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Pancreatic STAT5S activation promotes Kras

G12D_

induced and inflammation-induced acinar-to-ductal
metaplasia and pancreatic cancer

Yuli Lin

Liang Liu,” Qing Xia,® Xuguang Yang'

ABSTRACT

Objective Pancreatic ductal adenocarcinoma (PDAC) is
a highly lethal malignancy because it is often diagnosed
at a late-stage. Signal transducer and activator of
transcription 5 (STAT5) is a transcription factor implicated
in the progression of various cancer types. However, its
role in KRAS-driven pancreatic tumourigenesis remains
unclear.

Design We performed studies with £SL-Kras®'*;
Ptf1a-Cre™" (KC®") mice or LSL-Kras®'?®; [SL-Tip537172:
Pdx1-Cre (KPC) mice crossed with conditional disruption
of STATS or completed deficiency interleukin (IL)-22.
Pancreatitis was induced in mice by administration of
cerulein. Pharmacological inhibition of STATS on PDAC
prevention was studied in the orthotopic transplantation
and patient-derived xenografts PDAC model, and KPC
mice.

Results The expression and phosphorylation of STATS
were higher in human PDAC samples than control
samples and high levels of STAT5 in tumour cells were
associated with a poorer prognosis. The loss of STATS

in pancreatic cells substantially reduces the KRAS
mutation and pancreatitis-derived acinar-to-ductal
metaplasia (ADM) and PDAC lesions. Mechanistically,
we discovered that STAT5 binds directly to the promoters
of ADM mediators, hepatocyte nuclear factor (HNF) 18
and HNF4o. Furthermore, STAT5 plays a crucial role in
maintaining energy metabolism in tumour cells during
PDAC progression. IL-22 signalling induced by chronic
inflammation enhances KRAS-mutant-mediated STATS
phosphorylation. Deficiency of IL-22 signalling slowed
the progression of PDAC and ablated STATS activation.
Conclusion Collectively, our findings identified
pancreatic STAT5 activation as a key downstream
effector of oncogenic KRAS signalling that is critical for
ADM initiation and PDAC progression, highlighting its
potential therapeutic vulnerability.
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INTRODUCTION

The tumourigenesis of pancreatic ductal adeno-
carcinoma (PDAC) is believed to progress stepwise
from preneoplastic mucinous lesions to invasive
adenocarcinoma.! Despite effective combination
therapies and new diagnostic methods, PDAC
remains the second leading cause of cancer-related
deaths, largely because it is often diagnosed at

,"* Shaofeng Pu,® Jun Wang,* Yaqi Wan,? Zhihao Wu," Yangyang Guo,
Wenxue Feng,? Ying Ying,” Shuai Ma,® Xiang Jun Meng

./ Wenquan Wang,”

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Somatic KRAS mutations and chronic
pancreatitis are risk factors for acinar-to-
ductal metaplasia (ADM) and pancreatic
ductal adenocarcinoma (PDAC). Identifying
the downstream targets of inflammation and
oncogenic KRAS may reveal new therapeutic
strategies for preventing inflammation-linked
and KrasG12D-linked pancreatic carcinogenesis.

WHAT THIS STUDY ADDS

= We investigated the role of pancreatic tissue-
derived signal transducer and activator of
transcription 5 (STATS) signalling. STAT5 is an
important downstream signal of inflammation
signal interleukin-22 and KRAS mutation in
pancreatic cells and promotes the progression
of pancreatic cancer by mediating cellular
energy metabolism and ADM formation.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Pancreatic STATS signal promotes cell energy
metabolism and pancreatic cancer progression,
which is a potential therapeutic target for
pancreatic cancer.

an advanced stage, precluding surgery.! * There-
fore, elucidating the mechanisms underlying early
pancreatic tumourigenesis is of paramount impor-
tance to identify screening biomarkers and develop
preventive interventions.

Acinar-to-ductal metaplasia (ADM), a process of
pancreatic regeneration after an injury that is revers-
ible once the injury is resolved and exhibits tumouri-
genic potential when irreversible in response to
KRAS activity, is the initial morphological change in
pancreatic intraepithelial neoplasia (PanIN)-derived
PDA formation.”® In addition to somatic KRAS
mutations, chronic pancreatitis is a risk factor for
ADM and PDAC.”™"? The mutant KRAS“"* in the
mouse pancreas is sufficient to initiate ADM and
lock metaplastic cells into a ductal state; however,
this occurs with low penetrance and long latency.
Therefore, the effective induction and transforma-
tion of pancreatic acinar cells requires secondary
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events such as inflammatory cytokines or growth factor signal-
ling.* 7 These chronic transcriptomic alterations, such as signal
transducer and activator of transcription (STAT)3, nuclear factor
(NF)-kB and transforming growth factor (TGF)-f signalling,
may mediate persistent epigenetic and phenotypic modifications
in acinar cells, particularly in the context of additional genetic
insults like KRAS activation."™ Most clinical trials targeting
KRAS activation in patients with pancreatic cancer have demon-
strated failure or conflicting results in recent years, mainly due
to the presence of a large number of activated KRAS mutations
and the special structural characteristics of KRAS in pancreatic
cancer.’ % Therefore, identifying the drivers of this maladap-
tive acinar stress response and the downstream targets of onco-
genic KRAS that promote ADM progression may reveal new
therapeutic strategies for preventing inflammation-linked and
Kras“'*P-linked pancreatic carcinogenesis.

