDACs (3, 32). Therefore, the activation of  YAP1 in advanced human 
PDAC is likely due to nongenetic factors regulating inhibitory upstream Hippo kinases. Our data showing 
constitutive nuclear localization of  YAP1 protein in YAP1-dependent tumor cells indicates that suppres-
sion of  Hippo signaling is the major mechanism for YAP1 activation in PDAC. It was shown that TP63 
(ΔNp63) drives the squamous subtype of  PDAC (33). Of  interest, TP63 has been shown to activate YAP1 
in head and neck squamous cell carcinoma through the suppression of  Hippo signaling (34). Whether 
TP63 also functions through YAP1 activation in the squamous subtype of  PDAC remains to be investigat-
ed. More recently, GLI2 transcriptional factor was demonstrated to drive the switch between progenitor 
and squamous subtypes in PDAC (35). Importantly, GLI2 was identified as a direct downstream target of  
YAP1 in medulloblastoma (36). It will be interesting to further investigate whether YAP1 also functions 
upstream of  GLI2 in squamous subtype PDAC.

Here we provide evidence that WNT5A overexpression leads to YAP1 activation and bypass of KRAS 
dependency in KRAS-independent mouse PDAC cells and a subset of human squamous subtype PDACs. 
WNT5A is a prototypic noncanonical WNT ligand (26) and has been implicated in the pathogenesis of PDAC 
(37, 38). It was recently shown that the WNT5A-mediated noncanonical WNT pathway suppresses Hippo 
signaling and activates YAP1 through G protein–dependent activation of Rho GTPases (25). WNT5A can 
also engage multiple additional downstream signaling pathways, including SRC and PKC, which have been 
shown to activate YAP1 directly through phosphorylation or indirectly through regulation of Rho GTPases and 
LATS activity (39–44). Of interest, it was recently reported that noncanonical WNT- and frizzled class recep-
tor 8–mediated (FZD8-mediated) calcium signaling counteracts the tumorigenic activity of oncogenic KRAS 
(45). In contrast, FZD1 was shown to be important for WNT5A-mediated YAP1 activation (25). It is possible 
that the engagement of specific receptors by WNT5A determines its signaling and biological output in PDAC. 
Whether any one or all of these mechanisms are responsible for WNT5A-mediated YAP1 activation in PDAC 
remains to be further studied. Furthermore, additional noncanonical WNT ligands are also likely involved in 
YAP1 activation in PDAC. For instance, WNT7B expression is also elevated in the squamous subtype of PDAC 
and correlated with the YAP1 activation signature (data not shown). It is worthwhile to determine whether the 
additional noncanonical WNT ligands also contribute to YAP1 activation in PDAC.

Although our data indicate that WNT5A overexpression in tumor cells functions in a cell-autonomous 
manner to activate YAP1 oncoprotein, tumor cells may also activate WNT5A signaling through paracrine 
mechanisms. Notably, WNT5A has been shown to be highly expressed in PDAC stroma fibroblasts (46, 

Figure 4. WNT5A overexpression is required for tumorigenic activity. (A) Representative images of the colony formation assay for (iKras– Yap1Amp–) Wnt5a-
KO cells. Clones without Wnt5a deletion were used as a control. (B) Quantification from triplicates is shown and is presented as relative colony numbers upon 
normalization to the shCtr group. (C) Western blot analysis for YAP1 and phospho-YAP1 in mouse PDAC cells treated with DMSO, 50 or 100 μM BOX-5. (D) 
Representative images of the colony formation assay in mouse PDAC cells of indicated genotypes treated with vehicle (DMSO) or BOX-5 (100 μM). (E) Quan-
tification from triplicates is shown and is presented as relative colony numbers upon normalization to DMSO group. (F) Two independent clones of E-6 (iKras– 
Yap1Amp–) Wnt5a-KO cells and control cells without Wnt5a deletion (CTR) were subcutaneously injected into nude mice. Tumor volumes were measured on the 
indicated dates after injection. Results are presented as the means ± SD (n = 5). (G) E-4 (iKras– Yap1Amp–) Wnt5a-KO cells were infected with GFP, WNT5A, or 
YAP1S127A and were subcutaneously injected into nude mice. Cells without Wnt5a deletion were used as a control. Tumor volumes were measured 30 days after 
injection. Results are presented as means ± SD (n = 5). (H) Subcutaneous xenograft tumors from G were stained for YAP1. Scale bar: 100 μm. (I) Percentage of 
cells with nuclear/cytoplasmic/double staining of YAP1. Error bars represent SD (n = 10 fields, 250 cells/field). P value was corrected with Dunnett’s method. (J) 
Representative images of the colony formation assay for PaTu8988T cells infected with WNT5A shRNAs or nontargeting shRNA (shCtr) (top). Quantification 
from triplicates is shown. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of 
the box represents the interquartile range. Error bars from all panels indicate ± SD. *P < 0.05; **P < 0.01.
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47), and our preliminary data suggest that the stromal WNT5A level is significantly correlated with tumor 
cell YAP1 level in human PDAC (data not shown). Therefore, stromal WNT5A could possibly contribute 
to YAP1 activation in tumor cells, given that the exuberant desmoplastic stroma is a defining characteristic 
of  PDAC (2). In this scenario, the tumor/stroma interaction will play an instrumental role in orchestrating 
heterogeneous YAP1 activation in bulk tumor, which may in turn define the molecular heterogeneity and 
diverse biological phenotypes of  PDAC.

