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SUMMARY

Interleukin-6 (IL-6)-class inflammatory cytokines signal through the Janus tyrosine kinase (JAK)/signal trans-
ducer and activator of transcription (STAT) pathway and promote the development of pancreatic ductal
adenocarcinoma (PDAC); however, the functions of specific intracellular signaling mediators in this process
are less well defined. Using a ligand-controlled and pancreas-specific knockout in adult mice, we demonstrate
in this study that JAK1 deficiency prevents the formation of KRAS®'2P-induced pancreatic tumors, and we
establish that JAK1 is essential for the constitutive activation of STAT3, whose activation is a prominent char-
acteristic of PDAC. We identify CCAAT/enhancer binding protein 3 (C/EBP3J) as a biologically relevant down-
stream target of JAK1 signaling, which is upregulated in human PDAC. Reinstating the expression of C/EBPd
was sufficient to restore the growth of JAK1-deficient cancer cells as tumorspheres and in xenografted mice.
Collectively, the findings of this study suggest that JAK1 executes important functions of inflammatory cyto-

kines through C/EBP& and may serve as a molecular target for PDAC prevention and treatment.

INTRODUCTION

Most pancreatic ductal adenocarcinomas (PDACs) are driven by
gain-of-function mutations in KRAS along with genetic and
epigenetic alterations in tumor susceptibility loci such as TP53
and CDKN2A."? Besides the well-established importance of
these main oncogenic drivers, epidemiological and experimental
evidence shows that environmental factors that cause inflamma-
tion play key roles in the etiology of pancreatic cancer (for refer-
ences see review by Dennaoui et al.®). Inflammatory cytokines
produced by the cancer cells and the tumor microenvironment
are important mediators for cancer initiation and metastatic
progression.*®

Interleukin-6 (IL-6)-class cytokines (e.g., IL-6, LIF, OSM) are
key regulators of inflammation and rational targets for therapy.”
In support of this notion, work by Shi et al.® demonstrated that
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the inhibition of the leukemia inhibitory factor (LIF) or deficiency
of its receptor significantly blocked the initiation of mutant
KRAS-induced PDAC. It was also recently proposed that other
interleukins (i.e., IL-4 and IL-13) promote the proliferation of can-
cer cells through metabolic reprogramming.® A commonality of
these growth factors is that they engage with specific receptor
complexes that rely on Janus tyrosine kinases (JAKs) and asso-
ciated signal transducer and activator of transcription (STAT)
proteins for tumor cell-intrinsic signal transduction. Specifically,
IL-6-class cytokine receptors share the glycoprotein 130 (gp130)
subunit that activates STAT3 in cancer cells. The tyrosine phos-
phorylation and nuclear location of STAT3 is a hallmark of many
malignancies and coincides with the formation of pancreatic pre-
cursor lesions.'®"'? The conditional deletion of the Stat3 gene in
the exocrine pancreas was sufficient to prevent the development
of primary and metastatic tumors."' "' However, the paradigm of
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STAT3 as an oncogene has recently been challenged by
D’Amico et al.,'® who proposed that this transcription factor
might be critical for the epithelial identity of pancreatic cancer
cells, thereby facilitating tumor-suppressive functions.

The inhibition of STAT3 in adenocarcinomas is the subject of
intense investigations, and pharmacological agents that directly
target this transcription factor or its upstream kinases are
currently being tested in preclinical trials.'*~'® Thus far, the treat-
ment of adenocarcinomas with JAK inhibitors has not been suc-
cessful, and it has remained uncertain whether the activation of
STAT3 in pancreatic cancer is regulated by Janus kinases. Our
team generated conditional knockout mouse models that lack
JAK2 and JAK1'""® to assess the biological significance of indi-
vidual Janus kinases as well as to identify and validate critical
downstream targets. Using these models, we recently showed
that JAK1 primarily controls the activation of STAT3 in normal
and neoplastic mammary epithelial cells.'®*° The lines of inves-
tigation presented in this work are to establish the degree of
functional conservation of JAK/STAT signaling cascades in
pancreatic tumor cells and to determine whether JAK1 is a
rational target in PDAC to block active STAT proteins. The dele-
tion of JAK1 in mice expressing mutant KRAS and in pancreatic
cancer cell lines demonstrated that this tyrosine kinase pro-
motes the onset and progression of pancreatic cancer through
the activation of multiple STAT proteins (STAT3, 1, and 6) and
their transcriptional targets. Moreover, we identified and vali-
dated CCAAT/enhancer binding protein 3 (C/EBP5) as a critical
downstream effector, which executes important functions of in-
flammatory cytokine signaling through JAK1. Targeting the
JAK1-C/EBP3$ signaling cascade might be a suitable strategy
for PDAC prevention and treatment.

RESULTS

Expression of JAK1 and constitutive activation of STAT3
and STAT1 in PDAC

We performed a comprehensive analysis of the expression of
JAK1 and JAK2 and the activation of five downstream STAT pro-
teins (STAT1, 3, 5a/b, and STAT6) in nine commonly used human
pancreatic cancer cell lines and untransformed pancreatic cells
(HPNE) (Figures 1A and S1A). The immunoblot analysis showed
that both JAKs are expressed at various levels in pancreatic can-
cer cell lines and untransformed HPNE cells. Relative to the
expression in HPNE cells, the levels of JAK1 were elevated in
three of the cancer cell lines and lower in Hs766T cells. Despite
variations among three experimental repeats, the expression of
JAK2 was noticeably lower in six cancer cell lines (Figure S1A).
Under normal growth conditions, five out of nine cancer cell lines
exhibited significantly higher steady-state levels of tyrosine
phosphorylated STAT3, and only two cancer cell lines
(Capan-2 and Hs766T) showed a prominently elevated activation
of STAT1. Interestingly, five cancer cell lines exhibited a signifi-
cant reduction in STAT1 activation compared to untransformed
cells (Figure S1A) and none of the pancreatic cell lines expressed
tyrosine phosphorylated STAT5 and STAT6 in steady state
without the administration of exogenous ligands such as growth
hormone (hGH) or IL-4 (Figure 1A).
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To assess the activation of STAT3 in patient-derived speci-
mens, we conducted a quantitative immunofluorescent analysis
of tyrosine phosphorylated STAT3 (pSTAT3) on 28 PDAC cases
and 17 normal pancreata (Figure 1B). Given the expression of
active STAT3 in the tumor-associated stroma, the tissues were
co-stained for pan-cytokeratin to discriminate the nuclear local-
ization of pSTAT3 in cancer cells. While pSTAT3 was detected in
a few areas of normal pancreata, the number of cases express-
ing active STAT3 was significantly higher in pancreatic cancer
cells (Figure 1B). Moreover, tumor-derived inflammatory cyto-
kines can impose a field effect that leads to a significantly
elevated activation of STAT3 in untransformed exocrine cells
as determined by the analysis of pSTAT3 expression on a sec-
ond set of tissue specimens consisting of 29 cancer cases along
with 20 normal pancreatic tissues adjacent to the tumor (NAT)
and five normal control pancreata (Figure S1B). The collective
observations on primary tumor specimens and human cancer
cell lines show that the constitutive activation of the JAK/
STAT3 pathway is a common feature in pancreatic cancer.
Notably, high activation of STAT3 did not closely match the
expression of JAK2 (e.g., Capan-2, Panc-1 cells). JAK1 is
abundantly expressed in most pancreatic cancer cell lines, sug-
gesting that JAK1 might be the pivotal tyrosine kinase for the
activation of STAT3.

JAK1 deficiency prevents the formation of mutant
KRAS-induced high-grade preneoplasia and pancreatic
tumors

To determine the significance of JAK1 signaling in pancreatic
cancer, we initially used a conventional approach to condi-
tionally delete both copies of the Jak71 gene in the pancreata
of mice that express the KRAS®'2P oncogene in a Cre-depen-
dent manner and under a tetracycline-controlled transactiv-
ator (Pdx1-Cre CAG-LSL-tTA TetO-Kras®'2P Jak1™™ 21 |n this
model, we did not find any KRAS®'2P_induced precursor lesions
in 3- and 6-month-old animals (Figure S2A). This finding might
suggest that JAKT1 is required for the development of pancreatic
preneoplasia, but the outcome of this experiment was inconclu-
sive. The absence of premalignant lesions was possibly the
consequence of a negative selection of Pdx1-Cre-expressing
exocrine cells that lack JAK1 and expression of mutant KRAS.
Using a Cre/lox reporter transgene (CAG-LSL-GFP) to track indi-
vidual cells with a JAK1 deletion, we found that, in comparison to
littermate controls expressing JAK1, pancreata of Pdx1-Cre
Jak1™" CAG-LSL-GFP mice exhibited a significant reduction in
GFP fluorescence, which is indicative of a selection against
JAK1 knockout cells during early development (Figure S2B). To
circumvent a negative selection of knockout cells, we estab-
lished a more advanced genetic model where JAK1 is condition-
ally deleted in the pancreata of adolescent or adult mice. The
model relies on the tamoxifen (Tam)-inducible Cre recombinase
(CretR™), whose expression is activated in the pancreas with a
Pdx1 promoter-driven transgene expressing the Flp recombi-
nase (Figure S3A). Simultaneously, Flp activates the expression
of mutant KRAS from its engineered endogenous locus
(FSF-Kras®'2P) to initiate the formation of pancreatic neoplasms.
The deletion of JAK1 was accomplished by treating animals with
Tam, which also activated the expression of the CAG-LSL-GFP
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the expression of oncogenic KRAS®'2P
in a Flp recombinase-inducible manner
(Pdx1-Flp FSF-Kras®'?P) led to an activa-
tion of STAT3 and STAT1 (Figure 2D). The
Tam-mediated deletion of JAK1 resulted
in a concurrent decline in tyrosine phos-
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reporter transgene that was used to monitor the functionality of
the Cre® ™ on the single-cell level. Strong activation of GFP
and the ligand-controlled deletion of JAK1 were observed in
the pancreata of adult Tam-treated experimental animals that
carried the Pdx1-Flp, Rosa26CAGFSF-CreERT - and CAG-LSL-
GFP transgenes in the presence of Jak1 conditional knockout al-

of which were high-grade pancreatic intraepithelial neoplasia
(PanIN). In contrast, Tam-treated experimental mice presented
low-grade PanINs that were composed of columnar to cuboidal
cells with varying amounts of mucins and very mild degrees of
cytological and architectural atypia (Figure 2E). The tall columnar
and cuboidal epithelial cells in the low-grade lesions did not
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express any nuclear STAT3 (Figure 2F, middle). The observed
differences in the precursor subtype might be primarily due to
the lack of JAK1 since Tam-treated mice with only one condi-
tional Jak1 knockout allele exhibited GFP-positive high-grade
PanINs with few areas of low-grade preneoplastic lesions
(Figure 2F, right). Low-magnification images illustrate the wide-
spread differences in the histopathology between the JAK1 con-
ditional knockouts and wild-type controls (Figure S4A). More
importantly, the high-grade PanINs in the pancreata of JAK1-ex-
pressing mice had significantly more Ki67-positive proliferating
cells compared to the low-grade precursor lesions in the JAK1
knockouts (Figure S4B).

Among five experimental mice treated early with Tam (i.e.,
before or shortly after weaning), only one mouse developed a
palpable pancreatic tumor after more than 12 months. This tu-
mor and the adjacent acinar cells exhibited a variable expression
of GFP, and nuclear STAT3 was present in GFP-negative cells
(Figure 2G, left). The GFP-negative tumor cells likely originated
from cells that did not undergo CreE""2-mediated recombina-
tion, such as those shown in Figure 2C. We also investigated
the potential effects of deleting JAK1 in the pancreata of exper-
imental mice with established precursor lesions. Among 11 mice
treated with Tam around 6 months of age, only one animal pre-
sented with a primary tumor. Compared to the adjacent normal
pancreatic tissue, the GFP expression in this tumor was lower
(Figure 2G, right), and cancer cells were not completely devoid
of nuclear STATS3, suggesting that the retention of active
STAT3 might provide a selective advantage of transforming cells
in vivo.

Selective advantage of cancer cells expressing active
STAT3 during PDAC progression

Compared to JAK1-deficient experimental mice, significantly
more control animals expressing mutant KRAS in the presence
of wild-type JAK1 developed pancreatic tumors. Specifically,
five out of 17 control mice not treated with Tam (Figure 3A;
Trp53"t no Tam) presented with tumors within 1 year, and eight
mice succumbed to PDAC by 16 months of age. Two of these
animals had liver and lung metastases at the time of necropsy.
The inclusion of one copy of a mutant 753772 allele signifi-
cantly accelerated the tumor onset, and all animals expressing
oncogenic KRAS in the presence of mutant p53 and wild-type
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JAK1 (Figure 3A; Trp537772" no Tam) developed pancreatic
cancer after an average latency of 124 days. In comparison to
these control groups, we observed a trending extended survi-
val of JAK1-deficient mice expressing KRAS®'2P and mutant
p53R1721 (Figure 3A; Trp537772H + Tam). With a median survival
of 151 days, JAK1 conditional knockout mice lived 27 days
longer than the controls when Tam was administered early
(i.e., after weaning) to delete JAK1 (p = 0.039, Gehan-Breslow-
Wilcoxon test; log-rank p > 0.05). At the histological level, pri-
mary pancreatic tumors of untreated control mice were typical
adenocarcinoma with variable degrees of desmoplasia (Fig-
ure 3B, left). The tumors of Tam-treated mice were similar but ex-
hibited selected areas with distinctive characteristics, such as
the presence of columnar cancer cells (Figure 3B, middle). Unlike
low-grade preneoplasia in the proximity of the PDACs of Tam-
treated mice (Figure 3B, right), the nuclei within the columnar
cancer cells were not basally located.

