STATS3 is a master regulator of epithelial
identity and KRAS-driven tumorigenesis
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A dichotomy exists regarding the role of signal transducer and activator of transcription 3 (STAT3) in cancer.
Functional and genetic studies demonstrate either an intrinsic requirement for STAT3 or a suppressive effect on
common types of cancer. These contrasting actions of STAT3 imply context dependency. To examine mechanisms
that underlie STAT3 function in cancer, we evaluated the impact of STAT3 activity in KRAS-driven lung and
pancreatic cancer. Our study defines a fundamental and previously unrecognized function of STAT3 in the main-
tenance of epithelial cell identity and differentiation. Loss of STAT3 preferentially associates with the acquisition of
mesenchymal-like phenotypes and more aggressive tumor behavior. In contrast, persistent STAT3 activation
through Tyr705 phosphorylation confers a differentiated epithelial morphology that impacts tumorigenic potential.
Our results imply a mechanism in which quantitative differences of STAT3 Tyr705 phosphorylation, as compared

with other activation modes, direct discrete outcomes in tumor progression.
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Signal transducer and activator of transcription 3 (STAT3)
is amember of the STAT family of latent transcription fac-
tors, which play pivotal roles in relaying extracellular sig-
nals from cell surface receptors to the nucleus. In response
to cytokines and growth factors, STATS are phosphorylat-
ed by Janus kinases (JAKs) or cognate receptors and form
dimers able to bind DNA and activate expression of genes
involved in differentiation, development, proliferation,
and apoptosis (Schindler et al. 2007; Stark and Darnell
2012). STAT3 function has been characterized following
phosphorylation of two different residues: Tyr705 (Y705)
and Ser727 (S727). Of these, Y705 phosphorylation is gen-
erally regarded as the dominant actuator of cytokine sig-
naling through the JAK/STAT3 pathway, while the role
of S727 phosphorylation is still being ascertained (Shen
et al. 2004; Androutsellis-Theotokis et al. 2006; Qin
et al. 2008; Gough et al. 2009). The activation of STAT3
by tyrosine phosphorylation has been observed in various
human malignancies (Yu et al. 2014). It has been hypoth-
esized that STAT3 represents a driving force behind tu-
mor progression; however, a broad consensus regarding
the exact role of STAT3 in epithelial carcinogenesis has
not been achieved.
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Murine cancer models with tissue-specific deletions of
STATS3 have provided contrasting results regarding the re-
quirement of STAT3 in tumor development. Studies have
demonstrated a requirement for STAT3 in the early devel-
opment of skin, colon, bladder, liver, stomach, and pan-
creatic cancer (Chan et al. 2004; Ernst et al. 2008;
Bollrath et al. 2009; Grivennikov et al. 2009; He et al.
2010; Corcoran et al. 2011; Fukuda et al. 2011; Lesina
et al. 2011; Ho et al. 2012; Putoczki et al. 2013), whereas
other studies have demonstrated that STAT3 behaves as
a tumor suppressor in brain, breast, colorectal, lung, pros-
tate, and thyroid cancer (de la Iglesia et al. 2008; Musteanu
etal. 2010; Couto et al. 2012; Lee et al. 2012; Grabner et al.
2015; Pencik et al. 2015; Jhan and Andrechek 2016). Some
of the studies have implied an anti-metastatic role for
STATS3 (Lee et al. 2012; Pencik et al. 2015). In contrast,
other findings have demonstrated that persistent activa-
tion of STAT3 in tumor cells and tumor-associated im-
mune cells promotes cancer metastasis (Yu et al. 2014).
Experimental conditions have varied with tissue, onco-
gene, and cancer stage, and so, together, the observations
suggest the existence of context dependency mechanisms
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that underlie the differential roles of STAT3 in cancer.
Characterization of these context-specific dependencies,
once understood and considered, could be exploited
therapeutically.

In this study, we sought to examine the underlying dif-
ferential roles found for STAT3 in cancer using a model of
endogenous expression of oncogenic KRASS!?P in mouse
lung and pancreatic cells. KRAS is the most frequently
mutated oncogene in human cancer, and KRAS mutant
mice have been used extensively to model human disease.
While loss of cellular identity and the acquisition of
phenotypic features of undifferentiated cells are charac-
teristic of KRAS-induced tumors in mice (Kim et al.
2005; Winslow et al. 2011; Roy and Hebrok 2015), our
study defines a fundamental and previously unrecognized
function of STAT3 in the maintenance of epithelial cell
identity and differentiation. Loss of STAT3 preferentially
associates with the acquisition of mesenchymal-like phe-
notypes and more aggressive tumor behavior, while per-
sistent STAT3 activation (i.e., Y705 phosphorylation)
confers a differentiated epithelial morphology on cells
that impacts their tumorigenic potential. Our results im-
plicate STAT3 as a general tumor modifier. Mechanisti-
cally, we found that STAT3 and the transcription factor
TP63 jointly regulate expression of genes that are specifi-
cally involved in epithelial cell commitment and differen-
tiation. These data provide a strong foundation for
dissecting mechanisms of context-dependent functions
of STAT3 signaling in various cancer types.

Results

STAT3 expression varies at different stages of pancreatic
carcinogenesis

Activation of the JAK/STAT3 pathway has been reported
to be a general cancer dependency, evidenced by chronic
Y705 phosphorylation of STAT3 (Yu et al. 2014; Buchert
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et al. 2016). For this reason, we used RNAseqV2 and re-
verse-phase protein array (RPPA) data from The Cancer
Genome Atlas (TCGA) to assess the relationship between
STATS3 gene copy aberrations, mRNA, and protein expres-
sion among >800 cases from three common cancer types;
namely, pancreatic ductal adenocarcinoma (PDAC), lung
adenocarcinoma (ADC), and lung squamous cell carcino-
ma (SCC). STAT3 gene alterations are found in only a
low percentage of cancer cases (Supplemental Fig. STA),
and basal STAT3 phospho-Tyr705 (pY705) activity is
only moderately altered in tumor samples across three
cancer types (Supplemental Fig. S1B). Based on these ob-
servations, we evaluated STAT3 status by immunohisto-
chemistry (IHC) of pancreatic tissue microarrays (TMAs)
containing normal, precancerous pancreatic intraepithe-
lial neoplasia (PanIN), PDAC, and metastatic tissues
(Fig. 1). Staining for STAT3 and STAT3 pY705 was scored
by intensity and calculated as percentage of total. The vast
majority (94%) of normal tissue samples (50 out of 53)
stained positive for STAT3, most staining moderately or
strongly positive but with little STAT3 pY705 staining ex-
cept in some inflamed areas. Likewise, 26 out of 31 pre-
cancerous PanIN lesions stained positive for STATS3,
with about half of those also positive for STAT3 pY705,
consistent with its possible role in early neoplasia. Com-
paratively, only 36 out of 84 of the PDAC samples stained
positive for total STAT3, with the majority of those being
only weakly positive (Fig. 1B). In those weakly positive tis-
sues, staining was often heterogeneous, with a subset of
cancer cells losing STAT3 positivity entirely. This appar-
ent loss of STAT3 function associated with progression to
cancer was made even more evident by only 11 out of 84
PDAC samples staining positive for STAT3 pY705 (Fig.
1C). There was a trend toward decreased STAT3 activity
in poorly differentiated or undifferentiated carcinomas
through loss of either Y705 phosphorylation or STAT3 ex-
pression entirely (Supplemental Fig. SIC). This corrobo-
rates data from the Human Protein Atlas (http://www.