Considering that agents targeting the Hippo/YAP pathway are under development (30), our study 
showed that the critical role of  WNT5A-mediated YAP1 activation in a subset of  pancreatic tumors of  
the squamous subtype provides viable therapeutic targets for this most malignant form of  human PDAC.

Methods
Transgenic mice. For the generation of  a tamoxifen-inducible PDAC GEM model, Mist1CreERT2/+ (48) mice 
were used for conditional activation of  mutant KrasG12D and mutant Trp53R172H in the mature pancreas. For 
Yap1 deletion, these mice were further crossed with Yap1fl/fl mice (49). For the most efficient recombination, 
tamoxifen was administered intraperitoneally to 6-week-old mice in corn oil once daily for 5 days. The 
recombination efficiency was tested using PCR primers designed specifically to detect wild-type and recom-
binant alleles of  Kras, Trp53, and Yap1 in pancreatic tissues.

Cell culture and establishment of  primary PDAC lines. Human pancreatic cell lines SNU410, HPAC, 
HPAF-II, PL45, PaTu8988S, and PaTu8988T were obtained from the American Type Culture Collec-
tion (ATCC). Pa04C was established from resected patient tumors, maintained as low passage (<10) 
(50), and cultured according to recommended protocols. Establishment and maintenance of  primary 

Figure 5. WNT5A overexpression leads to the bypass of KRAS dependency. (A) Cell growth assay for PaTu8988S-GFP or -WNT5A cells infected with 
KRAS shRNAs or nontargeting control shRNA. Quantification from triplicates is presented as relative cell growth upon normalization to control group. 
Error bars indicate ± SD of triplicates; **P < 0.01. (B) Western blot analysis for WNT5A and YAP1 in AK192 (iKras+) cells expressing GFP or WNT5A upon 
knockdown of YAP1 with shRNA. (C) Mouse AK192-GFP or AK192-WNT5A cells infected with nontargeting shRNA (shCtr) or YAP1 shRNA (shYap1) were 
grown as 3D tumor spheres in the presence or absence of doxycycline for 4 days. Cellular apoptosis was measured with annexin V staining. Representative 
images of 2 independent experiments show the FACS analysis of annexin V and 7-AAD staining. Numbers represent the percentage of early apoptosis 
(annexin V+ 7-AAD–) and late apoptosis (annexin V+ 7-AAD+) populations. (D) Quantification of total apoptotic cell from C (2 independent experiments). 
Doxycycline withdrawal leads to dramatic apoptosis of AK192-GFP tumor sphere. Such apoptosis induced by doxycycline withdrawal was significantly 
inhibited in WNT5A-expressing cells, which was partially reversed upon YAP1 knockdown. The box plots depict the minimum and maximum values (whis-
kers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range.
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mouse PDAC lines were performed as described previously (8, 14). Mouse PDAC cell line PD3077 
was a gift from Ben Stanger, University of  Pennsylvania Perelman School of  Medicine (Philadelphia, 
Pennsylvania, USA). The human patient PDX cell lines were maintained in RPMI-1640 medium con-
taining 10% FBS (Clontech). KRAS mutation status, molecular subtypes, and tumor grade informa-
tion are listed in Supplemental Table 9.

Reagents. We used doxycycline (RPI), PE Annexin V Apoptosis Detection Kit I (BD Biosciences), and 
BOX5 (MilliporeSigma).

Immunostaining and Western blot analysis. Immunohistochemical analysis was performed as described 
previously (51). Details for immunofluorescence staining, Western blot analysis, and primary antibody 
information are described in the Supplemental Methods.