At the time of necropsy, 16 of the 56 untreated controls had
macroscopically visible, GFP-negative disseminated tumors in
their lungs and livers (Figure 3C). Metastatic lesions were found
in 10 of the 14 Tam-treated mice; however, three of these tumors
were GFP negative and likely descendants of primary cancer
cells that lacked expression of Cre recombinase. Notably,
more than 50% of the Tam-treated mice were around 4 weeks
older than the untreated controls at the time of necropsy, and
the observed GFP-positive metastatic lesions in the livers and
lungs of seven Tam-treated mice were small and only identifiable
under a fluorescent stereoscope (Figure 3D, left). Two Tam-
treated mice also had GFP-positive tumors in their adrenal
glands. The immunofluorescent staining results revealed that
GFP-positive metastatic cancer cells retained a variable expres-
sion of nuclear STAT3 ranging from levels below that of tumor-
associated stromal cells to very high levels in cancer cells
despite the Cre-mediated activation of the GFP reporter (Fig-
ure 3D, right). Tumors with high pSTAT3 expression were likely
clonal derivatives where the inducible Cre""? led to the activa-
tion of GFP but not a complete deletion of both Jak1 alleles. The
absence or incomplete recombination of the Jak7 conditional
knockout alleles was validated by PCR on isolated cancer cells
from the two larger GFP-positive adrenal gland tumors (Fig-
ure S5). These findings along with the observation that 30% of
all metastases were GFP negative suggested that transforming

Figure 2. Deletion of JAK1 blocks the formation of KRAS®'2P-induced high-grade precursor lesions and pancreatic tumors

(A) Stereoscopic brightfield and GFP fluorescent images of pancreata from adult experimental mice that carry the Pdx1-Flp, Rosa26CAC-FSF-CreERT and CAG-
LSL-GFP transgenes on the background of two Jak? conditional knockout alleles (Jak7™") before (—TAM) or 2 months after the administration of tamoxifen
(+Tam); control, animal without Rosa26°4C-FSF-CreERT. har 0.5 cm.

(B) Immunoblot analysis of the expression of JAK1 and JAK2, as well as total and tyrosine phosphorylated STAT3 and STAT1 in pancreata of experimental mice
shown in (A). GAPDH served as loading control.

(C) IF staining of GFP and pSTAT3 on a histologic section of a pancreas from a JAK1 conditional knockout. PI, pancreatic islet; asterisks () mark areas devoid of
GFP. The inset shows the pancreas of a control mouse that lacked the Rosa26°4G-FSF-CreERT: hars 100 um.

(D) Immunoblot analysis of JAKs and STATSs in pancreata of JAK1 knockout (+ Tam) experimental mice expressing mutant KRAS and untreated controls (—Tam).
(E) H&E-stained histologic sections of pancreata from 6-month-old mice expressing mutant KRAS in the presence (left) or absence of JAK1 (right); bars 100 pm.
Experimental mice were treated with Tam at 3 weeks of age.

(F) IF staining of pSTAT3 and GFP on KRAS®'2P-induced pancreatic precursor lesions of JAK1-deficient mice (+Tam) and age-matched controls expressing JAK1
(—=TAM); bars 50 pm.

(G) GFP and pSTATS3 expression in pancreatic tumors of mice that were treated early (3 weeks, left panel) or late in life (6 months, right panel) with Tam to delete
JAKT; bars, 50 um. Brightfield and GFP fluorescent images of the tumor with normal pancreatic tissues adjacent to the tumors (NAT) in a mouse treated with Tam
later in life are also shown; bar, 0.5 cm. Blue arrows point to selected GFP-positive tumor cells that retained nuclear expression of STAT3.

Cell Reports 43, 114202, May 28, 2024 5



¢? CellPress

OPEN ACCESS

Cell Reports

A
= 100 Log-rank P < 0.0001
g 80 1
— wt =
% 60 - Trp53" (N=17)
E 40 T — Trp53 R172H _ Tam (N=56)
S 20+ Log-rank P >0.05 = Trp53 A7 + Tam (N=14)
£
E 0 T T T
0 100 200 300
Days
B

D GFP overlay

6 Cell Reports 43, 114202, May 28, 2024

[ No Metastases

1 Metastases (GFP negative)
I Metastases (GFP positive)
O ND

IF: GFP pSTAT3 DAPI

(legend on next page)



Cell Reports

cells that retained active STAT3 had a selective advantage dur-
ing cancer initiation and progression.

JAK1 is essential for the activation of STAT3, STATI1,
and STAT6 in mouse and human pancreatic cancer cells
To address whether JAK1 is required for the persistent activation
of STAT proteins as well as the growth and survival of pancreatic
cancer cells, we generated six pancreatic tumor cell lines from
mice expressing the Flp-activated Kras®'?P along with mutant
p5371721 in the background of two Jak? conditional knockout al-
leles (Figure S6). Two mice also carried the inactive CAG-LSL-
GFP reporter. The presence of the activated Kras®’2P allele in
the tumor cell lines was determined by PCR (Figure SG6A).
Following a retroviral-based expression of Cre recombinase,
the deficiency in JAK1 was validated in all six cell lines by immu-
noblot analysis (Figures S6B and S6C). In comparison to the
JAK1-expressing parental control cells, the Cre-mediated dele-
tion of this kinase significantly reduced the constitutive activation
of STAT3 in steady state (Figure 4A). Deficiency in JAK1 blocked
the tyrosine phosphorylation of STAT3 and STAT1 and the for-
mation of STAT3/1 heterodimers in oncostatin M (OSM)-treated
cells (Figures S6C-S6E). The deletion of JAK1 also abolished the
activation of STAT1 in response to interferon-gamma (INFy)
stimulation (Figure S6F). Like the human PDAC cell lines (Fig-
ure 1A), none of the mouse tumor cells expressed active
STATS in steady state, and deficiency in JAK1 effectively pre-
vented the phosphorylation of STAT6 in response to IL-4 stimu-
lation (Figure 4B). We also generated two pancreatic tumor cell
lines from Pdx1-Flp FSF-Kras®'?P p537772H mice that carry
two Jak2 conditional knockout alleles, and the conditional dele-
tion of JAK2 in these tumor cells did not affect the constitutive
activation of STAT3 (Figure 4A). To validate the essential role
of JAK1 for the activation of STAT3 in human PDAC cell lines,
we used CRISPR-Cas9-mediated gene editing to generate MIA
PaCa-2 and AsPC-1 cells that lack JAK1 (Figure 4C). We also es-
tablished MIA PaCa-2 and AsPC-1 cell lines with a doxycycline
(Dox)-inducible knockdown of JAK2. A direct comparison of
the parental human cancer cell lines and their JAK1 knockout
or JAK2-deficient derivatives demonstrated that, identical to all
mouse cell lines, JAK1 is the pivotal Janus kinase that mediates
the oncogenic activation of STAT3 (Figure 4C).

While conducting the cytokine response studies, we observed
that JAK1-expressing cells retained low levels of active STAT3
following serum starvation and specific growth factor deprivation
(Figures S6C, S6D, and S6E), suggesting that, in part, the persis-
tent activation of STAT3 in pancreatic cancer cells is a result of
autocrine signaling. Deficiency in JAK1 and the consequential
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block of the tyrosine phosphorylation of STAT3, STAT1, and
STAT6 did not lead to a compensatory activation of STATS in
steady state and after stimulation with IL-4, IL-13, or OSM (Fig-
ure S7A). Interestingly, STAT6 was only activated by IL-4 in
PDAC cells but not through stimulation with IL-13 or OSM. While
the tyrosine phosphorylation of STAT5 can be induced by human
growth hormone (hGH) (Figure S7A, bottom), we found that, un-
like in MCF7 human breast cancer cells, STAT5 was not acti-
vated in response to hGH stimulation in MIA PaCa-2 cells despite
expression of JAK2 (Figure S7C). We also did not observe a
compensatory activation of STAT5 when JAK1-deficient mouse
and human pancreatic cancer cells and their parental JAK1-ex-
pressing controls were transplanted into immunocompromised
animals (Figures S7B and S7D).

JAK1 deficiency decreases the proliferation and growth
of pancreatic cancer cells in vivo

Although JAK1, active STAT3, STAT1, and STAT6 may not be
strictly required for cancer cell survival, deficiency in JAK1 had
notable effects on the growth characteristics of cancer cells in
culture and in vivo. Initially, we observed only a marginal
decrease in cellular proliferation when mouse JAK1-deficient
cancer cells were grown as monolayers (Figure S6G). Interest-
ingly, a pool of JAK1 knockout human AsPC-1 cells could be
propagated despite a notable reduction in cell proliferation (Fig-
ure S8A), but, unlike MIA PaCa-2 cells, individual AsPC-1 JAK1-
deficient clones could not be established (Figures S8B and S8C).
Only clones with an incomplete knockout of JAK1 were able to
multiply. When grown in non-adherent culture conditions, mouse
and human pancreatic cancer cells with and without JAK1 were
able to form similar numbers of tumorspheres (Figure 4D). How-
ever, the average size of the tumorspheres was smaller in mouse
and human JAK1-deficient cancer cell lines (Figure 4D), which
was likely a consequence of the lower proliferative capacity of
these cells. In contrast to the reduction in cell proliferation, a
knockout of JAK1 did not have any statistically significant impact
on cell migration (Figure 4E).

Next, we transplanted mouse and human JAK1 knockout
pancreatic cancer cells and their isogenic JAK1 wild-type con-
trols subcutaneously into Athymic nude mice to study the growth
characteristics of JAK1-deficient pancreatic tumor cells in vivo
(Figure 5). In both models, the knockout of JAK1 slowed the
growth of tumors (mouse, Figures 5A and 5B; human, 5F, 5G).
On the histological level, all tumors were solid adenocarcinomas
as shown in Figure 5C. Immunofluorescent staining against the
human-specific Ku80 was used to validate the correct xenograft-
ing of the parental MIA PaCa-2 cells and their JAK1 knockout

Figure 3. JAK1 and active STAT3 provide a selective advantage during pancreatic cancer progression

(A) Pancreatic tumor-free survival of mice expressing oncogenic KRAS®'2P in the background of wild-type p53 (Trp53“%) (n = 17) or mutant p53 (Trp53772") that
express (—TAM; n = 56) or lack JAK1 (+Tam; n = 14). Statistical differences between these groups were calculated with the log-rank test.

(B) Histologic sections of pancreatic tumors expressing mutant p537'72" in the presence (—TAM, left) or absence of JAK1 (+Tam, middle). The image on the right
shows premalignant lesions in the proximity of a primary cancer of a Tam-treated animal; bars, 100 um.

(C) Numbers of tumor-bearing JAK1-deficient mice (+Tam) and JAK1-expressing controls (—TAM) that presented no metastatic disease (yellow) or metastatic
lesions that were GFP negative (blue) or GFP positive (green) under a fluorescent stereoscope; ND, not determined due to advanced tissue degradation.

(D) Overlay of stereoscopic brightfield images with GFP fluorescence of metastatic lesions (bars, 2 mm) and corresponding H&E-stained histologic sections (bars,
100 um). Panels on the right show IF images of histological sections with low or high expression of pSTAT3 (red) within GFP-positive metastatic cancer cells. DAPI

was used as counterstain; bars, 50 pm.
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Figure 4. JAK1 is necessary for pancreatic cancer-associated STAT3 activation and pancreatic tumorsphere growth
(A) Immunoblot analysis of STAT3 activation in mutant KRAS®'2°/p53R172H mouse pancreatic tumor cell lines before (—Cre) and after the conditional knockout of

JAK1 or JAK2 (+Cre).

(B) Western blot analysis of active STAT6 in two JAK1-deficient mouse PDAC cell lines and their JAK1-expressing parental controls with or without IL-4

administration.

(C) Immunoblot analysis of STAT3 activation in two pairs of human PDAC cell lines (MIA PaCa-2, AsPC-1) before and after CRISPR-Cas9-mediated deletion of the
JAKT gene and the doxycycline (Dox)-inducible, short hairpin RNA (shRNA)-mediated knockdown of JAK2. ACTB and GAPDH were used as loading controls

(A=C).

(D) Comparative analysis of the relative numbers and sizes of tumorspheres in two mouse and one human isogenic cancer cell lines with and without JAK1.
(E) Relative numbers of isogenic mouse and human pancreatic cancer cells that migrated after 24 h in a Transwell assay. Data are presented in panels D and E as
the mean + SD of three replicate experiments. Statistical significance was calculated with t tests; *o < 0.05 and **p < 0.01. If not indicated otherwise, the dif-

ferences were not significant.
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Figure 5. JAK1 deficiency decelerates pancreatic cancer cell growth in vivo
(A and F) Growth curves of transplanted mouse (A) and human MIA PaCa-2 (F) pancreatic cancer cells with a Cre recombinase-mediated or CRISPR-Cas9 gene-
edited knockout of JAK1 (Jak1 -/, JAK1k°) and their isogenic controls expressing wild-type JAK1 (Jak1ﬂ”, JAK1W'). The data points shown represent mean values

of measured tumor volumes +SD from three biological repeats per tumor line. Statistical significance between tumor volumes was calculated with t tests;
*p < 0.05 and *p < 0.01.

(legend continued on next page)
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derivatives (Figure 5H). In contrast to the high abundance of nu-
clear STAT3 in the larger control tumors, the knockout of JAK1
was highly effective in sustaining the block of STAT3 activation
in vivo (mouse, Figure 5D; human, Figure 5l). Explanted cancer
cells from the smaller secondary tumors showed that they
were composed of JAK1-deficient tumor cells that lack active
STAT3 (mouse, Figure 5E; human, Figure 5J). For this study,
we purposely used the original pool of MIA PaCa-2 cells with
the CRISPR-Cas9-targeted knockout of JAK1 that contained
very few cells expressing JAK1 (Figure S8B). However, within
the limited experimental timeline, we did not observe a selective
amplification of residual JAK1 wild-type cells with active STAT3.
The collective results suggest that, while JAK1 and active STAT3
may not be obligatory for pancreatic cancer cell survival, the in-
hibition of this cancer cell-intrinsic JAK/STAT signaling pathway
reduces the proliferation and growth of pancreatic tumor cells
in vivo.