Figure 1. STAT3 expression varies at different
stages of pancreatic carcinogenesis. (A) Represen-
tative IHC images of STAT3 and STAT3 pY705
staining of human pancreatic TMAs containing
normal controls, precancerous lesions (PanIN),
primary PDAC tumor samples, and metastatic
tumors. Bar, 200 pm. (B) Quantitative analysis
of total STAT3 staining for each tissue. (C) Statis-
tical analysis of staining for STAT3 pY705 in the
percentage of each sample positive for STAT3.
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proteinatlas.org) reporting weak or no expression of ally expanded in culture and can form tumors in mice
STATS3 in more than half (65 %) of all human malignancies (Ischenko et al. 2014Db). Cell lines generated from the cul-
(Supplemental Fig. S1D). Conversely, although the sam- tured cells represent a premalignant stage with a potential
ple size was low, PDAC metastases generally stained for neoplastic progression. They have stable phenotypes
positive for STAT3 (nine out of 11) (Fig. 1A). STAT3 and genetic characteristics and were chosen to investigate
expression in metastases is in accordance with the differ- the role of STAT3 in KRAS-driven tumorigenesis. For
entiation that commonly accompanies metastatic forma- STAT3 loss of function, we used the CRISPR/Cas9 system
tion (McDonald et al. 2012). to generate stable knockouts for STAT3 (Fig. 2A). For gain

of function, cells were transduced with lentiviruses ex-
pressing wild-type or hyperactive STAT3 alleles (Supple-
mental Fig. S2). Of these, the hyperactive mutants
STAT3C (A662C/N664C), STAT3 YG640F, and STAT3

STATS3 is required for the maintenance of epithelial
differentiation in KRAS-induced PDAC

To determine the influence of STAT3 in pancreatic can- K658Y are reported to dimerize spontaneously and acti-
cer, we evaluated a genetically tractable murine model vate transcription in a Y705 phosphorylation-dependent
system. PDAC is the most common type of pancreatic manner (Y640F and K658Y are naturally occurring muta-
cancer and is almost invariably associated with mutations tions) (Bromberg et al. 1999; Pilati et al. 2011; Crescenzo
in the KRAS gene (Perez-Mancera et al. 2012). PDAC is et al. 2015). The activity of STAT3 S727E is independent
thought to arise either through KRAS-induced acinar-to- of Y705 phosphorylation (Qin et al. 2008). Mutants were
ductal metaplasia or from the expansion of duct-derived expressed in pancreatic KRASS'?P cell lines no more
progenitor cells (Guerra et al. 2007; Zhu et al. 2007; than fivefold higher than endogenous STAT3 (Fig. 2A).

Gidekel Friedlander et al. 2009; Roy et al. 2015). Using In line with previous reports, hyperactive STAT3 Y640F
the KRASS!2P p53 knockout mouse model of pancreatic and STAT3C displayed increased levels of STAT3 pY705

tumorigenesis, we previously identified an epithelial pop- regardless of cell culture conditions (Fig. 2A). Neither
ulation of cells in the adult pancreas expressing pancreas/ wild-type STAT3 nor its mutants exhibited strong S72.7
duodenoum homeobox protein 1 (PDX1) that can be clon- phosphorylation (data not shown).
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Figure 2. STATS is required for the maintenance of differentiated cell identity in KRAS-induced PDAC. (A) Western blot analysis of nu-
clear and cytoplasmic extracts from control and STAT3 knockout KRASS!?P p53 knockout pancreatic cells (left panel) and cells trans-
duced with wild-type or mutant STAT3 alleles (middle and right panels). (B) FACS analysis of CD133 and SCA1 expression in
KRASS!?P p53 knockout pancreatic cells and their STAT3 mutant derivatives. (C) Growth and viability of KRASS'?P p53 knockout pan-
creatic cells in two-dimensional (2D) monolayer (left panel) and three-dimensional (3D) nonadherent (right panel) cultures. The cells were
cultured for 1 wk. Relative cumulative cell numbers are shown. Values correspond to average and SD. Asterisks indicate a statistically
significant difference compared with wild-type controls. (D) Subcutaneous tumor formation in nude mice by KRASS!?P p53 knockout
pancreatic cells and their mutant STAT3 derivatives (10* cells per injection site). n>4 for each cell type. (E) H&E and IHC (KRT19 and
SOX9) staining of tumors arising from KRASS!?P p53 knockout cells shown in D. Representative images are shown. Bar, 200 pm.
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When cultured in vitro, STAT3-deficient (STAT3
knockout) KRASS!?P p53 knockout cells retained many
of their parental characteristics, as judged by morphology
and by continuous expression of the ubiquitous and pan-
creas-specific transcription factors MYC, PDX1, SOXO9,
and HESI1 (Fig. 2A). However, flow cytometry indicated
that the STAT3 knockout cells acquired a less differenti-
ated CD1337SCA1~ phenotype associated with poorly
differentiated or undifferentiated (anaplastic) tumor ap-
pearance (Supplemental 2B). SCA1 and CD133 expression
has been shown previously to mark differentiated pancre-
atic ductal cells (Ischenko et al. 2014b; Roy et al. 2015).
Ectopic expression of wild-type STAT3 or hyperactive
STAT3 Y640F induced a shift toward a more differentiat-
ed CD133"SCA1" phenotype (Fig. 2B). The persistent acti-
vation of STAT3 Y640F was found to retard cell growth in
vitro in either two-dimensional (2D) or nonadherent cell
culture conditions (Fig. 2C).