Lentivirus-mediated shRNA knockdown. All lentiviral shRNA clones targeting YAP1, WNT5A, and non-
targeting shRNA control were obtained from MilliporeSigma in the pLKO vector. The clone IDs for the 
shRNA are listed in the supplemental materials.

CRISPR/Cas9–mediated gene KO. SgRNAs targeting mouse Wnt5a or Yap1 were cloned into pSpCas9(B-
B)-2A-Puro (Addgene, 62988) and transfected into target cells. After 2 μg/mL puromycin selection for 1 
week, single-cell clones were isolated and analyzed by T7E1 assay and Western blot analysis. Sequences for 
Wnt5a and Yap1 sgRNA are listed in supplemental materials.

Figure 6. WNT5A overexpression drives KRAS-independent tumor growth. (A) Schematic workflow for the in vivo KRAS bypass experiment. (B) AK192 cells 
expressing luciferase were infected with lentivirus expressing GFP, WNT5A, or YAP1S127A and orthotopically injected into nude mice pancreas in the presence of 
doxycycline. Animals were withdrawn from doxycycline 4 days later, and tumor growth was visualized by bioluminescent imaging at 8 weeks. (C) Kaplan-Meier 
overall survival analysis for nude mice (n = 5/group) orthotopically transplanted with the cells described in B. (D) Orthotopic xenograft tumors generated with 
AK192-GFP cells (on doxycycline) or AK192-WNT5A cells (off doxycycline) were stained for WNT5A, YAP1, and phospho-ERK. Scale bar: 100 μm.
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TMA staining and analysis. Immunohistochemical staining for YAP1 was performed on 5-μm unstained 
sections from the TMA blocks, which included 92 (MD Anderson Cancer Center) or 83 (Johns Hopkins 
University School of  Medicine) PDAC samples from patients who underwent surgery up front. Immuno-
histochemical staining for YAP1 was reviewed by a pathologist. The expression of  YAP1 was classified as 
YAP1-low and YAP1-high by using the median score for total YAP1 expression (nuclear plus cytoplasmic 
expression) as a cutoff.

Statistics. Tumor volume and tumor-free survival results were analyzed using GraphPad Prism. To 
assess distributional differences of  variance across various test groups, the Mann-Whitney U test was used. 

Figure 7. The WNT5A/YAP1 axis is active in primary human PDAC and required for tumor maintenance. (A) WNT5A expression in squamous or progen-
itor subtype PDXs. (B) Western blot analysis for WNT5A, YAP1, phospho-YAP1, and CYR61 in PDX cell lines of squamous or progenitor subtype. WNT5A 
blot was run in parallel with the rest of the blots contemporaneously. (C) Western blot analysis for WNT5A, YAP1, and phospho-YAP1 in squamous subtype 
PDX cell lines infected with WNT5A shRNAs or nontargeting shRNA. The pYAP1 blot for PATC153 was run in parallel with the rest of the blots for PATC153 
contemporaneously. (D) Representative images of the colony formation assay for squamous subtype PDX cell lines infected with WNT5A shRNAs or 
nontargeting shRNA. (E) Quantification from triplicates is shown. (F) PATC108 and PATC148 cells infected with WNT5A shRNAs or nontargeting shRNA 
were subcutaneously injected into nude mice. Tumor volumes were measured on the indicated dates after injection, and relative tumor growth normalized 
to day 14 was presented. Results are presented as the means ± SD (n = 5). (G) Western blot analysis for KRAS, phospho-MEK1/2, and MEK1/2 in PDX cell 
lines infected with KRAS shRNAs or nontargeting shRNA. (H) Cell growth assay for PDX cell lines infected with KRAS shRNAs or nontargeting shRNA. 
Quantification from triplicates is presented as relative cell growth upon normalization to the shCtr group. P value was corrected with Dunnett’s method. 
The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the 
interquartile range. Error bars from all panels indicate ± SD. **P < 0.01.
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Other comparisons were performed by using the unpaired 2-tailed t test. For experiments with more than 2 
groups, P value was corrected for multiple comparisons using Dunnett’s method. A P value less than 0.05 
was considered significant. For all figures with error bars, the SD was calculated to indicate the variation 
with each experiment and data, and values represent mean ± SD.

Study approval. All animal studies were approved by the MD Anderson Cancer Center Institutional Animal 
Care and Use Committee under protocol number 00001549. No patient samples were directly used in this study.
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