JAK1 signaling controls the expression of STAT
transcriptional targets but does not affect
phosphatidylinositol 3 kinase signaling or epithelial and
mesenchymal characteristics

In mammary epithelial cells, JAK/STAT pathways are determi-
nants for cell proliferation, survival, and cell death, in part, by
modulating the expression of specific Phosphatidylinositol 3 Ki-
nase (PI3K) subunits and AKT that are important downstream
targets of receptor tyrosine kinases and RAS GTPase sig-
naling.? To assess whether the reduced proliferation of JAK1-
deficient pancreatic cancer cells is a consequence of similar
signaling networks, we conducted a comprehensive analysis of
mitogen-activated protein (MAP) kinase and PI3K signaling in
four mouse and three human JAK1-deficient pancreatic cancer
cell lines and their parental controls expressing JAK1 (Figure S9).
The collective results show that the lack of JAK1 and active
STAT3 did not significantly affect the expression and activation
of ERK1/2 or AKT in pancreatic cancer cells (Figures S9A and
S9B). The p50/p55 regulatory subunits of PI3K are transcrip-
tional targets of STAT3 in the mammary gland epithelium, but it
was surprising that both subunits were not expressed in any of
the mouse and human pancreatic cancer cell lines (Figures
S9C and S9D). In conclusion, pancreatic cancer cells do not
seem to have the same molecular networks that facilitate a
crosstalk between the JAK/STAT and PI3K/AKT signaling cas-
cades as in mammary epithelial cells.

Next, we examined a potential JAK1/STAT3 dependency of
molecular determinants that control cellular plasticity and
epithelial identity. The collective results of the immunoblot ana-
lyses performed on seven isogenic pairs of PDAC cell lines
with and without JAK1 (four mouse and three human) showed
that, despite phenotypic variations between parental cell lines,
there were no consistent changes in the expression of epithelial

Cell Reports

and mesenchymal markers (CK19, cadherins, vimentin, and
EpCAM) or transcription factors that are known regulators of
cellular plasticity such as SNAIL, SLUG, ZEB1, and TWIST (Fig-
ures S10A and S10B). The results suggested that active JAK1/
STAT3 signaling is not a determinant for the cellular identity of
pancreatic cancer cells as previously reported'® and the obs-
erved differences in cancer cell growth properties between
JAK1-deficient tumor cells and controls were not a consequence
of potential changes in cellular plasticity.

The finding that JAK1/STAT3 signaling does not have a signif-
icant impact on cellular plasticity in PDAC is validated by the re-
sults of the transcriptomic analysis of six isogenic pairs of mouse
pancreatic cancer cell lines with and without JAK1. The multidi-
mensional scaling (MDS) plot shown in Figure S11A illustrates
that the gene expression profiles were significantly more diver-
gent between the parental cell lines expressing JAK1 than the
differences in gene expression that resulted from the deletion
of JAK1. The paired analysis of parental and JAK1-deficient can-
cer cells identified 245 genes that were downregulated and 65
genes that were upregulated in the JAK1 knockouts (false dis-
covery rate [FDR] <0.05; Figure S11B). Among those, 164 genes
were deregulated 2-fold or greater (124 down, 24 up) in cancer
cells lacking JAK1. The list of the top 25 deregulated genes (Fig-
ure 6A) included Osmr and /I13ra1, which engage JAK1 for STAT
activation (Figures S6C-S6E, and S7A). In agreement with these
findings, the gene set enrichment analysis revealed concordant
differences in specific gene sets that are functionally related to
the interaction of cytokines and their receptors, JAK/STAT
signaling, and cell adhesion (Figure 6B). Several of the downre-
gulated genes in the JAK1 knockout cells were STATS targets,
including Stat3 itself, Socs3, Map3k8, and Tgfbi, as well as genes
encoding selected matrix metalloproteases (MMPs). The de-
regulated expression of these genes was validated in each cell
line using the NanoString nCounter analysis (Figure 6C).

C/EBP3 is upregulated in pancreatic cancer and
executes the pro-tumorigenic functions of JAK1
signaling

One of the top JAK1 candidate target genes that were consis-
tently downregulated in JAK1 knockout pancreatic cancer cells
was Cebpd, which encodes the C/EBPS (Figure 6A). Contrary
to its recently proposed tumor-suppressive role in PDAC,?* the
immunostaining results on human tissue specimens showed
that C/EBP3 is considerably upregulated in pancreatic cancers
(Figure 7A). While C/EBP3 was not detected in the normal
pancreas and low-grade PanINs, high-grade preneoplastic le-
sions showed a pronounced nuclear expression of C/EBP3 (Fig-
ure S12A). Moreover, a significantly elevated expression of this
protein was detected in six of nine commonly used human
PDAC cell lines (Figures 7B and S12B), including MIA PaCa-2
cells with high levels of active STAT3. The JAK1-dependent

(B and G) Excised mouse (B) and human (G) tumors at necropsy; bars, 0.5 cm.

(C and H) H&E-stained histologic sections of tumors (C; bars, 100 um) and IF labeling of the human-specific marker Ku80 (H; bars, 50 um).
(D and I IF staining of tyrosine phosphorylated STAT3 in transplanted mouse (D) and xenografted human () PDAC cells. Slides were counterstained with DAPI;

bars, 50 pm.

(E and J) Immunoblot analyses of JAK1 and active STAT3 on explanted pancreatic cancer cells from the engrafted tumors shown in (B) and (G) in comparison to
the parental mouse cell lines (E) or human MIA PaCa-2 cells (J) with and without JAK1. ACTB was used as a loading control.
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Figure 6. The deletion of JAK1 blocks the transcriptional upregulation of a broad range of STAT target genes
(A) Heatmaps of the top 25 genes that are downregulated (FDR adjusted p values <0.05) in isogenic pancreatic cancer cell lines with a targeted knockout of JAK1

(n = 6) compared to their parental controls expressing JAK1 (n = 6).

(B) Gene set enrichment plots of selected pathways (enrichment > 1.5 and p < 0.05) in JAK1-expressing versus JAK1-deficient cell lines. A positive enrichment
score indicates elevated expression of pathway-relevant genes in the JAK1-expressing lines.
(C) nCounter analysis of six isogenic cell lines to validate the downregulated expression of selected STAT target genes in response to the deletion of JAK1 (+Cre).
Ralb, a ubiquitously expressed gene with low abundance, served as a control.
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Figure 7. C/EBP3 is a downstream effector of JAK1 signaling that is upregulated in pancreatic cancer cells and that promotes tumorsphere

formation

(A) IF staining of C/EBP3% (CEBPD) in the normal human pancreas and pancreatic ductal adenocarcinoma (PDAC); bars, 20 pm.
(B) Immunoblot analysis of CEBPD expression in commonly used pancreatic cancer cell lines (n = 9) and untransformed pancreatic cells (HPNE). The immunoblot

images are representative of three experimental replicates used for quantitative analysis in Figure S12B.

(C) CEBPD protein expression in isogenic PDAC cell lines before and after Cre-mediated (mouse) or CRISPR-Cas9 gene-edited (MIA PacCa-2) deletion of JAK1
and consequential block of STAT3 activation.
(D) Immunobilot validation of the CRISPR-Cas9-mediated knockout of CEBPD in MIA PaCa-2 cells using ribonucleoprotein particles (QRNAs/Cas9 complexes) in

four different nucleofection experiments.
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expression of C/EBP3 on the level of the protein was validated by
immunoblot in mouse and human MIA PaCa-2 cells (Figures 7C,
S13A, and S13B, left). Identical to human tissue specimens,
C/EBP3% was not expressed in normal pancreata of mice, while
cancer cells and tumor-associated stromal cells exhibited nu-
clear C/EBPS at various levels (Figure S14A). The expression of
C/EBP3% was significantly lower in JAK1 conditional knockout
mice that were treated with Tam after the onset of preneoplasia
to delete one or two copies of the Jak1 gene (Figure S14B). Most
notably, C/EBP3 was completely absent in low-grade PaniINs in
the JAK1 knockout (Figure S14B, right) that lack expression of
active STAT3 as shown earlier (Figure 2F, middle). The extended
analysis of the expression of other C/EBPs revealed that
C/EBPa, C/EBPB, and C/EBPy were not present in mouse
pancreatic cancer cells (Figure S13A, right), and only the liver-
enriched activating and inhibitory protein (LAP, LIP) isoforms of
C/EBPB were detected in human MIA PaCa-2 cells (Figure S13B).
The level of the LAP protein was slightly lower in JAK1-deficient
cells compared to their parental controls, but the reduced
expression of C/EBPJ was less significant than that of C/EBP3
in the JAK1 knockout.

C/EBP3 is encoded by a single exon, which we targeted with
high efficiency in MIA PaCa-2 cells using CRISPR-Cas9-mediated
gene editing (Figure 7D). The initial results of the knockout exper-
iment confirmed the specificity of the C/EBPS antibody, and we
observed that the high activation of STAT3 remained unchanged,
suggesting that C/EBPS is not an essential mediator of the auto-
crine loop of inflammatory cytokines that signal through JAK1.
Similar to the JAK1 knockout, deficiency in C/EBP3 did not signif-
icantly affect the proliferation of cancer cells when they were
maintained as monolayers (Figure S15A). However, we observed
a significant reduction in the number and average size of tumor-
spheres when CEBPD knockout cells were grown on non-
adherent culture dishes (Figure 7E), suggesting that C/EBP3
may have a role in promoting self-renewal in addition to cellular
proliferation. Similar to tumorspheres in culture, C/EBP3-deficient
cells grew significantly slower in xenografted mice compared to
the CEBPD wild-type parental controls (Figure 7F).

Next, we generated JAK1 knockout MIA PaCa-2 cells that ex-
press exogenous, FLAG-tagged CEBPD to investigate whether
the re-expression of C/EBP&J restores the growth of JAK1-defi-
cient tumorspheres. Reinstating the expression of C/EBP3 did
not rescue the activation of STAT3 in the absence of JAK1 (Fig-
ure 7G) and had no significant effect on the proliferation of
cancer cells in monolayer cultures (Figure S15B). However,
expression of exogenous C/EBP3J increased the number and
average size of JAK1-deficient tumorspheres (Figure 7H). The
bright fluorescence of the dTomato reporter, which is co-ex-
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pressed with CEBPD from the bicistronic lentiviral vector, sug-
gested that the larger tumorspheres were a consequence of
the re-expression of C/EBP3J (Figure 7H, right panel). A knockout
of C/EBPS or its re-expression in JAK1-deficient MIA PaCa-2
cells had no effect on the levels of C/EBPJ (Figure S13B, left).
More importantly, reinstating the expression of C/EBP3 was suf-
ficient to restore the growth of JAK1-deficient cancer cells in
xenografted mice (Figure 71). The key findings from human MIA
PaCa-2 cancer cells were confirmed in mouse pancreatic tumor
cells (Figure S16). A genetic rescue of the expression of C/EBP3
in cancer cells with a conditional knockout of JAK1 did not have a
major impact on cellular proliferation in monolayer cultures
(Figure S16B) but significantly accelerated the formation and
expansion of tumorspheres as well as tumor growth in xeno-
grafted animals (Figures S16C-S16E). The notion that JAK1
signaling through C/EBP3 is critical for tumor cell proliferation
in vivo is supported by the analysis of Cyclin D1 expression in
transplanted mouse and human pancreatic cancer cells that
are deficient in JAK1 and their parental JAK1-expressing con-
trols (Figure S17). The deletion of JAK1 or C/EBP% in MIA
PaCa-2 cells resulted in a significantly lower nuclear expression
of Cylin D1. The reduced level of this pivotal regulator of cell pro-
liferation was rescued by reinstating the expression of C/EBP3 in
JAK1 knockout cells. The collective results of this line of investi-
gation suggest that important pro-tumorigenic functions of JAK1
signaling are executed by C/EBP3.

DISCUSSION

Defining the roles of specific IL-6 class inflammatory cytokines in
normal tissue homeostasis and cancer is somewhat complicated
because of their functional redundancy, ligand-receptor promis-
cuity, and the formation of receptor heterodimers within signaling
complexes. Then again, the diverse ligand-receptor complexes
engage only a few JAKs and STATSs for signal transduction, which
provides opportunities for targeted intervention, particularly
those aimed at blocking the persistent activation of STAT3 in
chronic inflammation and cancer. While recent studies high-
lighted the paracrine contribution of cytokines from the tumor
microenvironment,®%?* the oncogenic activation of JAK/STAT
signaling in PDAC is likely a primary consequence of autocrine
signaling, which is most evident by the constitutive activation of
STAT3in established human and mouse cancer cell lines. This au-
tocrine loop can be effectively blocked through the targeted abla-
tion of JAK1. It should be noted that the downregulation or condi-
tional knockout of JAK2 did not attenuate the activation of STAT3,
suggesting that the reported consequences of using various ki-
nase inhibitors in previous studies to target STAT3 activation

(E) Comparative analysis of the relative numbers and sizes of tumorspheres in CEBPD knockout and parental MIA PaCa-2 cells. The right panels show repre-

sentative brightfield images of tumorspheres; bars, 100 um.

(F) Growth curves of xenografted MIA PaCa-2 cells that are deficient in C/EBP3 and their wild-type controls; four biological repeats per tumor line.
(G) Expression of FLAG-tagged, exogenous CEBPD in JAK1 knockout (ko) clonal derivatives (n = 4, lanes 3-6) of the parental wild-type (lane 1) and JAK1-deficient

(lane 2) MIA PacCa-2 cells. ACTB served as a loading control in (B-D) and (G).

(H) Relative numbers and sizes of tumorspheres of multiclonal JAK1 knockout MIA PaCa-2 cells with and without expression of exogenous CEBPD. The right
panels show brightfield images of tumorspheres, insets are corresponding fluorescent dTomato images; bars, 100 um.

(I) Growth curves of xenografted JAK1 knockout MIA PaCa-2 cells with or without exogenous C/EBP3; n = 4 knockout, n = 3 knockout with C/EBP3. The data
points shown in (F) and (l) represent mean values of measured tumor volumes +SD. Statistical significance was calculated with t tests; *p < 0.05 and **p < 0.01.
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were incorrectly assigned to JAK2. In addition to STATS3, JAK1 is
essential for the activation of STAT1 and STAT6 in pancreatic
cancer cells, which is analogous to observations in the normal
mammary gland epithelium as well as human and mouse mam-
mary cancer cells.'®2° These consistent findings among different
epithelial tissues and diverse cancer models imply that neither
JAK2/3 and TYK2 nor receptor tyrosine kinases (e.g., epidermal
growth factor receptor [EGFR]) can substitute for the loss of
JAKT to effectively activate these STAT proteins.