Following subcutaneous transplantation into mice, the
KRASSD pancreatic cells expressing the hyperactive
STAT3 Y640F mutant were markedly delayed in their
ability to form tumors in comparison with control (vector)
cells (Fig. 2D). Therefore, persistent phosphorylation of
STATS3 rather than ablation impeded tumorigenesis. Of
particular importance, the amount and activation status
of STATS3 present in the cultured cells correlated with
the histological and immunohistological features of tu-
mors. The histology of both heterotopic tumors and ortho-
topic pancreatic tumors arising from parental control cells
was consistent with that of moderately differentiated
PDAC (Fig. 2E; Supplemental Fig. S3A; data not shown).
In contrast, the histology of tumors derived from STAT3
knockout cells showed characteristics of anaplastic (sarco-
matoid) carcinoma, also known as epithelial-mesenchy-
mal transition (EMT) tumors (Nieto et al. 2016; Lambert
etal.2017; Brabletz et al. 2018). The predominant sarcom-
atous elements in the STAT3 knockout tumors lacked a
differentiated morphology and were negative for markers
of ductal differentiation, such as keratin 19 (KRT19) and
E-cadherin (CDH1), while inducing the mesenchymal
marker smooth muscle actin (SMA; ACTA2) (Fig. 2E;
Supplemental Fig. S3B). Markers of pancreatic ductal
progenitor cells (e.g.,, SOX9) remained unchanged. In
sharp contrast, tumors arising from cells overexpressing
wild-type STAT3 or hyperactive STAT3 (STAT3C and
STAT3 Y640F) appeared well differentiated. These tumors
were strongly positive for STAT3 pY705, SOX9, CDH],
and KRT19, while ACTA2 expression was restricted to
infiltrating stromal cells (Fig. 2E; Supplemental Fig.
S3B). Because PDAC frequently displays TP53 mutations,
giving rise to a stable mutant p53 protein, we also
investigated pancreatic cells derived from PDXI1-Cre
KRASS12P p53R172H mjce (Hingorani et al. 2005). Control
KRASSG!2D p53RI72H ce]ls developed moderately to well-
differentiated tumors organized into typical glandular
structures, whereas the loss of STAT3 resulted in a less
differentiated or poorly differentiated disease, further in-
ferring a causal relationship between STAT3 status and
the pathogenesis of PDAC (Supplemental Fig. S3C).
Thus, using STAT3 pY705 as a measure of STAT3 activ-
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ity with epithelial markers such as CDH1, KRT19, and
PDX1, our data indicate that strong and persistent activa-
tion of STAT3 in KRASS!*P pancreatic cells stabilizes
their epithelial identity. These cells in turn give rise to
well-differentiated tumors resembling human PDAC.

Activation of STAT3 at S727 directs loss of epithelial
identity and partial EMT

In addition to tyrosine phosphorylation, phosphorylation
of S727 has been reported to enhance STAT3 transcrip-
tional activity, influence cell fate transitions, and pro-
mote oncogenic transformation (Wen et al. 1995; Shen
et al. 2004; Androutsellis-Theotokis et al. 2006; Gough
et al. 2009; Zhang et al. 2013). We measured S727 phos-
phorylation levels in parental KRAS®!?P p53 knockout
cell lines grown in 2D and three-dimensional (3D) condi-
tions in the absence of exogenously added cytokine (Fig.
3A). STAT3 pY705 was detectable only in 3D culture con-
ditions, whereas low levels of STAT3 S727 phosphoryla-
tion (pS727) were discernible in all culture conditions
and distributed in both nuclear and cytoplasmic fractions.
The level of STAT3 pS727 was not affected by overex-
pression of activated RAS or RAS effectors in these cells
with endogenous KRASS!2P (Supplemental Fig. S4A).
Since antibodies to STAT3 pS727 do not have sufficient
sensitivity for IHC, we used the phosphorylation-mimetic
STAT3 S727E as a genetic tool to study the role of STAT3
pS727 in cancer (Androutsellis-Theotokis et al. 2006; Qin
et al. 2008). Remarkably, forced expression of STAT3
S727E conferred on KRASS'P cells clear features of
partial EMT. Analysis of the transition over time showed
that STAT3 S727E cells down-regulated markers of
pancreatic epithelium (EpCAM and CD133) (Fig. 3B;
Supplemental Fig. S4B) and transitioned to a fibroblast-
like morphology (Supplemental Fig. S4C). Mesenchymal
markers, such as ACTA2 and vimentin, were not induced,
suggesting partial rather than complete EMT (Yang and
Weinberg 2008). Notably, activation of an EMT program
by STAT3 S727E occurred without additional activation
of the classical EMT-inducing pathway, TGFp/SMAD
(Supplemental Fig. S4D,E). When cells expressing STAT3
S727E were transplanted into mice, they gave rise to
morphologically mixed tumors composed of epithelial
and mesenchymal components (Fig. 3C). Since no evi-
dence of EMT was found in hyperactive STAT3-express-
ing cells (Fig. 2E), cells were evaluated that express a
STAT3 double mutant that lacks the activating Y705
but has the S727 phosphomimetic (Y705F/S727E). The
KRASS™P pancreatic cells expressing STAT3 Y705F/
S727E gave rise to uniformly mesenchymal-like tumors
(Fig. 3C). Therefore, we conclude that the STAT3 S727E
mutation partially mimics the effects of STAT3 loss in
promoting a mesenchymal-like phenotype, and this is ful-
ly revealed in the absence of STAT3 pY705 activation.
The results further support our finding that phosphoryla-
tion of STAT3 Y705 confers on tumor cells a differentiat-
ed epithelial morphology.

To extend this analysis to the process of metastasis, we
used two different model systems: murine tail vein
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injection and zebrafish cardinal vein injection. The zebra-
fish model of metastasis allows direct visualization of
fluorescently labeled cancer cells at single-cell resolution
(Marques et al. 2009). The assay is highly reproducible and
requires only a small number of injected cells. KRASS!?P
p53 knockout pancreatic parental cells and their STAT3
knockout, STAT3 Y640F, and STAT3 S727E derivatives
(50-100 cells of each type) were injected into the common
cardinal vein of kdrl:REP zebrafish embryos 2 d after fertil-
ization. The kdrl:RFP transgene labels the blood vessels
with red fluorescence, allowing the simultaneous visuali-
zation of injected GFP-labeled cells. Of the four cell lines
tested, STAT3 S727E cells displayed a greater ability for
rapid extravasation and migration away from blood ves-
sels along tissue boundaries, such as the intersomitic fur-
row, and within tissues, such as the ventral fin fold (Fig.
3D). Consistent with in vitro cell morphology, the
STATS3 S727E cells exhibited an elongated mesenchymal
phenotype after extravasation (Fig. 3D). While the other
cells lines also exhibited the capacity to extravasate,
when they did so, the cells maintained a rounded epithe-
lioid shape and associated closely with the blood vessel
from which they emerged. These cells apparently re-
mained dormant (i.e., not expanding in mass), suggesting
that dissemination alone is not sufficient to cause meta-
static growth. To examine the behavior of the cells in a

KRASS'P pancreatic cells expressing STAT3 S727E
and the tyrosine phosphorylation-deficient STAT3
Y705F/S727E double mutant. (D) Representative images
of zebrafish xenografts containing KRASS'?P cells or
their STAT3 derivatives at 4 d after injection. Red fluo-
rescence indicates zebrafish blood vessels, and green
fluorescence is transplanted mouse cells. Arrowheads
indicate cells with various invasion capabilities. (E) Met-
astatic tumor formation in the lungs of nude mice inject-
ed by tail vein with KRASS2P p53 knockout pancreatic
cells and their STAT3 derivatives. n=4 for each cell
type. Values correspond to average and SD. Asterisks in-
dicate a statistically significant difference compared
with the STAT Y640F group. (F) H&E staining of meta-
static tumors in the lungs of nude mice injected with
KRASS!?P p53 knockout cells and their STAT3 deriva-
tives (shown in E).

murine model of metastasis, the respective cell lines ex-
pressing GFP were injected into the tail veins of nude
mice. After 6 wk, lung metastatic foci were observed
in each injection group. Quantification of GFP-positive
lung foci showed that STAT3 S727E cells surpassed
STAT3 Y640F cells in terms of the number of foci (Fig.
3E). Of particular note, the metastatic tumors retained ep-
ithelial characteristics, as is commonly observed in meta-
static PDAC (Fig. 3F; McDonald et al. 2012). These data
indicate that STAT3 S727E (and, by analogy, STAT3
pS727) promotes extravasation and early initiation of ex-
perimental metastases.

Loss of STAT3 accelerates KRAS-induced lung cell
tumorigenesis

To investigate the impact of STAT3 in KRAS-induced tu-
morigenesis in a distinct tissue type, we used the
KRASS'?P model of non-small cell lung (NSCLC) cancer.
NSCLC is the most common type of lung cancer and is
conventionally subdivided into ADC, SCC, and undiffer-
entiated forms. Among these, mutations in KRAS prevail
in lung ADCs (>30%), while PI3K pathway mutations pre-
vail in lung SCCs (>40%) (The Cancer Genome Atlas Re-
search Network 2012, 2014). We previously established
primary cultures of KRASS!?P p53 knockout cells from
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the lungs of adult mice (Ischenko et al. 2014a). Rather than
being restricted to one tumor type, these cells can give rise
to several types of cancer, including ADC and SCC. The
cells can also be converted from one cancer type to anoth-
er, and their plasticity depends on the expression of line-
age-determining transcription factors (Ischenko et al.
2014a). We generated STAT3-specific knockouts in these
lung epithelial cells using CRISPR/Cas9 technology and
then assessed expression of STAT3-responsive genes
with tumor-promoting or tumor-suppressing activities
by Western blot, including MYC, TP63, and SOX2 (Fig.
4A; Foshay and Gallicano 2008; Ma et al. 2010; Tadokoro
et al. 2014). Among these proteins, MYC is a common
driver of solid tumors (Dang 2012), while TP63 and
SOX2 play major roles in lung SCC differentiation (The
Cancer Genome Atlas Research Network 2012; Liu et al.
2013). Knockout of STAT3 in the KRASS'P lung cells
had marginal effects on the expression of these proteins
(Fig. 4A). In contrast, overexpression of wild-type or acti-
vated STAT3 induced the up-regulation of TP63 and
MYC but not SOX2 (Fig. 4A). The relative difference in
the expression of these genes suggests that STAT3 controls
their inducible, but not basal, expression. STAT3 S727E
was a notable exception, as it failed to stimulate expres-
sion of genes traditionally associated with STAT3 activa-
tion (e.g.,, MYC, TP63, and SOCS3) (Fig. 4A).
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We next examined the effects of STAT3 on KRAS-driv-
en lung cell transformation and tumorigenesis. Cells were
maintained in tissue culture in defined serum-free medi-
um for epithelial cells. Knockout of STAT3 had no adverse
effects on growth and viability of parental KRASS!2P p53
knockout lung cells maintained in 2D or 3D conditions,
whereas cells expressing the hyperactive STAT3 Y640F al-
lele exhibited a reduced ability to proliferate (Fig. 4B).
Moreover, when these cells were subcutaneously trans-
planted into mice, the STAT3 knockout cells gave rise
to tumors with a shorter latency compared with control-
injected mice (Fig. 4C). In stark contrast, ectopic expres-
sion of wild-type STAT3 or persistently active STAT3
Y640F resulted in a marked reduction in tumorigenicity
compared with cells transduced with vector alone. Nota-
bly, persistent activation of STAT3 extended tumor laten-
cy even beyond that of wild type (Fig. 4C). The effects of
STAT3 in lung tumor latency was more considerable
than in pancreatic tumors, and this could be due to the ex-
tensive stroma associated with the pancreatic tumors.

The tumors formed by control KRASS2P p53 knockout
lung cells were composed of different histological compo-
nents, as reported previously; i.e., ADC and sarcomatoid
carcinoma (Fig. 4D, vector; Ischenko et al. 2014a). These
tumors displayed variable and diffuse immunoreactivity
to epithelial KRT14-19 and weak reactivity to TP63.
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ST3KO
W sT3wT

I ST3 Y640F

* *

2D cell culture Non-adherent cell
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——Vector

—O—STAT3 KO
—m—STAT3WT
——STAT3 Y640F
—0—STAT3 S727E

STAT3 S727E H&E CD45

STAT3 KO

STAT3 WT

Figure 4. Loss of STAT3 accelerates KRAS-induced lung cell tumorigenesis. (A) Western blot analysis of nuclear and cytoplasmic ex-
tracts from control and STAT3 knockout KRASS!2P p53 knockout lung epithelial cells (left panel) and cells transduced with wild-type
or mutant STATS3 alleles (middle and right panels). (B) Growth and viability of KRASS!*P p53 knockout lung epithelial cells in 2D mono-
layer (left panel) and 3D nonadherent (right panel) cultures. Relative cumulative cell numbers are shown in cultures for 1 wk. Values cor-
respond to average and SD. Asterisks indicate a statistically significant difference compared with wild-type controls. (C) Subcutaneous

tumor formation in nude mice by KRASS!12P

p53 knockout lung epithelial cells and mutant STAT3 derivatives (10* cells per injection

site). n > 4 for each cell type. (D,E) H&E and IHC (KRT17/19, ANP63, and CD45) staining of tumors arising from KRASS'?P p53 knockout
lung epithelial cells shown in C. Representative images are shown. Bar, 200 pm.
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Remarkably, all tumors arising from STAT3 knockout
cells were carcinosarcomas, consisting of undifferentiated
spindle cells. No immunoreactivity to markers of epithe-
lial differentiation was detected. Likewise, STAT3 S727E
partly mimicked the effects of STAT3 loss by producing
the formation of EMT-like tumors (Fig. 4D). In contrast
to the effects of STAT3 loss, cells expressing wild-type
or hyperactive STAT3 Y640F formed tumors with promi-
nent squamous morphology and robust expression of
KRT17, KRT19, and TP63, consistent with the histologi-
cal features of SCC but not ADC (Fig. 4D; Supplemental
Fig. S5). The tumors with active STAT3 exhibited areas
of infiltration by CD45-positive leukocytes that may con-
tribute to their slower growth rate and increase in necrosis
(Fig. 4E; Supplemental Fig. S5). Notably, STAT3 knockout
had little or no effect on immune cell recruitment. Pro-
longed activation of STAT3 therefore appears disadvanta-
geous for lung cancer cell growth and survival. In sum,
both in vitro and in vivo assays revealed that a high level
of wild-type STAT3 or hyperactive STAT3 delays tumor-
igenesis initiated by mutant KRAS and shifts tumor
morphology toward an exclusive squamous epithelial
phenotype.