A consequence of the ablation of JAK1 before the onset of
PDAC was the predominant presence of low-grade PanINs
compared to high-grade preneoplastic lesions in the JAK1 wild-
type controls. This suggests that blocking JAK1 signaling arrests
the progression of PanIN lesions at an early stage where active
STATS is typically low or absent. The rare occurrence of palpable
tumors in JAK1 conditional knockout mice expressing oncogenic
KRAS and the observed delay in cancer progression in animals
that also carry mutant p53 support the previously proposed pro-
tumorigenic role of STAT3 in pancreatic carcinogenesis.'"'#?°
Our genetic studies show that JAK1 and active STAT3 are not
necessary for the survival of pancreatic cancer cells, in particular,
when cultured ex vivo. However, there was a noticeable growth
advantage of cancer cells in vivo that escaped from the conditional
deletion of JAK1 and that retained expression of active STAT3.

On the mechanistic level, loss of JAK1 resulted in the reduced
expression of STAT3 target genes, including MMPs, which are
associated with pancreatic and gastrointestinal cancer progres-
sion.'>?%2” Moreover, deficiency in JAK1 blocked the autocrine
signaling loop of inflammatory cytokines by downregulating the
receptors for OSM and IL-13 that activate STAT3 and STAT6 in
PDAC.® Despite differences in the RNA expression of selected
genes related to cell adhesion (e.g., Vcam, Alcam, Claudins,
and Syndecans that are part of this Kyoto Encyclopedia of Genes
and Genomes [KEGG] gene cluster), the examination of nine
markers of epithelial-mesenchymal transition (EMT) in seven
isogenic pancreatic cancer cell lines with and without JAK1 did
not provide evidence that JAK1/STAT3 signaling plays a sig-
nificant role in the modulation of cellular plasticity as previously
proposed.’® It was also surprising to find that, in contrast to
mammary epithelial cells,”>*® STAT3 is not a driver for the tran-
scriptional activation of the PI3K regulatory subunits p50 and
p55 or AKT activation, which might explain the limited impact
of the JAK1 knockout on pancreatic cancer cell survival.

The identification and validation of Cebpd as one of the most
consistently downregulated genes in the JAK1 knockout sup-
ports earlier studies that C/EBP3 is a target of STAT3.7°°° The
knockout of C/EBP3 in cancer cells mirrored the phenotypic con-
sequences of JAK1 deficiency related to the growth of tumor-
spheres and reinstating the expression of C/EBPJ was sufficient
to restore the tumorsphere-forming properties of human and
mouse JAK1-deficient cancer cells and their growth in xeno-
grafted mice. However, it should be noted that a high overex-
pression of Cebpd can cause growth inhibition, which might
give the impression that this transcription factor is a tumor sup-
pressor.”® The collective results of this study highlight the onco-
genic roles of active STAT3 and C/EBP3 in human and mouse
pancreatic cancers. These findings are consistent with earlier re-
ports that implicated C/EBP3 in tumor cell stemness in breast
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cancer and glioblastoma.®'"*? In summary, JAK1 executes bio-
logically relevant functions of inflammatory cytokines through
C/EBP3 in pancreatic cancer cells and may serve as a rational
target for PDAC prevention. Although the ablation of JAK1 and
STAT3 activation may not lead to pancreatic cancer cell death,
the results from the transplantation experiments suggest that
targeting JAK1 may slow or prevent the progression of locally
invasive disease in patients with resectable pancreatic tumors
who are at risk of recurrence.

Limitations of the study

The genetic models in this study provided insight into cell-
intrinsic functions of JAK1 signaling and the activation of down-
stream targets such as C/EBP3 in preneoplastic and fully trans-
formed pancreatic cancer cells. The biological consequences of
blocking JAK1 signaling in other cell types within the tumor
microenvironment in addition to cancer cells were not investi-
gated but could be therapeutically relevant. Also, the complete
absence of the JAK1 protein in cancer cells may not discriminate
the potential roles of this kinase as a scaffold independent of its
catalytic activity as previously reported for JAK2.%*
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal, JAK1 Cell Signaling Cat#50996; RRID:AB_2716281
Rabbit monoclonal, JAK2 Cell Signaling Cat#3230; RRID:AB_2128522
Rabbit polyclonal, pY-STAT1 Origene Cat#TA309955

Rabbit polyclonal, STAT1 Santa Cruz Cat#sc-592; RRID:AB_632434
Rabbit monoclonal, STAT1 Cell Signaling Cat#14994; RRID:AB_2737027
Rabbit monoclonal, pY-STAT3 Cell Signaling Cat#9145S; RRID:AB_2491009
Mouse monoclonal, STAT3 Cell Signaling Cat#9139S; RRID:AB_331757
Rabbit polyclonal, pY-STAT5 Cell Signaling Cat#9351S; RRID:AB_2315225
Rabbit polyclonal, STAT5 Santa Cruz Cat#sc-836; RRID:AB_632445
Rabbit polyclonal, pY-STAT6 Abcam Cat#ab54461; RRID:AB_882721
Rabbit polyclonal, pY-STAT6 Cell Signaling Cat#9361; RRID:AB_331595
Rabbit polyclonal, STAT6 Santa Cruz Cat#sc-981; RRID:AB_632450
Rabbit monoclonal, GAPDH Cell Signaling Cat#5174S; RRID:AB_10622025
Chicken polyclonal, GFP Aves Labs Cat#GFP-1020; RRID:AB_10000240
Mouse monoclonal, ACTB Santa Cruz Cat#sc-47778; RRID:AB_626632
Rabbit recombinant monoclonal, CEBPD Abcam Cat#ab245214; RRID:AB_294368
Mouse monoclonal, CEBPD Santa Cruz Cat#sc-135733; RRID:AB_2078197
Mouse monoclonal, CEBPA Santa Cruz Cat#sc-166258; RRID:AB_2078042
Rabbit monoclonal, CEBPB Abcam Cat#ab32358; RRID:AB_726796
Rabbit polyclonal, CEBPG Invitrogen Cat#PA5-121085; RRID:AB_2914657

Rabbit polyclonal, FLAG

Rabbit polyclonal, pERK1/2
Mouse monoclonal, ERK1/2
Rabbit monoclonal, pT308-AKT
Rabbit polyclonal, pS473-AKT
Rabbit polyclonal, AKT

Rabbit monoclonal, EpCAM
Rabbit monoclonal, E-cadherin
Rabbit recombinant monoclonal, VIMENTIN
Rabbit monoclonal, SNAIL
Rabbit monoclonal, SLUG
Rabbit monoclonal, ZEB1
Mouse monoclonal, TWIST
Rabbit polyclonal, TWIST
Rabbit monoclonal, p110a
Rabbit polyclonal, p85 (p50/p55)
Rat monoclonal, CK19

Mouse monoclonal, panCK
Rabbit monoclonal, Ku80
Rabbit monoclonal, Cyclin D1
Rabbit polyclonal, Ki67
Digital anti-Mouse-HRP

Thermo Fisher
Cell Signaling
BD Transduction Laboratories
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz
Cell Signaling
Cell Signaling
Upstate

Developmental
Studies Hybridoma Bank

Dako/Agilent

Cell Signaling
Abcam

Abcam

Kindle Biosciences

Cat#PA1-984B; RRID:AB_558701
Cat#9101S; RRID:AB_331646
Cat#610123; RRID:AB_397529
Cat#4056; RRID:AB_331163
Cat#9271; RRID:AB_329825
Cat#9272; RRID:AB_329827
Cat#93790S; RRID:AB_2800214
Cat#3195; RRID:AB_2291471
Cat#5741; RRID:AB_10695459
Cat#3879T; RRID:AB_2255011
Cat#9585T; RRID:AB_2239535
Cat#70512T; RRID:AB_2935802
Cat#sc-81417; RRID:AB_1130910
Cat#46702S; RRID:AB_2799308
Cat#4249; RRID:AB_2165248
Cat#06-195; RRID:AB_310069
Cat#TROMA-III; RRID:AB_2133570

Cat# M3515; RRID:AB_2132885
Cat#2180; RRID:AB_2218736
Cat# ab16663; RRID:AB_443423
Cat#ab15580; RRID: AB_443209
Cat# R1005; RRID:AB_2800463

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Digital anti-Rabbit-HRP Kindle Biosciences Cat# R1006; RRID:AB_2800464
Goat anti-Chicken IgY-HRP Santa Cruz Cat# sc-2428; RRID:AB_650514
Goat anti-Rat IgG-HRP Santa Cruz Cat#sc-2006; RRID:AB_1125219
Alexa Fluor 488 goat anti-chicken Invitrogen Cat# A11039; RRID:AB_2534096
Alexa Fluor 488 donkey anti-rat Invitrogen Cat# A21208; RRID:AB_2535794
Alexa Fluor 594 donkey anti-rabbit Invitrogen Cat# A21207; RRID:AB_141637
Alexa Fluor 555 goat anti-rabbit Invitrogen Cat# A21429; RRID:AB_2535850
Alexa Fluor 555 goat anti-mouse Invitrogen Cat# A21422; RRID:AB_141822
Envision+/HRP-anti-rabbit polymer Dako Cat# K400311-2

Bacterial and virus strains

One Shot™ StbI3™ Chemically Competent E. coli Thermo Fisher Cat# C737303
Biological samples

Mouse: Pancreata This paper N/A

Mouse: Pancreatic tumors This paper N/A

Mouse: Lungs This paper N/A

Mouse: Livers This paper N/A

Mouse: Kidneys This paper N/A

Mouse: Adrenal glands This paper N/A

Mouse: Mammary glands This paper N/A

Human: Normal pancreata This paper N/A

Human: Pancreatic tumor tissues This paper N/A

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma Cat#T5648-5G
Puromycin dihydrochloride Sigma Cat#P7255-100G
Human growth hormone Invitrogen Cat#RP-10928
Doxycycline Hyclate Sigma Cat# D9891-25G
Recombinant mouse IL-4 BD Pharmingen Cat#550067
Recombinant murine IL-13 Peprotech Cat#210-13
Recombinant mouse interferon gamma Millipore Cat#lFO05
Recombinant mouse Oncostatin M (OSM) R&D Systems Cat#495-MO
Critical commercial assays

RNeasy Mini Kit QIAGEN Cat#74104
HEMA 3 STAT Pack Fisher-Scientific Cat#123-869
KwikQuant Western Blot Detection Kit Kindle BioSciences Cat#R1002
DynabeadsTM Protein G Invitrogen Ref #10007D
Deposited data

RNA-Sequencing data This paper GEO: GSE227149

Experimental models: Cell lines

Human: HPNE 1a/1b

Human: MIA PaCa-2
Human: AsPC-1
Human: Panc-1
Human: Capan-1
Human: Capan-2
Human: SUIT-2
Human: BxPC-3
Human: T3M4

18  Cell Reports 43, 114202, May 28, 2024

Gift from M. Ouellette

(UNMC) and ATCC
ATCC

ATCC

Lin et al.>*

Lin et al.>*

Lin et al.>*
Lin et al.>*
Lin et al.>*

Lin et al.**

RRID:CVCL_C466

RRID:CVCL_0428
RRID:CVCL_0152
RRID:CVCL_0480
RRID:CVCL_0237
RRID:CVCL_0026
RRID:CVCL_3172
RRID:CVCL_0186
RRID:CVCL_4056
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human: Hs766T Lin et al.* RRID:CVCL_0334
Human: MCF7 ATCC RRID:CVCL_0031
Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 53105)

Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 52419)

Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 53369)

Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 52205)

Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 53371)

Mouse: Pancreatic tumor Pdx1-Flp FSF-KrasG12D This paper N/A
p53R172H Jak1fl/fl (Cell line 52424)

Mouse: Pancreatic tumor Pdx-FLPo FSF-KrasG12D This paper N/A
p53-R172H Jak2 fl/fl (Cell line 66239)

Mouse: Pancreatic tumor Pdx-FLPo FSF-KrasG12D This paper N/A
p53-R172H Jak2 fI/fl (Cell line 66247)

Experimental models: Organisms/strains

Mouse Jak1fl, Jak1tm1Kuw Sakamoto et al.'® MGI:5688302
Mouse: Jak2fl, Jak2tm1Kuw Krempler et al.” MGI:3045140
Mouse: CAG-LSL-tTA Zhang et al.*® MGI:3849835

Tg [T9(CAG-bGeo,-tTA,-EGFP)2A11Kuw]
Mouse: CAG-LSL-GFP

Mouse: TetO-KrasG12D [Tg(tetO-Kras2)12Hev/J]

Mouse: FSF-KrasG12D [B6(Cg)-Krastm5Tyj/J

Mouse: Pdx1-Cre

Mouse: LSL-Trp53R172H/+ [B6.129S4-Trp53tm2Tyj/Nci]

Mouse: Pdx1-Flp

Mouse: Rosa26 CAG-FSF-CreERT2
Mouse: C57BI/6

Mouse: NCr"v/™

Provided by Dr. Miyazaki
(Osaka University)
Purchased from The
Jackson Laboratory
Purchased from The
Jackson Laboratory
Provided by the

NCI Mouse Repository

Provided by the

NCI Mouse Repository
Schénhuber et al.*°
Schénhuber et al.*°
Charles River

Charles River

Kawamoto et al.*®

Fisher et al.®”

Young et al.*®

Hingorani et al.
Olive et al.*®

MGI:5616872
MGI:5616874
Strain Code 027
Strain Code 553

Oligonucleotides

See Table S1 for Genotyping PCR primer sequences
See Table S3 for gRNA and shRNA sequence
See Table S5 for nCounter elements design

This paper
This paper
This paper

N/A
N/A
N/A

Recombinant DNA

Tet-pLKO-puro
pHIV-Cebpd-dTomato
pHIV-Cebpd-ZsGreen
pHIV-dTomato
pHIV-ZsGreen
pBabe-puro-Cre

Wiederschain et al.*’
This Lab

This Lab

Welm et al.*?

Welm et al.*”

This Lab

Addgene, #21915
Designed for this project
Designed for this project
Addgene, #21374
Addgene, #18121

Krempler et al.*®

Software and algorithms

FastQC (v0.11.9)
Rsubread (v2.0.0)

Babraham Bioinformatics
Liao et al.**

RRID:SCR_014583
RRID:SCR_016945

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

edgeR (v.3.28.0) Robinson et al.** RRID:SCR_012802

Gplots v3.03 URL: http://cran.r-project.org/ RRID:SCR_025035
web/packages/gplots/index.html

GSEA v4.0 for Linux Broad Institute RRID:SCR_003199

nSolver software (v4.0 for Mac) Nanostring RRID:SCR_003420

Prism v6 (v6.07) GraphPad Software RRID:SCR_002798

Imaged URL: https://imagej.net/ij/ RRID:SCR_003070

Fiji URL: https://fiji.sc/ RRID:SCR_002285

KwikQuant Image Analyzer 5.9 for Mac OS Kindle Biosciences N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Kay-
Uwe Wagner (kuwagner@wayne.org).

Materials availability

JAK1 and JAK2 conditional knockout mice will be distributed by the Mutant Mouse Resource & Research Centers (MMRRC ID: 71383
and ID: 71382). Mouse tumor-derived cell lines and plasmids created as part of this study are available upon request. A completed
Material Transfer Agreement may be required.

Data and code availability
® The RNA sequencing data were deposited in the Gene Expression Omnibus (GEO) under accession number GSE227149.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Genetically modified mouse strains

Our team generated genetically engineered mice with conditional knockout alleles for JAK1 (Jak1", Jak1™Kuw)18 and JAK2 (Jak2”,
Jak2mKum)17 a5 well as the CAG-LSL-TA transgenic line [Tg(CAG-bGeo,-tTA,-EGFP)2A11Kuw]*® that constitutively expresses the
tetracycline-controlled transactivator in a Cre recombinase-dependent manner. The CAG-LSL-GFP reporter strain was kindly pro-
vided by Dr. Miyazaki (Osaka University).*° The TetO-Kras®12P [Tg(tetO-Kras2)12Hev/J]*” and FSF-Kras®'2P [B6(Cg)-Kras™™i/J]*®
mouse strains were purchased from The Jackson Laboratory. Pdx1-Cre' transgenics and Trp53-S7772H knockin mice [B6.129S4-
Trp53™M2™/Nci]®>® were provided by the NCI Mouse Repository. The conversion of the Trp53-S-7772H targeted locus into the
Trp537772H allele was accomplished in the female germline of MMTV-Cre [Tg(MMTV-cre)1Mam] transgenics.“® A detailed description
of the Pdx1-Flp transgenic line and the Rosa26AGFSF-CreERT2 knockin strain expressing a tamoxifen-inducible Cre recombinase in an
Flp-dependent manner [MGI:5616874; Gt(ROSA)26SorM3(CAG-Cre/ERT2)Dsa) \y a5 published by Schonhuber et al.*® The transgenes and
targeted alleles were maintained on a C57BI/6 genetic background. PCR primers to genotype transgenes and genetically engineered
alleles are provided in Table S1. To induce a Cre®""?-mediated deletion of the JAK1 conditional knockout alleles and activation of the
CAG-LSL-GFP reporter, mice were treated with tamoxifen (Tam) once daily for five consecutive days.“® All animals were maintained
on a 12/12-h light/dark cycle under pathogen-free conditions in micro-isolator cages. The care and use of animals followed the
ARRIVE guidelines, and this work was conducted in accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The animal study protocols were approved by the Institutional Animal
Care and Use Committees at the University of Nebraska Medical Center and Wayne State University.

Transplant models

To establish xenograft models, suspensions of 1x10° pancreatic cancer cells in chilled Matrigel (Corning #354263) were injected sub-
cutaneously into the flanks of 12-week-old male and female NCr"™/™ recipients (Charles River). Tumors were measured using an
electronic caliper, and tumor volumes (mm?®) were calculated using the following equation: length (mm) x width? (mm?)/2. The exper-
imental endpoints to assess cancer growth in transplanted recipients and in genetically engineered mice were determined by the size
of the tumor. The maximum allowed tumor size was approximately 1.5 cm in diameter as mandated by the Institutional Animal Care
and Use Committees.
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Human tissues, multiplexed immunohistochemistry, and quantitative image analysis

Two tissue microarray panels comprising deidentified FFPE normal pancreas tissue and therapy-naive primary pancreatic cancer
from two non-overlapping patient cohorts were provided by the Medical College of Wisconsin Biorepository & Tissue Analytics
core as approved by institutional IRB. Histological sections (4 um) were deparaffinized and went through antigen retrieval using
pH 6.0 retrieval buffer (Dako) followed by multiplex immunostaining on a Dako/Agilent Omnis autostainer. Sections were incu-
bated for 30 min with a mixture of rabbit monoclonal anti-pY-Stat3 (Cell Signaling, cat.# 9145; 1:200 dilution) and mouse anti-
pan-cytokeratin (AE1/AE3, Dako/Agilent, cat.# M3515, 1:100 dilution), washed and incubated with HRP-conjugated anti-rabbit
polymer (EnVision+; Dako/Agilent, cat.# K400311-2, 1:200 dilution), followed by visualization of pY-Stat3 using Cy5-tyramide
as substrate. Pan-cytokeratin was visualized using Alexa 555-labeled goat anti-rabbit antibody (Invitrogen, cat.# A-21429;
1:200 dilution). In parallel, separate slides were stained for C/EBP3 (CEBPD) using a pH 9.0 antigen retrieval buffer (Dako) prior
to incubation with the rabbit anti-CEBPD antibody (Abcam, cat.# ab245214, 1:1000 dilution) and mouse monoclonal anti-pan-cy-
tokeratin (AE1/AE3, Dako/Agilent, cat.# M3515, 1:400 dilution), followed by HRP-conjugated anti-rabbit secondary antibody.
C/EBP3 was visualized using Cy5-tyramide as substrate and cytokeratin was visualized using Alexa 555-labeled goat anti-mouse
antibody (Invitrogen, cat.# A-21422, 1:200 dilution). Finally, sections were stained with 4’,6-diamidino-2-phenylindole (DAPI; Vec-
tor) to visualize cell nuclei. Stained slides were digitized at 20x magnification on a slide scanner (3DHistech Panoramic Flash Il)
capturing fluorescent images in three channels (DAPI, Alexa 555, and Cy5). Digitized images were analyzed by Tissue Studio
(Definiens), and the mean nuclear expression signal for pY-Stat3 immunoreactivity was computed for cytokeratin-positive cells
in each tissue core.

METHOD DETAILS

Genotyping

For PCR-based genotyping of mice, genomic DNA was extracted from digested tail biopsies of mice (10 mg/mL proteinase Kin 1%
SDS, 50 nM Tris/HCI pH8, 100 nM NaCl, and 50 mM EDTA) using an AutoGenprep2000. The PCR primer sets listed in Table S1 were
used to genotype the genetically engineered alleles and transgenes.

To determine the Cre-mediated recombination of the Jak7 conditional knockout allele in metastases using PCR, pancreatic cancer
cells were identified and isolated from H&E-stained histologic sections of GFP-positive tumors in the adrenal glands. Slides were
briefly immersed in liquid nitrogen to remove the coverslip and washed in Histo-Clear to remove the mounting media. Metastases
were carefully extracted under a stereoscope using a fine needle. The DNA was isolated as described above and the PCRs for
the unrecombined floxed and knockout alleles of Jak7 as well as the wild-type Jak2 allele (DNA control) were carried out using
the primers shown in Table S1.

Histological analysis and immunostaining on mouse specimens

Mouse pancreata and tissue samples from livers, lungs, kidneys, and adrenal glands were placed on glass slides and examined
with a Discovery.V8 fluorescent stereoscope (Carl Zeiss, Inc.) for GFP expression. Tissues were fixed overnight in 10% buffered
formalin (Fisher Scientific Company) at room temperature and stored in 70% ethanol prior to paraffin embedding, sectioning, and
staining with Hematoxylin and Eosin (H&E) for histological examination. Brightfield images were taken on a whole-slide scanner
(Leica Microsystems, Inc). For immunostaining, histologic sections of 5 um were deparaffinized three times in 100% Histo-
Clear, rehydrated in decreasing concentrations of ethanol (100%, 95%, 90%, 70%, 50%, and 30% for 3 min each), and washed
for 5 min in 1x PBS. Tissue sections were pressure cooked in ImmunoRetriever with Citrate (Bio SB #BSB0022) using a Bio SB
TintoRetriever pressure cooker, which was set to 116°C-121°C for 1 min for antigen retrieval. Once the slides had returned to
room temperature, they were rinsed for 5 min in 1x PBS and blocked with 3% BSA for 1h. Subsequently, primary antibodies
were added (varying dilutions and staining conditions are listed in Table S2) and incubated overnight at 4°C in a moist chamber.
The following day, the slides were washed three times with 1x PBS for 5 min each, a fluorophore-conjugated secondary antibody
was added, and slides were incubated in the dark for 1h at room temperature in a moist chamber. After washing the slides twice
with 1x PBS and once with distilled water, Vectashield DAPI mounting media (Vector, H-1200) and coverslips were applied.
Stained slides were examined with an Axio Imager microscope (Carl Zeiss, Inc.) equipped with an SPOT FLEX camera (Diagnostic
Instruments, Inc.). For quantification, Cyclin D1-positive nuclei were counted in three representative images (400x magnification) of
non-overlapping tumor regions. The relative number of Cyclin D1-positive cells in each of these images was determined with the
semi-automated Weka Trainable Segmentation Plugin within Fiji software (v2.0.0; https://fiji.sc/) by counting the Cyclin D1-positive
nuclei and the total number of DAPI-stained nuclei. The accuracy of the software was confirmed by manual counting of selected
images. Manual counting was performed to quantify Ki67-positive nuclei and the total number of DAPI-stained nuclei within GFP-
positive low-grade and high-grade PanINs. Ki67-positive nuclei cells were counted in three representative images (400x magnifi-
cation) of non-overlapping pancreatic tissue regions. A paired Student’s t-test using GraphPad Prism (v6.07; GraphPad Software,
La Jolla, CA) was performed to assess statistically significant differences in cellular proliferation. The resulting data were visualized
as box and whisker plots with an indication of the minimum and maximum value, as well as the first quartile, median, and third
quartile.
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Cell culture, CRISPR/Cas9-mediated gene editing, and shRNA-mediated knockdown

Pancreatic cancer cells were derived from primary tumors of mice that express oncogenic KRAS and mutant p53 (Pdx1-Flp FSF-
Kras®'2P Trp537772H) in the presence of two Jak? conditional knockout alleles (Jak1™"). Primary tumor cells were maintained in
DMEM medium supplemented with 10% FBS, L-glutamine, and nonessential amino acids as well as 10 ng/mL penicillin/strepto-
mycin and 50 pg/mL gentamicin. To generate isogenic cell lines that are deficient in JAK1, the parental lines were infected with
pBabe-Cre-puro retroviral particles and selected with increasing concentrations of puromycin (2, 4, and 7 pg/mL).*® Immortalized,
untransformed human pancreatic cells (HPNE) that were maintained at early and late passage numbers were a kind gift from Michel
Ouellette (UNMC), and the hTERT/E6/E7-immortalized HPNE cells and pancreatic cancer cell line panel were obtained as part of the
collaborative work with investigators of the UNMC Specialized Program of Research Excellence (SPORE) in Pancreatic Cancer.®*
Polyclonal MIA PaCa-2 and AsPC-1 cancer cell lines with a CRISPR/Cas9-mediated knockout of JAK1 were generated as a service
by Synthego, Corp. MIA PaCa-2 cells were maintained in DMEM medium (ATCC #30-2002) supplemented with 10% FBS and
10 pg/mL penicillin/streptomycin. AsPC-1 cells were maintained in RPMI-1640 medium supplemented with 10% FBS and
10 pg/mL penicillin/streptomycin. The deletion of the CEBPD gene in MIA PaCa-2 cells was performed in our laboratory using the
Synthego Gene Knockout Kit v2 and Lonza nucleofection protocol (buffer SF). MCF7 cells were obtained from ATCC and maintained
in DMEM medium supplemented with 10% FBS, L-glutamine, and 10 pg/mL penicillin/streptomycin.

To conditionally knock down the expression of JAK2 and JAK1 in human pancreatic cancer cell lines (MIA PaCa-1, AsPC-1, and
PANC-1), oligonucleotides of previously validated shRNA sequences”’ (Table S3) were cloned into the lentiviral Tet-pLKO-puro vec-
tor (Addgene #21915), which permits a doxycycline (Dox)-controlled knockdown of target genes.*' Lentiviral particles were produced
in 293T cells using a standard protocol.*? Following infection and puromycin selection, pancreatic cancer cells were treated with
2 mg/mL doxycycline for 24 to 72 h to downregulate JAK2 or JAK1. To express exogenous CEBPD in JAK1 knockout MIA
PaCa-2 cells and in mouse pancreatic cancer cells with a Cre-mediated knockout of JAK1, we established lentiviral pHIV-Cebpd-
dTomato and pHIV-Cebpd-ZsGreen vectors by inserting an Xbal/EcoRI fragment of the mouse Cebpd coding sequence with a 5’
FLAG epitope tag into the corresponding restriction enzyme sites of the pHIV lentiviral vectors (Addgene #21374, #18121).%” The cor-
rect sequences of the shRNAs and CEBPD expression vectors were validated by Sanger sequencing prior to the production of len-
tiviral particles. The sequences of the gRNAs and shRNAs that were applied in the gene knockout and knockdown experiments can
be found in Table S3.

Cell proliferation, tumorsphere, and cell migration assays

The proliferation rates of pancreatic cell lines were determined by plating 1 x 10* cells into 12 wells of 24-well cell culture plates
(CytoOne #CC7682-7524). After 24h, 48h, 72h, and 96h cells were collected from three wells per timepoint and the total number
of cells for each well was determined using a CellDrop automated cell counter (DeNovix Inc.). In the case of AsPC1 cells, 2 x 10*
cells were plated into each well of a 24-well cell culture plate (Corning #3524). After 24h, 48h, 72h, 96h, 120h, 144h, 168h, and
192h cells were collected from three wells per timepoint and the total number of cells for each well was determined.

For the tumorsphere assays, 1 x 10 cells were plated into 3 wells of 6-well ultra-low attachment plates (Corning #3471) containing
regular cell culture media, and tumorspheres were imaged after 7 days using a ZOE Fluorescent Cell Imager (Bio-Rad Laboratories,
Inc.). Spheres were counted in at least 8 areas of each plate for quantification. Using the “Colony Blob Count Tool” and appropriate
size and shape parameters, ImageJ counted and measured the area of the spheres.