STAT3 and TP63 cooperatively regulate expression
of epithelial-specific genes

KRASC!?P lung epithelial cells with persistent activation
of STAT3 produced tumors with histological features of
SCC and characteristic elevated levels of TP63 (Fig. 4;
Dotto and Rustgi 2016). TP63 is critical for epithelial de-
velopment in mice and humans and encodes two main
isoforms: TAP63 and ANP63 (Crum and McKeon 2010;
Melino et al. 2015). The TAP63 isoform is generally
thought to be tumor-suppressive, while the ANP63 iso-
form can play a tumor-promoting function in the early
stages of cancer. Pertinent to our study, reports have indi-
cated that ANPG3 is a direct downstream target of STAT3
and is expressed in SCCs (Chu et al. 2008; Ma et al. 2010;
Ripamonti et al. 2013; Tadokoro et al. 2014). To verify
ANPG3 as a putative transcriptional target of STAT3 in
KRASS'?P p53 knockout lung epithelial cells, quantita-
tive RT-PCR was performed. Analysis revealed that
KRASC!2P cells express TP63 mainly as the ANP63 iso-
form (data not shown). The parental and STAT3 knockout
cells were found to express similar levels of ANP63
mRNA, whereas ANP63 mRNA was elevated in cells ex-
pressing hyperactive STAT3 (Fig. 5A). SOCS3, a known
STATS3 target, was used as a positive control.

To gain insight into the mechanistic role of STAT3 ac-
tivation in KRAS-induced tumorigenesis, we performed
whole-transcriptome sequencing of tumor tissues derived
from control parental KRASS!?P p53 knockout lung cells
and their STAT3 knockout or hyperactive STAT3 Y640F
derivatives (Fig. 5B,C). The analysis revealed >1000 genes
whose expression was altered greater than twofold in the
presence or absence of STAT3 (Supplemental Fig. S6A,B).
The characteristic gene expression patterns corresponded
to the morphological features identified in Figure 4. The
gene ontology enrichment analysis showed modest but

STATS3 is a master regulator of epithelial identity

significant changes in expression of genes involved in
mesenchymal cell differentiation (EMT), acute-phase in-
flammatory response, and blood microparticles in the
STAT3 knockout lung tumors (Fig. 5B; Supplemental
Fig. S6C-E). Collectively, these changes associate with en-
hancement of metastasis and poor cancer outcomes
(Varon and Shai 2015; De Cock et al. 2016; Nieto et al.
2016; Brabletz et al. 2018). Specifically, EMT-promoting
genes, such as ZEB1, ZEB2, SMADs, and Vimentin, were
up-regulated in STAT3 knockout tumors (Fig. 5C; Supple-
mental Fig. S6C-E). In contrast, expression of epithelial
differentiation genes (such as TP63, KLF4), epithelial tight
junctions, keratins, and keratin-associated genes (>100
genes) was significantly up-regulated in STAT3 Y640F-ex-
pressing tumors (Fig. 5B,C; Supplemental Fig. S6C-E).

Additionally, we used RPPA to track the interactions
and activities of proteins of KRASS!*P p53 knockout
lung and pancreatic cultured cells and their mutant
STAT3 derivatives. The antibody panel used for the
RPPA included >300 antibodies for total and modified pro-
teins involved in cancer. Two main observations emerged
from this analysis. First, we identified >40 potential
STATS targets based on their differential expression in
STATS3 knockout cells as compared with their respective
STAT3-positive counterparts (Fig. 5D; Supplemental Fig.
S6F,G). With persistently active STAT3 Y640F, ~30% of
the STAT3-regulated targets were shared between lung
and pancreatic cells, suggesting the involvement of cell
type-specific cofactors. Second, the expression profile of
STAT3-induced proteins in premalignant lung cells
more closely matched the histological subtype of corre-
sponding tumors, as some of the STAT3 targets (e.g.,
AKT1, PTEN, ARIDIA, and SOX2) overlap with compo-
nents of PI3K/AKT and TP63 pathways. Activation of
the PI3K and TP63 pathways is a hallmark of lung SCC
(The Cancer Genome Atlas Research Network 2012)
and was found in KRASS!?P lung cells with elevated
STAT3 Y705 phosphorylation (Fig. 5D,E, Supplemental
Fig. S6G,H). Expression of a subset of proteins was validat-
ed by Western blot (Supplemental Fig. S61,]). In contrast to
lung cells, induction of TP63 by STAT3 was not seen in
KRASS!?P pancreatic cells, supporting the notion of the
cell type specificity of STATS3 effects.

STAT3 and TP63 function nonredundantly to promote
KRAS mutant lung cancer cell differentiation