For the trans-well migration assays, 0.5 mL of serum-rich media (20% fetal bovine serum, FBS) was added as chemoattractant into
a new 24-well plate, and an 8-um insert was placed in each well (Falcon, 353097). Single cells from the maintenance culture were
resuspended in serum-free media and counted using the CellDrop automated cell counter. 1 x 10* cells in 0.3 mL serum-free media
were added on top of the 8-um insert and incubated for 24 h. The following day, the inserts were collected, washed in 1x PBS or
distilled water, and consecutively dipped 15 times in HEMAS fixative. The cytoplasmic and nuclear staining of cells (Wright-
Giemsa stain) was carried out using the HEMA 3 STAT Pack (Fisher Scientific, 123-869) according to the manufacture’s protocol
and washed in distilled water. The membrane inserts were cut out with a razor blade, air dried, and placed in Permount on micro-
scope slides that were then mounted with a coverslip. The number of migrating cells was determined by counting cells under
200x magnification in three areas of 1 mm?2. Data were presented as means of three replicate experiments.

Cytokine stimulation

Cells were maintained in serum-free medium for 16 h and then treated with human growth hormone (500 ng/mL; Invitrogen, Cat.# RP-
10928) for 20 min, recombinant mouse IL-4 (50 ng/mL; BD Pharmingen, Cat.# 550067), recombinant mouse IL-13 (50 ng/mL; Pepro-
tech, Cat.# 210-13), recombinant mouse interferon-gamma (10 ng/mL; Millipore, Cat.# IF005) for 15 min or OSM (25 ng/mL; R&D
Systems, Cat.# 495-MO) for 15 min, 1 h, 4 h, and 16 h at 37°C prior to cell lysate preparation for immunoblotting.

Immunoblot analyses and immunoprecipitation

Cell pellets or homogenized tissues were sonicated for 3 s in complete lysis buffer containing 1% Nonidet P-40, 0.5% sodium de-
oxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.4 units/mL aprotinin, 1 mM NaF, leupeptin, and 0.1 mM so-
dium orthovanadate and kept on ice for 30 min. Whole-cell extracts were resolved by SDS-PAGE and blotted onto polyvinylidene
fluoride (PVDF) membranes (Invitrogen). The membranes were blocked for 1 h at room temperature in 5% dry milk in 1x TBST
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(Tris-buffered saline with 0.05% Tween 20) buffer or 5% Bovine Serum Albumin (BSA) in 1x TBST for phosphotyrosine-specific an-
tibodies. Subsequently, membranes were incubated with primary antibodies in the blocking buffer at 4°C overnight. A list of primary
and secondary antibodies for immunoblotting as well as recommended dilutions are provided in Table S4. On the next day,
membranes were washed three times for 5 min in 1x TBST and incubated for 1h at room temperature with horseradish peroxi-
dase-conjugated secondary antibodies [Digital anti-Mouse-HRP (R1005) or Digital anti-Rabbit-HRP (R1006) from KwikQuant or
goat anti-Chicken IgY-HRP (sc-2428) or goat anti-Rat IgG-HRP (sc-2006) from Santa Cruz Biotechnology] in blocking buffer. Mem-
branes were washed three times for 10 min with 1x TBST and then two times for 10 min in 1x TBS (Tris-buffered saline without Tween
20) and finally for 5 min in ultrapure water (Invitrogen 10977-023). Protein bands were detected using the ECL chemiluminescence kit
for Western blot analysis [KwikQuant Ultra Digital-ECLTM Substrate Solution (Cat.#R1002)] according to the instructions by the
manufacturer (Kindle Biosciences, LCC). Chemiluminescence and brightfield images of the blots with size markers were taken using
a D1001 KwikQuant Imager (Kindle Biosciences, LLC). The protein band intensity of the immunoblots was quantified using
KwikQuant Image Analyzer 5.9 for Mac OS (Kindle Biosciences, LLC). Membranes were stripped using a mild glycine stripping buffer
(Abcam protocol) for consecutive detection of various proteins.

For the co-immunoprecipitation experiment, cells were lysed in complete lysis buffer as described above without the sonication
step and incubated with primary antibody and pulled down with DynabeadsTM Protein G according to the manufacturer’s protocol
(Invitrogen Cat.# 10007D). The immunoprecipitated proteins were analyzed by western blot as described above.

Transcriptomic analyses
Total RNA was isolated from pancreatic cancer cell lines using the RNeasy Mini Kit (QIAGEN). RNA quantity and quality were as-
sessed using a NanoDrop spectrophotometer and gel electrophoresis. The mMRNA expression library construction and next-gener-
ation sequencing (RNA-Seq) were performed at the UNMC Genomics Core Facility and Novogene. The quality of sequenced reads
was evaluated using FastQC (v0.11.9; http://www.bioinformatics.babraham.ac.uk/projects/fastqc). For the differential expression
analysis between parental and JAK1 knockout samples, the 150 base paired-end reads were aligned to the GRCm38/mm10 mouse
reference genome (UCSC) via Rsubread (v2.0.0).** Transcript abundance was determined using the featureCounts function of the
Rsburead package, and low abundance gene transcripts (cpm <5 in more than half of the samples) were omitted in further down-
stream analyses. Subsequently, transcript counts were normalized using the R package edgeR (v.3.28.0).%° Furthermore, the edgeR
package was used for the paired sample differential expression analysis between wild-type parental cells and isogenic JAK1
knockout cells. Genes that passed the threshold of a False Discovery Rate (FDR) below 0.05 were considered significantly deregu-
lated. To visualize the differential expression of select deregulated genes, the genes were log2 transformed and scaled to highlight
differences in isogenic cell line pairs and were subsequently plotted as a heatmap using the R-function heatmap.2 (package: gplots
v3.0.3), http://cran.r-project.org/web/packages/gplots/index.html. Gene Set Enrichment Analysis (GSEA) was performed using the
Broad Institute’s GSEA software (GSEA v4.0 for Linux), http://www.gsea-msigdb.org/gsea/downloads.jsp.*®

The nCounter gene expression analysis was carried out by the Genomics Core of the Research Technology Support Facility at
Michigan State University using the NanoString nCounter MAX Analysis System. The resulting data were normalized and visualized
using Nanostring’s nSolver software (v4.0 for Mac), https://www.nanostring.com/products/analysis-software/nsolver. A list of
nCounter design details (genes, sequences) is shown in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphic illustrations and statistics were performed with GraphPad Prism (v6.07; GraphPad Software, La Jolla, CA). All reported mea-
surements were taken from distinct samples. Unless otherwise indicated in the figure legends, experimental data are shown as mean
values + SEM or mean + SD. For statistical analysis, the data were assessed for normality followed by an unpaired Student’s t-test,
Mann-Whitney-Wilcoxon test, one-way ANOVA, and Tukey’s multiple comparison test. The tumor-free survival distributions between
animals were assessed using the log-rank test or the Gehan-Breslow-Wilcoxon test. p values < 0.05 (*), <0.01 (**), <0.001 (***), or
<0.0001 (***) were considered statistically significant.
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Supplemental Figure S1. Elevated activation of STAT3 in untransformed pancreatic exocrine cells in
the vicinity of primary tumors, Related to Figure 1

A. Relative normalized expression of JAK1 and JAK?2 as well as tyrosine phosphorylated STAT3 and
STAT!1 in human pancreatic cancer cell lines (n=9) in comparison to the average value of two
untransformed normal pancreatic cell lysates (HPNE1a/1b in Fig. 1A). The densitometry results for the
individual JAK/STAT proteins from three immunoblots were normalized to the corresponding loading
controls (beta-actin, ACTB). The bars represent the average expression from three technical repeats (£SD)
in comparison to the protein levels in HPNE cells. Statistical significance was calculated with unpaired t-
tests and P-values <0.05 (*), <0.01 (**), <0.001 (**x), and <0.0001 (****) were considered statistically
significant. B. Left: quantitative analysis of nuclear STAT3 expression on 29 pancreatic cancer cases, 20
normal pancreatic tissues adjacent to primary tumors (NAT), as well as 5 normal control pancreata. Right:
immunofluorescent staining of tyrosine phosphorylated STAT3 (red) along with pan-cytokeratin (panCK,
green) illustrating the presence of active STAT3 in pancreatic cancer cells (bottom) and a subset of normal
cells adjacent to the primary tumors (middle). Active STAT3 was absent in most exocrine cells of normal
pancreata (top). Slides were counterstained with DAPI; bars, 100 pm.
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Supplemental Figure S2. Lack of oncogenic Kras®?P-indcued pancreatic tumor initiation in Pdx1-
Cre-mediated JAK1 conditional knockout mice, Related to Figure 2

A. H&E-stained histologic sections of pancreata from 3- and 6-month-old transgenic mice that express
mutant KRASY?P in a tissue-specific and constitutive manner under the doxycycline-controlled
transactivator (Pdx1-Cre CAG-LSL-tTA TetO-Kras®'?P) in a JAK1 wildtype (upper panel) or a JAK1
conditional knockout background (lower panel); bars, 100 pm. Note that the deletion of JAK1 and activation
of the CAG promoter-driven transactivator (tTA) and oncogenic KRAS (TetO-Kras®!?P) in this model are
codependent on the expression of the Pdx1-Cre. Consequently, the deletion of JAKI occurs prior to
neoplastic progression and a selective elimination of JAK1-deficient cells will likely eradicate cells that
express the cancer-initiating oncogene. B. Representative stereoscopic brightfield and GFP fluorescent
images of pancreata from adult mice that carry a GFP-based Cre/lox reporter (CAG-LSL-GFP) in addition
to the Pdx1-Cre transgene in the presence of one or two Jak/ conditional knockout alleles; bar, 0.5 cm.
Note the significant reduction in GFP fluorescence in the Pdx1-Cre CAG-LSL-GFP transgenic mouse
carrying two Jakl conditional knockout alleles (Jak/"") in comparison to its litter mate control expressing
JAK1 (Jak!*") which is indicative of a selection against JAK1 knockout cells.
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Supplemental Figure S3. A dual recombinase approach facilitates the activation of oncogenic KRAS
and the conditional knockout of JAK1 in a temporally controlled manner, Related to Figure 2

A. Graphic illustration of the dual recombinase approach to coactivate oncogenic KRAS from its engineered
endogenous locus (FSF-Kras®?P) and tamoxifen-inducible Cre recombinase (Cre®®™?) in pancreatic cells
expressing the Pdx1-Flp transgene. The administration of tamoxifen (Tam) facilitates the conditional
knockout of JAK1 in a ligand-inducible and temporally controlled manner. This feature allows the deletion
of JAK1 in adolescent and adult mice independent of the initiation of KRAS®!?P-induced tumorigenesis.
Expression of GFP from the Cre/lox reporter transgene (CAG-LSL-GFP) can be used to monitor the Flp-
mediated expression and functionality of Cre®®!? following the administration of Tam. B. H&E-stained
histologic sections of pancreata from untreated (-Tam) or tamoxifen-treated (+Tam) mice that carry the
Pdx1-Flp, Rosa26ACFSI-CreERI2 " and CAG-LSL-GFP transgenes in the presence of two Jakl conditional
knockout alleles (Jak/""), demonstrating the absence of obvious developmental defects following
administration of Tam and deletion of JAKI.
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Supplemental Figure S4. Low-grade PanINs deficient in JAK1 have a significantly reduced
proliferation rate, Related to Figure 2

A. Low-magnification images of H&E-stained histologic sections of pancreata highlighting the widespread
differences in the histopathology between a JAKI conditional knockout (Jak/"" + Tam) and a JAK1
expressing control animal (JakZ/*" + Tam) at 1 year of age, bars, 500 um. B. Immunofluorescent staining
of Ki-67 and GFP in pancreatic precursor lesions of the tissues shown in panel A. Blue arrows indicate the
location of proliferating cells within GFP-positive (i.e., Cre®RT-expressing) preneoplastic epithelial cells.
DAPI was used as counterstain; bars, 50 pm. Note that the columnar cells of low-grade PanINs in JAK1
deficient mice are almost completely devoid of nuclear Ki-67 (Jak/"" + Tam). The box plot of panel B
illustrates the statistically significant difference in the relative number of Ki-67-positive nuclei between the
JAK1 knockout and wildtype control. Ki-67-positive-nuclei in wildtype control are graphically represented
by minimum = 2.381%, maximum = 58.82%, median = 26.19%, 25th percentile = 17.68%, 75th percentile
= 35.94%, and the Ki-67-positive-nuclei in JAK1 knockout PanINs were graphically represented by
minimum = 0.0%, maximum = 20%, median = 0.3571%, 25th percentile = 0.0%, 75th percentile = 4.082%.
The statistical significance was calculated with a two-sided unpaired t-test, resulting in a P-value of
<0.0001.
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Supplemental Figure S5. PCR analysis to determine the presence of the unrecombined and Cre-
mediated knockout alleles of Jakl in micro-dissected cancer cells from PDAC metastases to the
adrenal glands of two JAK1 conditional knockout mice, Related to Figure 3

Note the absence or incomplete deletion of Jak! in both specimens. DNA control samples (C2, C3) were
obtained from isogeneic pancreatic tumor cell lines before and after a retroviral-mediated deletion of both

Jakl alleles.
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Supplemental Figure S6. Isogenic mouse pancreatic tumor cell lines with and without JAK1 reveal a
pivotal role for JAKI in the constitutive activation of STAT3 and STAT1, Related to Figure 4

A. PCR assay to validate the presence of the Flp-activated Kras®?" allele in the parental pancreatic tumor
cell lines (n=6). B.-E. Immunoblot analyses to assess the lack of JAK1 in cells expressing Cre recombinase
as well as resulting changes in STAT3 and STAT1 activation at steady-state (B) or in response to Oncostatin
M (OSM) stimulation (C-E). Note the low abundance of STAT3/1 heterodimers at the time of highest STAT
activation following 15 minutes of OSM treatment (D,E). F. JAK1 is essential for the interferon gamma
(IFNg)-mediated activation of STAT1. GAPDH and ACTB were used as loading controls on all
immunoblots. G. Viable cells count in monolayer cultures of two isogenic tumor cell lines with and without
JAKI1. The data points shown represent mean values of cell counts +£SD. Statistical significance was
calculated for each time point with t-tests; P-values <0.05 (*) and <0.01 (**).
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Supplemental Figure S7. Cytokine response studies to assess the activation of STATS and STAT6 in
isogenic pancreatic cancer cell lines with and without JAK1, Related to Figure 4