To genetically validate our findings that STAT3 and TP63
converge on pathways relevant to epithelial cell commit-
ment and differentiation, we used two complementary ap-
proaches. First, cell lines were established from fully
formed lung ADC produced from parental KRASS!?P
p53 knockout lung cells, and the effects of STAT3 modifi-
cation were evaluated. The cultured cells established from
these tumors retained their original phenotypic character-
istics and gene expression profiles (Ischenko et al. 2014a).
The CRISPR/Cas9 system was used to generate STAT3
knockout cells, and lentiviral infection was used to over-
express wild-type STAT3. All cells produced tumors in
mice, but the histological types were distinct (Fig. 5F).
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Figure 5. STAT3 and TP63 cooperatively regulate expression of epithelial-specific genes. (A) Quantitative RT-PCR of SOCS3 and ANP63
mRNA levels in control, STAT3 knockout, and STAT3 Y640F transduced KRASS'2P p53 knockout lung epithelial cells. Relative expres-
sion levels are shown normalized to GAPDH. (B) Gene ontology analysis of control, STAT3 knockout-expressing, and STAT3 Y640F-
expressing tumors derived from transcriptome analysis of KRAS<'?P p53 knockout lung epithelial cells. (C) Heat map of RNA sequencing
(RNA-seq) data representing a subset of differentially expressed genes specifically involved in EMT and epithelial identity in control,
STAT3 knockout-expressing, and STAT3 Y640F-expressing tumors derived from KRASS'?P p53 knockout lung epithelial cells.
(D) Heat maps of RPPA data representing differentially expressed proteins in KRASS2P p53 knockout lung epithelial cells and their
STATS derivatives. (E) Signaling perturbations in KRAS-related pathways derived from RPPA analysis by loss or gain of STAT3 function
in KRASS!?P p53 knockout lung epithelial cells. (F) H&E and ITHC (ANP63) of tumors derived from fully formed murine lung ADC tumor
cells following their culture and modification to express STAT3 knockout or ectopic wild-type STAT3. (G) Histological features of
tumors arising from KRASS!?P lung epithelial cells with STAT3, TP63, and TGFBR2 genotypes. (*) Mixed epithelial-mesenchymal tumor
phenotype consisting of <10% mesenchymal component. (**) Mixed epithelial-mesenchymal tumor phenotype consisting of <10% ep-
ithelial component. (H) Model representing the mechanism by which STAT3 and TP63 regulate epithelial cell commitment and differ-

entiation in KRAS-driven carcinogenesis.

Parental ADC cells gave rise to only ADC pathology
(vector). In contrast, stable knockout of STAT3 expression
resulted in the formation of anaplastic (sarcomatoid) car-
cinomas, while ectopic expression of wild-type STAT3 in-
duced ADC-to-SCC transdifferentiation coupled with an
elevation in TP63 expression.

The cooperation of STAT3 and TP63 in the maintenance
of epithelial identity was evaluated by ablation of the re-
spective genes—either individually or in combination—
in KRASS!2P p53 knockout lung cells (Fig. 5G). Tumors
derived from parental cells were mostly differentiated
(Fig. 4), whereas tumors derived from STAT3 knockout
or from TP63 knockout lung cells were anaplastic carcino-
mas (undifferentiated) and devoid of squamous differentia-
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tion (Fig. 5G). To evaluate a functional link between
STAT3 and TP63, we ectopically expressed TP63 in the
STAT3 knockout cells. Since TP63 codes for two isoforms
with either tumor-suppressive (TAP63) or differentiation-
promoting (ANP63) properties, we tested the effect of their
individual expression on the phenotype of tumors pro-
duced by STAT3 knockout cells (Dotto and Rustgi 2016).
Overexpression of ANP63 in STAT3 knockout cells reca-
pitulated the differentiated epithelial morphology seen
in parental tumors, while TAP63 was consistently less ef-
ficient (Fig. 5G). Conversely, ectopic expression of wild-
type STAT3 in the TP63 knockout cells was completely
incapable of driving epithelial differentiation. Likewise,
STAT3 YG640F in the TP63 knockout cells was



significantly impaired in its ability to promote squamous
differentiation. These results indicate that STAT3 re-
quires TPG63 for its ability to direct epithelial differentia-
tion of these KRASS™P tumor cells. Ablation of the
TGEFp pathway by CRISPR-mediated receptor knockout
was used as a control for SCC (Adorno et al. 2009; Wake-
field and Hill 2013; Wang et al. 2016). Together, these
data are consistent with the tenet that TP63 induction is
downstream from STATS3 activity in lung differentiation
and oncogenic transformation (Chu et al. 2008; Ma et al.
2010; Ripamonti et al. 2013; Tadokoro et al. 2014).

Finally, we assessed whether STAT3 and TP63 act in an
additive or epistatic manner in pancreatic tumorigenesis.
In contrast to the lung, TP63 expression did not increase
following ectopic expression of STAT3 Y640F in tumors
derived from KRASS'P p53 knockout pancreatic cells
(Supplemental Fig. S7A). Since TP63 expression did not ap-
pear to be a direct response to STAT3 in the mutant KRAS
pancreatic cells, the cell context regulation by STAT3 is
evident. To ascertain a cooperative role of STAT3 and
TP63 in pancreatic tumors, we generated KRASS!2P p53
knockout pancreatic cells containing single and com-
pound TP63 mutations (Supplemental Fig. S7B,C). Tu-
mors derived from cells lacking TP63 were anaplastic
carcinomas of spindle cell type, exhibiting aggressive
features of TAP63/TP53-null tumors (Supplemental Fig.
S7C; Tan et al. 2014; Bailey et al. 2016). As shown pre-
viously, pancreatic tumors lacking STAT3 were also ana-
plastic carcinomas (Fig. 2). Ectopic STAT3 had no
discernible effect on the growth and morphology of TP63
knockout tumors, and ectopic expression of TAP63 or
ANP63 had only a marginal effect on the malignant pheno-
type of STAT3 knockout tumors (Supplemental Fig. S7C).
These results suggest that TP63 has incomplete pene-
trance in the absence of STAT3. STAT3 and TP63 both
play essential and overlapping roles in pancreatic tumor
progression, with their loss contributing independently
to EMT.

Discussion

We have made the unprecedented discovery that STAT3
regulates epithelial differentiation of pancreatic and lung
cell tumors driven by oncogenic KRAS. In this manner,
STAT3 acts as a tumor modifier that regulates cellular
plasticity and inhibits the EMT that is often linked to me-
tastasis. Our results redefine the role of STAT3 in cancer
and identify the activation of STAT3 as a keystone in the
regulation of lineage plasticity.

The study initiated with an assessment of information
available in major cancer data sets, including TCGA, the
Cancer Genome Characterization Initiative (CGCI), and
the International Cancer Genome Consortium (ICGC),
that provide the frequency of genetic aberrations and lev-
els of protein expression and activation for STAT3 in sev-
eral human tumor types. Typically, STAT3 mutations are
rare in most solid tumors, and protein levels are not higher
than normal tissue. Additionally and somewhat counter-
intuitively, activation of STAT3 by specific Y705 phos-
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phorylation in PDAC, lung ADC, and lung SCC does not
significantly deviate from the mean (Supplemental Fig.
S1). Based on these data, we used IHC of human pancreatic
TMAs to interrogate STAT3 protein levels and tyrosine
phosphorylation at different stages of pancreatic carcino-
genesis. Unexpectedly, STAT3 activity was found to in-
versely correlate with PDAC (Fig. 1). The mechanisms
that drive the loss of STAT3 expression in PDAC remain
to be determined. However, the results are in accord
with parallel mapping of gene expression patterns and sig-
naling networks in human cancers that do not identify the
JAK/STATS3 pathway as causal in epithelial carcinogene-
sis (Kandoth et al. 2013; Hoadley et al. 2014). The human
TMA results suggested that STAT3 was linked to normal
pancreatic tissue and differentiated pancreatic carcino-
mas (Fig. 1; Supplemental Fig. S1CJ, leading us to hypoth-
esize that STAT3 may play a fundamental role in cancer
through the maintenance of epithelial identity.

To experimentally test this premise, we used a geneti-
cally tractable murine model system and investigated
the contribution of STAT3 to KRAS-driven pancreatic
and lung carcinomas. There are several significant find-
ings in our study. First, STAT3 is not required for KRAS-
driven tumorigenesis. CRISPR/Cas9-mediated deletion
of STAT3 in pretumor cells from the lung or pancreatic ep-
ithelium does not inhibit tumor formation. Conversely,
activation of STAT3 by pY705 increases the latency of tu-
mor formation. Our results uncover a negative interaction
between STAT3 pY705 and KRAS mutations, which may
reflect the fact that gain-of-function STAT3 mutations are
almost completely absent from human cancers carrying
mutant KRAS (http://www.cbioportal.org).

Second, we highlight the fundamental role of STAT3 in
the maintenance of epithelial identity and differentiation
in KRAS-induced tumor cells. STAT3 pY705 maintains
an epithelial phenotype in both lung and pancreatic tu-
mors. In contrast, it is the loss of STAT3 that leads to
the acquisition of a mesenchymal-like tumor phenotype,
a change known to associate with metastasis and resis-
tance to drug therapeutics. The modification of STAT3
by S727 phosphorylation has been reported to cooperate
with KRAS in tumorigenesis (Gough et al. 2009). For
this reason, we tested the effect of a phosphomimetic,
STAT3 S727E, and found this modification (particularly
in the absence of pY705) to have an effect similar to that
of the loss of STAT3 to foster mesenchymal transition.
Together, our results define a previously unrecognized
function of activated STAT3 as a general tumor modifier
(rather than strictly a tumor promoter or suppressor)
that has an important regulatory role in directing epithe-
lial identity.

To understand the mechanistic impact of STATS3 in this
capacity, we compared the transcriptome profile of mu-
tant KRAS lung tumors formed by STAT3 knockout or
hyperactive STAT3 Y640F cells. The differences in gene
expression unequivocally confirm the increase in regula-
tors and effectors of epithelial identity in STAT3 pY705
tumors, matching the histology of the tumors (Fig. 5B,C;
Supplemental Fig. S6A-E). The increase in TP63 tran-
scription factor expression is particularly significant,
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since it is often designated a master regulator of epithelial
cell fate (Pellegrini et al. 2001; Crum and McKeon 2010;
Melino et al. 2015; Yoh and Prywes 2015). Genes that
are responsive to TP63, particularly the ANP63 isoform,
show increased expression in tumors with persistently ac-
tive STAT3 (Fig. 5; Supplemental Fig. S6; Truong et al.
2006). These results indicate that the tumor microenvi-
ronment has an important influence on the status of tu-
mor cell STAT3 tyrosine phosphorylation to promote
TPG63 expression and maintain epithelial identity. A no-
ticeable feature of the epithelial lung tumors expressing
wild-type STAT3 or STAT3 Y640F was an increase in im-
mune cell infiltration (CD45), frequently accompanied by
areas of necrosis (CD45) (Fig. 4E; Supplemental Fig. S5).
This may have contributed to the longer latency needed
for the formation of these tumors (Fig. 4C). As RNA se-
quencing (RNA-seq) was performed on RNA extracted
from whole lung tumors, stromal tissue was also included
in the preparations. Stromal cells from tumors expressing
STAT3 Y640F may be responsible for the apparent in-
crease in immune cell markers such as CD5; immune
cell regulators IL-10, MST1, CXCL5, CXCL9, and
CXCR5; mast cell proteases; and interferon-induced genes
GTPasel, IFITM6, and 2’5’ OASE.

KRASS!2P Jung tumors with activated STAT3 showed
clear modulation of genes involved in the TP63 pathway,
identifying TP63 as a potential downstream effector of
STAT3. The ANP63 isoform, in particular, has been
shown to be a direct target of STAT3 (Chu et al. 2008),
and several studies demonstrated a role of STAT3 with
TP63 in differentiation (Ma et al. 2010; Ripamonti et al.
2013; Tadokoro et al. 2014). To evaluate the genetic inter-
action between TP63 and STAT3 in tumor differentiation,
we analyzed a lung tumor phenotype with loss of TP63
and/or STAT3 (Fig. 5G). The mutant KRAS tumors that
lacked either STAT3 or TP63 lost their epithelial charac-
teristics and were undifferentiated anaplastic carcinomas.
Genetic complementation of the STAT3 knockout tumor
cells with ectopic TP63, particularly ANP63, was able to
promote epithelial differentiation. Importantly, ectopic
expression of wild-type STAT3 in TP63 knockout cells
could not promote differentiation, and the hyperactive
STAT3 Y640F was severely limited in promoting epitheli-
al differentiation in the absence of TP63. Together, the re-
sult implicates TP63 as a critical downstream effector of
STAT3 in KRAS lung tumors with a squamous phenotype
(Fig. 5G,H). Genetic complementation was also evaluated
in the KRAS pancreatic tumors (Supplemental Fig. S7). Al-
though TP63 expression is low in these pancreatic cells
and apparently not induced by STAT3 activity, the action
of both factors is required for the tumor cell epithelial
identity of PDAC.

The switch from an epithelial tumor identity to a
partial mesenchymal phenotype has been proposed to pro-
mote malignancy and resistance to cancer drug therapeu-
tics. Our studies are the first to identify a function of
STATS3 in the regulation of the epithelial cell identity of
tumors, dependent on the action of TP63. The influence
of the STATS3 transcription factor on cancer development
has been investigated for nearly two decades, and studies
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have provided conflicting results. Studies in mice suggest
the existence of context-dependent (i.e., tissue- and onco-
gene-dependent) mechanisms that underlie the role of
STATS3 in tumorigenesis. Our experimental findings and
cancer genomics data suggest that it is essential to thor-
oughly understand the full spectrum of context-depen-
dent roles for STAT3 in tumor progression prior to
therapeutic intervention.