A., C. Immunoblot analyses to determine the activation of STATS and STAT6 in response to stimulation
with IL-4, IL-13, OSM, and hGH. Negative and positive controls (NC, PC) in panel A were mouse
pancreatic cancer cells before and after stimulation with hGH (pSTATS) and IL-4 (pSTAT6). MCF7 cells
served as a control for the hGH-mediated activation of human STATS in panel C. Beta-actin (ACTB) was
used as a loading control on all immunoblots. B., D. Immunofluorescent staining of active STATS in
engrafted mouse (B) and human (D) pancreatic cancer cells with a targeted deletion of JAK1 and their
parental JAK1-expressing controls. Mammary gland tissues from lactating mice served as controls. Note
that JAK1 deficiency and consequential loss of STAT]I, 3, and 6 activation does not lead to a compensatory
activation of STATS in vitro and in vivo. Unlike human MCF7 breast cancer cells, MIA PaCa-2 pancreatic
cancer cells are unresponsive to growth hormone to activate STATS.
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Supplemental Figure S8. The generation of human pancreatic cancer cell lines with a CRISPR/Cas9-
mediated knockout of the J4K1 gene, Related to Figures 4

A. Viable cell counts of parental MIA PaCa-2 and AsPC-1 cells and their unselected (i.e., pooled) JAK1-
deficient derivatives following a CRISPR/Cas9-mediated knockout of JAK/. The data points shown
represent mean values of cell counts £SD. Statistical significance was calculated for each time point with
t-tests; P-values <0.05 (*) and <0.01 (**). B. and C. Immunoblot analyses to assess the efficiency of the
JAK1 knockout in MIA PaCa-2 and AsPC-1 cells (pooled cells) and STAT3 activation in clonal derivatives.
GAPDH was used as a loading control.
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Supplemental Figure S9. The expression and activation of MAP kinase and PI3 kinase signaling are
not significantly altered in mouse and human pancreatic cancer cells, Related to Figure 6

A. and B. Immunoblot analyses to assess the activation of ERK1/2 and AKT in four isogenic mouse PDAC
cell lines before and after Cre-mediated deletion of Jakl (A) as well as three human pancreatic cancer cell
lines (B) with a gene-edited excision of JAK/ (AsPC-1, MIA PaCa-2) or shRNA-mediated knockdown of
this Janus kinase in a doxycycline (Dox)-dependent manner (PANC-1). C. and D. Expression analysis of
the catalytic and regulatory subunits of the PI3 kinase in mouse (C) and human (D) pancreatic cancer cells
with and without JAK1. Actin (ACTB) served as a loading control. Mammary gland tissues from lactating
(L10, lactation day 10) and involuting mice (I3, involution day 3) served as controls. Note the significant
upregulation of p50/p55 during mammary gland involution but the complete absence of these PI3K subunits
in all mouse (n=4 biological replicates) and human pancreatic cancer cell lines (n=3 biological replicates).
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Supplemental Figure S10. Lack of JAK1/STAT signaling does not affect common regulators of
cellular plasticity, Related to Figure 6

Immunoblot analyses to assess the expression of epithelial and mesenchymal markers or transcription
factors that are known regulators of cellular plasticity in four isogenic mouse PDAC cell lines before and
after Cre-mediated deletion of Jakl (A) as well as three human pancreatic cancer cell lines (B) with a gene-
edited excision of JAKI (AsPC-1, MIA PaCa-2) or shRNA-mediated knockdown of this Janus kinase in a
doxycycline (Dox)-dependent manner (PANC-1, AsPC-1). Actin (ACTB) served as a loading control.
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Supplemental Figure S11. RNA sequencing analysis to assess the heterogeneity of expression profiles
between mouse pancreatic cancer cell lines and to determine differences in gene expression caused
by the knockout of JAK1, Related to Figure 6

A. Multi-dimensional scaling (MDS) plot of RNA-sequencing data of six isogenic pairs of mouse pancreatic
cancer cell lines before and after Cre-mediated deletion of JAK1. Note the close location of isogenic lines
on the plot, suggesting that gene expression differences between tumor cell lines from different mice are
greater than the differences in each isogenic cell line pair caused by JAK1 deficiency. B. Plot illustrating
the differential gene expression landscape resulting from the paired RNA-seq analysis of the parental cell
lines and their JAK1 knockout derivatives.
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Supplemental Figure S12. C/EBP is upregulated in human high-grade pancreatic intraepithelial
neoplasia and in 6 out of 9 human pancreatic cancer cell lines that are commonly used in research,
Related to Figure 7

A. Left: H&E-stained histologic sections of low-grade and high-grade human pancreatic intraepithelial
neoplasia; bars, 100 pm. Right: corresponding immunofluorescent images of C/EBPS (CEBPD) and
cytokeratin 19 (CK19); bars, 20 um. B. Relative normalized expression of the C/EBPS protein in human
pancreatic cancer cell lines (n=9) in comparison to the average value of two untransformed normal
pancreatic cell lysates (HPNE1a/1b shown in Fig. 7B). The densitometry results from C/EBPd immunoblots
were normalized to the corresponding loading controls (beta-actin, ACTB), and the bars represent the
average expression from three technical immunoblot repeats (+SD). Statistical significance was calculated
with unpaired t-tests and P-values <0.05 (), <0.01 (*%*), <0.001 (**x), and <0.0001 (****) were considered
statistically significant.
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Supplemental Figure S13. JAK1-dependent expression of C/EBP6 and other CCAAT/enhancer
binding proteins in mouse and human pancreatic cancer cells, Related to Figure 7

Immunoblot analyses assessing the expression of C/EBPa, C/EBP, C/EBPy, and C/EBPS in two isogenic
mouse pancreatic tumor cell lines with or without JAK1 (A) and human MIA PaCa-2 cancer cells before
and after the CRISPR/Cas9-mediated knockout of JAK1 and C/EBP¢S (B). The analysis of CEBP family
proteins in JAK1-deficient MIA PaCa-2 cancer cells with reinstated expression of C/EBPS shows that
expression of the LAP and LIP isoforms is controlled, in part, by JAK1 in a C/EBPd-independent manner.
Beta-Actin (ACTB) and GAPDH were used as loading controls.
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Supplemental Figure S14. C/EBPJ is upregulated in mouse pancreatic tumors in a JAK1-dependent
manner, Related to Figure 7

A. Left: H&E-stained histologic sections of low-grade and high-grade human pancreatic intraepithelial
neoplasia; bars, 100 pm. Right: corresponding immunofluorescent images of C/EBPS (CEBPD) and
cytokeratin 19 (CK19); bars, 20 um. B. Immunofluorescent staining of C/EBPo (CEBPD) and cytokeratin
19 (CK19) in the normal mouse pancreas (left) and in a mutant KRAS-induced pancreatic tumor (Pdx1-Flp
FSF-Kras®!?P, right); bars, 20 um. Blue arrows point to the location of ductal tumor cells with pronounced
nuclear expression of C/EBPJ. C. Nuclear expression of C/EBPS in pancreatic tissues of Pdx1-Flp FSF-
Kras®?P Rosa26CAC-FSF-CreERT mjce with a tamoxifen-induced (+Tam) heterozygous (Jak’""", left) and
homozygous deletion of JAK1 (Jak’"", middle and right). The panels in the middle and right show images
of a more advanced preneoplastic lesion (middle) and low-grade PanINs (right) in the Tam-treated JAK 1
knockout; bars, 20 um. These mice were treated with Tam around 160 days of age, i.e., after preneoplastic
lesions started forming, and examined 40 days later.
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Supplemental Figure S15. Insignificant effects of a C/EBPd knockout or its overexpression on the
proliferation of MIA PaCa-2 cells in monolayer cultures, Related to Figure 7

A. Viable cell counts of parental MIA PaCa-2 cells (CEBPD"") and their unselected (i.e., pooled) CEBPD
knockout derivatives (CEBPDX?). B. Cell growth curves of JAK1-deficient (JAKI*) MIA PaCa-2 cells
without and with exogenous expression of Flag-tagged C/EBPS (+Flag-CEBPD). The data points shown in
panels A and B represent mean values of cell counts +SD. Statistical significance was calculated for each
time point with t-tests; P-value <0.01 (**).
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Supplemental Figure S16. Upregulation of C/EBP6 in mouse pancreatic cancer cells with a
conditional knockout of JAK1 accelerates the formation and growth of tumorspheres, Related to
Figure 7

A. Immunoblot analysis to validate the expression of exogenous Flag-tagged C/EBP0 in mouse pancreatic
cancer cells (n=4 independent pools of infected cells) with a conditional knockout of JAK1. Beta-actin
(ACTB) was used as a loading control. B. Viable cell counts of JAK 1-deficient tumor cells (Jak!™”") without
and with exogenous expression of Flag-tagged C/EBPS (+Flag-CEBPD). The data points shown represent
mean values of cell counts £SD. Statistical significance was tested for each time point with t-tests. C.
Comparative analysis of the relative numbers and sizes of tumorspheres of JAK1-deficient pancreatic
cancer cells following the expression of C/EBPS (+Flag-CEBPD). D. Brightfield images of tumorspheres
and corresponding fluorescent images of dTomato expression; bars, 100 um. E. Growth curves of
transplanted mouse pancreatic cancer cells with a Cre recombinase-mediated knockout of JAK1 (JakI™")
with or without exogenous expression of Flag-tagged C/EBPJ; 4 biological repeats per tumor line. The data
points shown represent mean values of measured tumor volumes £SD. Statistical significance between
tumor volumes was calculated with t-tests; P-values <0.05 (*).
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Supplemental Figure S17. The decelerated growth of JAK1-deficient mouse and human pancreatic
cancer cells as well as C/EBP6 knockout MIA PaCa-2 cells in comparison to their parental JAK1
wildtype controls is accompanied by a reduced expression of Cyclin D1, Related to Figure 7
Immunofluorescence images of Cyclin D1 in mouse (A) and human (B) xenografted pancreatic cancer cells
that lack JAK1 (Jakl”", JAK1**) and their JAK 1 wildtype parental controls (Jak ™', JAKI"). Cyclin D1 is
also reduced in MIA PaCa-2 cells that lack the JAK1 target C/EBPS (CEBPD*°). Reinstating the expression
of C/EBP6 in mouse and human JAK1 knockout cells leads to a concomitant upregulation of Cyclin D1;
bars, 50 um. The box plot in panel B shows the statistically significant difference in the relative number of
Cyclin DI1-positive nuclei between the JAK1 and C/EBP6 knockouts and wildtype control MIA PaCa-2
cells and the rescue of Cyclin D1 expression in JAK1 knockout cells expressing exogenous C/EBPS. Data
are presented as the mean £SD of three representative images (400x magnification) of non-overlapping
tumor regions of each tumor line. Statistical significance was calculated with t-tests; P-values <0.05 (*) and
<0.01 (**).



Supplementary Tables

Supplementary Table S1: PCR primers to genotype transgenes and genetically
engineered alleles, Related to STAR Methods

Transgene / Allele Primer # | Sequence (5’ - 3’) bp

Pdx1-Cre 2268 CTG GAC TAC ATC TTG AGT TGC 580
580 CAT CAC TCG TTG CAT CGA CC

Chr9 (internal control) 2767 GAG ACA CTG TGA CCA AGG TAA C ~490

2769 GCC AAG AGT TTG GCA CAT TAG C

CAG-LSL-GFP 2004 GGC TCT AGA GCC TCT GCT AAC C ~270
2211 GCC ATT GGG ATA TAT CAA CGG TG

CAG-LSL-{TA 418 CTT CGC TAT TAC GCC AGC TGG 330
2004 GGC TCT AGA GCC TCT GCT AAC C

TetO-KrasG12D 2366 GCC TGC GAC GGC GGC ATC TGC 320
2367 GGG AAT AAG TGT GAT TTG CCT

Jak 1wt 2411 GAG ACA GGA TAC CTG GTG GCT TGG 350 (fl)
2412 GTA GCA GTC CTG GAC ATT GAG TCC 250 (wt)

Jak1" (A PGK-neo) 2614 CCA TCA GCA CTA GCT GAG GTT C 285
2615 CAC AAT GTA GCA AGA CCA AGC CAT G

Jak1-  (Cre-recombined | 2717 GTA ACT AGC AGA AGG TCT GAT CTG ~230

and A PGK-neo) 2615 CAC AAT GTA GCA AGA CCA AGC CAT G

Pdx1-Flp 2524 AGA GAG AAA ATT GAA ACA AGT GCA GGT | 620 (mu)
2525 CGT TGT AAG GGA TGA TGG TGA ACT

internal control 2526 AAC ACA CAC TGG AGG ACT GGC TAG G 300
2527 CAA TGG TAG GCT CAC TCT GGG AGA TGA
TA

FSF-Kras®12D 2528 CAC CAG CTT CGG CTT CCT ATT 270 (wt)
2529 AGC TAA TGG CTC TCA AAG GAA TGT A 350 (mu)
2530 GCG AAG AGT TTG TCC TCA ACC

Kras@12D 2600 GTC TTT CCC CAG CAC AGT GCA G 310 (wt)

(Flp recombined) 2602 GTT TTG TAG CAG CTA ATG GCT CIC 344 (mu)

Trp53R172H 2598 AGC CTG CCT AGC TTC CTC AGG 290 (wt)
2599 CTT GGA GAC ATA GCC ACA CTG 330 (mu)

LSL-p53R172H 2598 AGC CTG CCT AGC TTC CTIC AGG 290 (wt)
2599 CTT GGA GAC ATA GCC ACA CIG 270 (mu)
2581 AGC TAG CCA CCA TGG CTT GAG TAA GIC

TGC A

R0Sa26CAG-FSF-CreERT2 | 27929Q CCC AAA GTC GCT CTG AGT TGT TAT C 550 (wt)
2730 GAA GGA GCG GGA GAA ATG GAT ATG ~420 (mu)
2731 CCA GGC GGG CCA TTT ACC GTA AG

Jakot 1743 ATT CTG AGA TTC AGG TCT GAG C 230 (wt)
1744 CTC ACA ACC ATC TGT ATC TCA C 310 (fl)




Supplementary Table S2: Primary and secondary antibodies for immunostaining,

Related to STAR Methods

Primary Antibodies SOURCE IDENTIFIER DILUTION
a-GFP Aves Labs GFP-1020 1:1000
a-CK19 Developmental TROMAII 1:100

Studies

Hybridoma Bank
a-panCK Dako/Agilent M3515 1:400
a-pSTAT3 Cell Signaling #9145 1:100 (mouse)

1:200 (human)

a-pSTATS Cell Signaling #9351 1:1000
a-Ku80 Cell Signaling #2180 1:100
a-CEBPD Abcam #ab245214 1:1000
a-Cyclin D1 Abcam #ab16663 1:100
a-Ki67 Abcam #ab15580 1:500
Secondary Antibodies SOURCE IDENTIFIER Dilution
Alexa Fluor 488 goat anti-chicken Invitrogen A11039 1:1000
Alexa Fluor 488 donkey anti-rat Invitrogen A21208 1:1000
Alexa Fluor 594 donkey anti-rabbit Invitrogen A21207 1:1000
Alexa Fluor 555 goat anti-rabbit Invitrogen A21429 1:1000
Alexa Fluor 555 goat anti-mouse Invitrogen A21422 1:1000
Envision+/HRP-anti-rabbit Dako K400311-2 1:200

Supplementary Table S3: gRNA and shRNA sequence information, Related to STAR

Methods

shRNA | Target Sequence Species | Source Publication

shJAK2 | GCTTTGTCTTTCGTGTCATTA Human | TRCNO0O00O003180 | Neilson et al., 2007
shJAK1 | GAGACTTCCATGTTACTGATT | Human | TRCN0O000003102 | Neilson et al., 2007
shJAK1 | CTTGGCTACCTTGGAAACTTT | Human | TRCN0O000003105 | Neilson et al., 2007
gRNA Target Sequence Species | Source Publication

JAK1 CATCTATTCTGGGACCCTGA Human Synthego Designed for this project
CEBPD | GCCGTCCAGGCTGAAGAGCG Human Synthego Designed for this project
CEBPD | CCCGGTTCGTAGAAGGGCGC Human Synthego Designed for this project
CEBPD CTCTCGTCGTCGTACATGGC Human Synthego Designed for this project




Supplementary Table S4: Primary and secondary antibodies for immunoblotting,

Related to STAR Methods

Primary Antibodies SOURCE IDENTIFIER DILUTION
a-JAK1 Cell Signaling #50996 1:1000
a-JAK2 Cell Signaling #3230 1:1000
a-pY-STAT1 Origene #TA309955 1:1000
a-STAT1 Santa Cruz #sc-592 1:200
a-STAT1 Cell Signaling #14994 1:1000
a-pY-STAT3 Cell Signaling #9145S 1:1000
a-STAT3 Cell Signaling #9139S 1:1000
1:200 IP
a-pY-STATS Cell Signaling #9351S 1:1000
o-STATS Santa Cruz #sc-836 1:200
a-pY-STAT6 Abcam #ab54461 1:1000
a-pY-STAT6 Cell Signaling #9361 1:1000
a -STAT6 Santa Cruz #sc-981 1:200
a-GAPDH Cell Signaling #5174S 1:10000
a-GFP Avés Labs #GFP-1020 1:5000
a-ACTB Santa Cruz #sc-47778 1:200
a-CEBPD Abcam #ab245214 1:1000
a-CEBPD Santa Cruz #sc-135733 1:100
a-CEBPA Santa Cruz #sc-166258 1:100
a-CEBPB Abcam #ab32358 1:1000
a-CEBPG Invitrogen #PA5-121085 1:1000
a-FLAG Thermo Fisher #PA1-984B 1:1000
a-pERK1/2 Cell Signaling #9101S 1:1000
a-ERK1/2 BD Transduction Laboratories | #610123 1:1000
a-pT308-AKT Cell Signaling #4056 1:1000
0-pS473-AKT Cell Signaling #9271 1:1000
a-AKT Cell Signaling #9272 1:1000
a-EpCAM Cell Signaling #93790S 1:1000
a-E-cadherin Cell Signaling #3195 1:1000
a-N-cadherin Cell Signaling #14215 1:1000
a-VIMENTIN Cell Signaling #5741 1:1000
a-SNAIL Cell Signaling #3879T 1:1000
a-SLUG Cell Signaling #9585T 1:1000
a-ZEB1 Cell Signaling #70512T 1:1000
a-TWIST Santa Cruz #sc-81417 1:100
a-TWIST Cell Signaling #46702S 1:500
a-p110a Cell Signaling #4249 1:1000
a-p85 (p50/p55) Upstate #06-195 1:1000
Secondary Antibodies SOURCE IDENTIFIER DILUTION
Digital anti-Mouse-HRP KwikQuant R1005 1:1000
Digital anti-Rabbit-HRP KwikQuant R1006 1:1000
Goat anti-Chicken IgY-HRP Santa Cruz #sc-2428 1:1000
Goat anti-Rat IgG-HRP Santa Cruz #sc-2006 1:1000




Supplementary Table S5: nCounter elements design details, Related to STAR Methods

Gene Name | Accession Target Sequence
Cari1 NM 009800.4 TTTGTCAATGTGGCTGGCAGTTCCAACCCATTCCTCAGTCGCCTCCTCAAC
B CGGGACACTATCACCCGAATCTCCTACAAAAATGATGCCTACTTTCTTC
Cebpd NM_007679.4 AAGGAACACGGGAAAGCATGACTAATTCATGTGTGTGATCCCAGAGTAGGC
TGACCTGGGGCGGAGAACAGTTGGCCTAACTTTTAGGTGGTTGCCGAAG
Clca3al NM 0098993 CTTCTGGTGGAACTTCAATTTGCCATGGACTCCAGGCAGGATTTCAGGCAA
B TTACCTCCAGTGACCAGAGCACTTCCGGTTCTGAGATCGTATTGCTGAC
Ifitm3 NM 0253782 AACCGAAACTGCCGCAGAAAGGGCAGACCCGCAGCGCGCTCCATCCTTTG
B CCCTTCAGTGCTGCCTTTGCTCCGCACCATGAACCACACTTCTCAAGCCT
Isg15 NM_015783.3 TATGAGGTCTTTCTGACGCAGACTGTAGACACGCTTAAGAAGAAGGTGTCC
CAGCGGGAACAAGTCCACGAAGACCAGTTCTGGCTGAGCTTCGAGGGAA
Oasl? NM 011854.2 TCTCCAGAAACCTCTTAGAATGGAAAACTAACCCAAGCCAGACATTTCACCG
B AGACTCAGCGGTCCTGGACTTAACAAGCCTTTCACATCATTCTGCATG
Txnip NM_023719.1 CCTGAGTGCTGCGATCAAAGGCCCAGCTTGGTTATTGCTTTTGAGGCTTTC
TCCCAACGCACAGACTTGTGTAATTCTAACACTAATCCTGTGAAGGGTT
Gpmé6b NM 0231222 GTGGCAATTCTTGAGCAACACTTCTCCACCAACACCAGTGACCATGCCTTG
B CTGAGTGAAGTGATCCAACTGATGCAGTATGTTATCTATGGAATCGCCT
Osmr NM 011019.3 GAAGAAGCTGTGCGTTGGAACTGGACGTCTGATATCCCTTTGGAGTGTGTC
B AAACATTTCATAAGAATCAGGGCTCTGGTAGATGACACCAAGTCCCTTC
Stat3 NM_011486.4 ATCAAATCTGTAAAAGAGATCCGAGAGCTGTGGCTTGGCCTCTGGTTCAAA
B CACAAAGGCTAGAGAGAACCTAGATATCCCTGGGTTTTGTTTACCCAGT
Socs3 NM_007707.3 GAGGCTGGTGAGCTGGCCGCCTTTTCCAACACCGAAGGGAGGCAGATCAA
B CAGATGAGCCATCTTGGAGCCCAGGTTTCCCTGGAGCAGATGGAGGGTTC
Pdgfra NM_011058.2 ATTGCAATGCAAAAGTTGAGAAGAGGACTTGGGTGATGTGGAGAGAGAAAG
TTCCCGAGGCCGAGGGCCTTGGTAAGCCTGTGTGGATGACTGGGATACT
Tgfbi NM_009369.4 TCTGTGTTCAAAGATGGTGTCCCTCGCATCGACGCCCAGATGAAGACTTTG
CTTCTGAACCACATGGTCAAAGAACAGTTGGCCTCCAAGTATCTGTACT
Fos NM_010234.2 TCCAGTCCTCACCTCTTCCAGAGATGTAGCAAAAACAAAACAAAACAAAACA
B AAAAACCGCATGGAGTGTGTTGTTCCTAGTGACACCTGAGAGCTGGTA
Map3k8 NM_007746.2 GGTTCTCATTTCTCAGGTGGTGGGACTAGACAGAGGGAGTGGCAAGCTCA
GGGAAGGATCATTTCTGGTGATAATTCCATTCACTTTGCACTTTGATGGG
Bmf NM _138313.3 GACTTTGGAAGTAACAGACAATGTTTAGACCATGGAAACTGCAGAGCTGAC
B ACATCTTGAATCTCCCTTTAGCTTTCAGCTAGGCCAGAAAGGAGAGTTC
Edc3 NM_153799.3 CTTTATAGTTGCCCTCCTCAGGTGTATAGTTGGAACTAGTGGCCTGTCTCAA
B ACATGCCAAAAATGAGCCCAGTTCTAGATGACAGTAGTGGGATTCAGC
Ralb NM 022327.5 CACCAGCTCTAGGGTCGTAATGTTGGAGATCAGGAATATTGGTTGTGATGA
B CAAGAAAGAGCCCACTTACTCCTCCTCGTTCTAGGACACGGTCATCTTT
Cox6b1 NM 025628.2 TGGTACCGGCGTGTGTACAAGTCCCTCTGTCCCGTGTCATGGGTCTCAGCC
B TGGGATGACCGCATAGCTGAAGGCACATTTCCTGGGAAGATCTGACCTG
Tbp NM_013684.3 GTGGCGGGTATCTGCTGGCGGTTTGGCTAGGTTTCTGCGGTCGCGTCATTT]
TCTCCGCAGTGCCCAGCATCACTATTTCATGGTGTGTGAAGATAACCCA
Bcel3 NM 033601.3 CCCCACTTAATCTCAGGCACCCAGGTTCCCTGTCTGGAATCCACCAGATAC
B TCAATTCTTTGAGTGGAGGAACCAAAGGACAGCCAGCCTCTCCTCTGCC
Zfp467 NM_001085415.1 | CGAAGTTCTGACCCTCATCCTGCCTTTCCTGACAGATTTGGGAGACTCATAT,|
CTGGAGACTTAGTGGGTTTTCAACATTCACACCTAAGTTGCTGCCAAA
Mmp10 NM 019471.2 CAGACTTAGATGCTGCCTATGAGGCTCACAACACGGACAGTGTTCTGATTTT
B TAAAGGAAGTCAGTTCTGGGCAGTCCGAGGAAATGAAGTCCAAGCAGG
Mmp13 NM 008607.1 ACAGTGACCTCCACAGTTGACAGGCTCCGAGAAATGCAATCTTTCTTTGGC
- TTAGAGGTGACTGGCAAACTTGATGATCCCACCTTAGACATCATGAGAA
Mmp19 NM 021412.2 CGACGGACTCATTTCTTCAAGGGAAACAAGGTGTGGCGGTATGTGGATTTC
- AAGATGTCTCCTGGCTTTCCCATGAAATTCAACAGAGTAGAGCCCAACC
Mmp2 NM_008610.2 AGTTAACCAGCCTTCTCCTTCACCTGGTGACTTCAGATTTAAGAGGGTGGCT]
TCTTTTTGTGCCCAAAGAAAGGTGCTGACTGTACCCTCCCGGGTGCTG
Mmp3 NM_010809.1 TCTTTGTGAAAGGAAGTGCTTTGTTCAGCATGTGCTATGGCAGAACCAAACA|
GGAGCTATGGATGACACCAGTCAACGTCAAGTTGTCAAAGGATGTTCA
Jak1 NM 146145.2 CATAGCAAAGGACTGTGCCGCTGGCATATTGATCTCAGATAAAAACTTGTG
B GACTTGGCTGACACTCTCCCTTGCCCTGAAATCTCAATGTCTATTCAGT
Jak2 NM_008413.3 GTGCTGGAACAACAATGTGAGCCAGCGTCCCTCCTTCAGGGACCTTTCCCT

TCGGGTGGATCAAATCCGGGACAGTATAGCTGCGTGAAAGAGATGGCCT




	PIIS2211124724005308
	The Janus kinase 1 is critical for pancreatic cancer initiation and progression
	Introduction
	Results
	Expression of JAK1 and constitutive activation of STAT3 and STAT1 in PDAC
	JAK1 deficiency prevents the formation of mutant KRAS-induced high-grade preneoplasia and pancreatic tumors
	Selective advantage of cancer cells expressing active STAT3 during PDAC progression
	JAK1 is essential for the activation of STAT3, STAT1, and STAT6 in mouse and human pancreatic cancer cells
	JAK1 deficiency decreases the proliferation and growth of pancreatic cancer cells in vivo
	JAK1 signaling controls the expression of STAT transcriptional targets but does not affect phosphatidylinositol 3 kinase si ...
	C/EBPδ is upregulated in pancreatic cancer and executes the pro-tumorigenic functions of JAK1 signaling

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Genetically modified mouse strains
	Transplant models
	Human tissues, multiplexed immunohistochemistry, and quantitative image analysis

	Method details
	Genotyping
	Histological analysis and immunostaining on mouse specimens
	Cell culture, CRISPR/Cas9-mediated gene editing, and shRNA-mediated knockdown
	Cell proliferation, tumorsphere, and cell migration assays
	Cytokine stimulation
	Immunoblot analyses and immunoprecipitation
	Transcriptomic analyses

	Quantification and statistical analysis



	mmc1