Materials and methods

Mammalian cells and reagents

Premalignant and tumor-derived KRASS'?P p53 knockout pan-

creatic and lung epithelial cell lines were described previously
(Ischenko et al. 2013, 2014a). These cells were grown on gelati-
nized plates in CnT-PR epithelial medium (Zenbio) supplement-
ed with 1x penicillin/streptomycin (Gibco). For standard
proliferation assays, cells were seeded into six-well plates (4 x
10° cells per well) and counted with a Coulter counter for each
time point. 3D Matrigel and 3D suspension cultures were ana-
lyzed as described before (Ischenko et al. 2013, 2015). For flow cy-
tometry, cells were lifted with Accutase (Sigma); stained with
FITCI-, PE-, or APC-conjugated antibodies to CD326 (EpCAM),
CD133,SCA1, CD44, and CD24 (eBioscience or BD Pharmingen);
and analyzed using FACSCalibur (BD) with CellQuest soft-
ware. Cell viability was measured using propidium iodide (PI)
staining. Lentiviral vectors (adapted from the pWPXL/pEFla
backbone) encoding mutant STAT3 alleles were derived using
site-directed mutagenesis. The final plasmids were sequence-
confirmed. For CRISPR/Cas9-mediated knockouts, guide RNA
(gRNA) oligos were cloned into LentiCRISPRv2 (Sanjana et al.
2014). The gRNA sequences were as follows: CACCGGCAGC
TGGACACACGCTACC (mouse STAT3 knockout 1), CACC
GGTACAGCGACAGCTTCCCCA (mouse STAT3 knockout 2),
CACCGCCACGCACAGAATAGCGTGA (mouse TP63 knock-
out), CACCGTGTACAGCACCGGCCGATGC (human STAT3
knockout 1), and CACCGACGCCGGTCTTGATGACGAG (hu-
man STAT3 knockout 2). Recombinant lentiviruses were pro-
duced by transient transfection of 293T cells according to
standard protocols.

Tumorigenicity in mice

All animal studies were approved by the Institutional Animal
Care and Use Committee at Stony Brook University. Cells (10%)
in 100 pL of Matrigel (diluted 1:10 with Opti-MEM) were trans-
planted subcutaneously in nude mice or introduced by tail vein
injection. Orthotopic pancreatic injections were performed as de-
scribed (Kim et al. 2009). Tumor latency was defined as the period
between injection of tumorigenic cells into mice and the appear-
ance of tumors of >1 mm in diameter. The end point was a tumor
diameter of 1 cm. Statistical analyses was performed using Stu-
dent’s t-test. P<0.05 was considered statistically significant.
Mouse tissue was harvested and processed as described (Ischenko
et al. 2014a). Two pathologists read and scored the histology
slides independently.

IHC

Paraffin-embedded 3-um sections were processed and stained
with H&E for histology as described (Ischenko et al. 2014a). The
following antibodies were used for immunohistochemical analy-
sis: anti KRT17/19 (Cell Signaling, D3209), SOX9 (Cell Signaling,
D8GS8H), STAT3 (Cell Signaling, 4904), STAT3 pY705 (Cell
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Signaling, 9131), CDHI (Cell Signaling, 3195), ACTA2, CD45,
ANPG63 (Biolegend), KRT5, and KRT14 (Biorbyt). Histology was
performed by HistoWiz, Inc. (http://www.histowiz.com) using
standard operating procedures and fully automated workflow
and by the Research Histology Core Laboratory, Department Pa-
thology, Stony Brook Medicine.

Protein expression analyses

Western blot analyses were performed using antibodies against
STAT3 (BD, 610190}, CTNNBI (Cell Signaling, 6B3), ERK1/2
(Cell Signaling, 9102), HES1 (Cell Signaling, D6P24), KRT17/19
(Cell Signaling, D3209), STAT3 pY705 (Cell Signaling, 9131),
STAT pS727 (Cell Signaling, 9134), SNAIl (Cell Signaling,
C15D3), SNAI2 (Cell Signaling, C19G7), SOX9 (Cell Signaling,
DS8GS8H), MYC-T58/S62 (Millipore, 04-217), P-ERK1/2 (Milli-
pore, 04-797); MYC (Santa Cruz Biotechnology, N-262), P63 (San-
ta Cruz Biotechnology, 4A4), SMA (Santa Cruz Biotechnology,
53142), SOCS3 (Santa Cruz Biotechnology, 6A463), ANP63 (Bio-
legend, 619001), KRT5 (Biorbyt, orb128270), and KRT14 (Gene-
Tex, GTX104124). Whole-cell extracts were prepared by lysing
cells in buffer containing 10 mM TrisHCI (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 40 mM
NaVO4, 0.1% SDS, and 1x protease inhibitors (Roche). Nuclear
extracts were prepared using NE-PER nuclear and cytoplasmic
extraction reagents (Thermo Scientific). Western blots were im-
aged using Image Studio software (LI-COR). RPPA analysis was
performed by the MD Anderson Cancer Center Reverse Phase
Protein Array Core Facility. RPPA data analysis was carried out
using publicly available data sets (http://www.cbioportal.org)
and the existing literature (Akbani et al. 2014). The TCGA
RPPA data were downloaded as z-scores from the cBioPortal.
The heat maps were generated using Heatmapper software with
Pearson correlation and centroid linkage.

RNA expression analyses

Total RNA was isolated with the PureLink RNA minikit (Ther-
moFisher) according to the manufacturer’s specifications. First
strand cDNA synthesis was performed using the iScript cDNA
synthesis kit (Bio-Rad) followed by quantitative PCR using the
SsoAdvanced Universal and CFX96 Touch real-time PCR detec-
tion system (Bio-Rad). Primers were designed through the Massa-
chusetts General Hospital PrimerBank. Primer sequences are
available on request. Statistical differences were detected using
a two-tailed t-test. RNA-seq of tumor samples with basic bioin-
formatics and statistical analyses were performed by Novogene
Corp. (http://en.novogene.com).

Human pancreatic TMAs

TMAs containing a wide range of normal pancreas, PanIN, and
PDAC were constructed using paraffin tissue blocks. Five-micro-
meter sections from five TMA slides originally containing 179
normal, PanIN, PDAC, and metastasis samples were cut and
stained for STAT3 and pY705 STAT3 using a Ventana Discovery
Ultra automated stainer (Roche Diagnostics). Slides were scored
blindly for relative staining intensity (negative, weak, moderate,
or strong), and the degree of progression for each sample was con-
firmed. In cases where staining intensity was heterogeneous, sam-
ples were categorized by the highest level of epithelial intensity.

Zebrafish xenograft assays

All zebrafish experiments were approved by the Stony Brook Uni-
versity Institutional Animal Use and Care Committee. Two-day-
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old kdrl:RFP transgenic embryos were anesthetized with 0.016%
tricaine and transferred to embryo medium containing 4% Ficoll.
Fifty to 100 cells (control, STAT3 knockout, STAT3 Y640F, and
STAT3 S727E) were injected into the common cardinal vein of
the embryos using a CellTram Vario (Eppendorf) and transferred
to a 33°C incubator. Embryos were imaged every 2 d after injec-
tion using a Leica DMI6000B inverted microscope and, on the
eighth day after injection, with a spinning disc confocal micro-
scope (Yokogawa, CSU-10; Carl Zeiss,Axiolmager; Hamamatsu
Photonics, EM-CCD camera).
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