Emerging pancreatic cancer therapies target energy metabo-
lism,"® because the growth of pancreatic tumour cells is strongly
dependent on oxidative phosphorylation (OXPHOS) and glycol-
ysis.!” *® Mitochondrial hyperpolarisation negatively impacts
acinar cell function in a cerulein-induced pancreatitis model.” In
vitro activation of KRAS mutant isoforms in acinar cells affects
glycolysis and mitochondrial oxidation, leading to stress and
epidermal growth factor receptor (EGFR) signalling upregula-
tion, thereby promoting the formation of precancerous lesions.?’
Pancreatic cancer cell lines exhibited elevated fatty acid B-oxida-
tion (FAO) relative to OXPHOS.?! Although improved energy
metabolism is closely associated with pancreatic pathology, the
regulatory signals of energy metabolism during the ADM and
PanIN stages remain unclear, warranting further research to
understand the complexity of metabolic processes during the
ADM phenotype transition and PanIN stage.

STAT proteins play critical roles in carcinogenesis.”* Aber-
rant STATS signalling, mostly due to constitutive activation, has
been observed in various cancers.” Aberrant STATS signalling
promotes the expression of target genes, such as cyclin D, and
Bcl-2, that increases cell proliferation, survival, metastasis and
resistance to anticancer therapies. STATS plays a crucial role in
the development of the immune system and regulates immune
responses of T cells and myeloid cells during tissue injury or
inflammation.** Clinical studies and experiments on pancreatic
cancer cell lines have indicated that STATS expression in pancre-
atic cancer cells promotes cancer cell proliferation and mediates
chemoresistance,” 2° suggesting its potential as a therapeutic
target for pancreatic cancer. However, the function of STATS
in KRAS mutation, inflammation-mediated ADM and PDAC
metabolism has not been reported.

In the present study, we genetically deleted STATS in the
pancreatic cells of murine pancreatic cancer models. Our find-
ings demonstrate that STATS in pancreatic cells promotes energy
metabolism by downstream KRAS signals and injury to boost
the transcriptional activities required for ADM and subsequent
tumour initiation. This finding is suggestive of an unsuspected
pathway crucial for KRAS mutation-driven PDAC progression
by promoting energy metabolism in PDAC cells.

MATERIALS AND METHODS

Mice

Pdx1-Cre (C), Pif1-Cre™® (CE®Y), StatSa/b-Floxed (StatSa/b ™/
FLy (S), LSL-Kras®™?P'™* (K), LSL-TrpS3R72H(P), 1122777, 11227al-
floxed (I122ra™"™) mice were purchased from Jackson Labora-
tory. were purchased from GemPharmatech (Nanjing, China).
LSL-Kras®"?P'*;  Pdx-1-Cre (KC) mice and LSL-Kras®'?P'*;

Ptf1-Cre®™T (KC™™T) mice were generated by crossbreeding
LSL-Kras®™?P'* mice with Pdx-1-Cre mice or Ptf1-Cre™® mice.
LSL-Kras®12P*; LSL-Trps53%72H; Pdx-1-Cre (KPC) mice were
generated by crossbreeding LSL-Kras®'?P'*) LSL-Trps538172H
and Pdx-1-Cre mice. KCS mice, KC; 1122ra"™"" mice and KC;
11227 mice were generated by crossing KC transgenic mice
with StatSa/bFL/FL, 11227~ mice or 1122ra1 ™" mice. KCSERT
mice were generated by StatSa/b ™™ mice with KC*" mice.
KPCS and KPC; 11227/~ mice were generated by crossbreeding
KPC mice with StatSa/b ™" mice or 11227~ mice. CS7BL/6]
and nude mice were purchased from the Chinese Academy of
Sciences (Shanghai, China). The NSG mice were purchased from
GemPharmatech (Nanjing, China).

Human specimens
Freshly resected cancer and non-cancer tissues were obtained
from patients diagnosed with PDAC between 2018 and 2023 at
the Renji Hospital. Pancreatic tissues more than 2 cm away from
the tumour margin were designated as non-cancer tissues. The
PDAC tissue microarray was constructed as previously described,
in which all samples were obtained from patients with PDAC
who had undergone tumour resection between 2008 and 2018
at the Renji Hospital. Online supplemental table 1 summarises
the clinical features of the patients. None of the patients with
PDAC who underwent complete tumour resection had previ-
ously received adjuvant therapy. Informed consent was obtained
from each patient, and the study was conducted in accordance
with the ethical guidelines.

Additional methods and details are provided in online supple-
mental methods.

RESULTS

Pancreatic STAT5 activation is associated with adverse
outcomes of pancreatic cancer

To investigate the role of STATS in PDAC, we conducted a retro-
spective analysis of samples from patients with PDAC. STATSA/
STATSB messenger RNA and protein levels were substantially
upregulated in the tumour tissues of patients with PDAC
compared with those in normal pancreatic tissues (figure 1A,B).
Real-time quantitative PCR (RT-PCR) results revealed that the
expression of STATS within the pancreatic tissue was mainly
EPCAM™* tumour cells and CD45" immune cells, which was
further confirmed by single-cell RNA sequencing analysis
(figure 1C and online supplemental figure 1A,B). The primers
used were listed in online supplemental table 2. Immunohisto-
chemical (IHC) analysis suggested that STATS5 phosphorylated
(p-STATS) in both tumour and stromal cells (figure 1D,E). To
further analyse the impact of STATS on pancreatic cancer, we
distinguished tumour and stromal regions based on tumour
morphology, and then grouped patients according to the level of
p-STATS on tumour cell (TC) and stromal cell (SC), respectively.
TCPSTATSHigh hatients had lower survival than TCPSTATSLow
patients (median survival: 482 days vs 767 days, HR=0.558,
p=0.007), while SCPST™T3High 5atients had no significant differ-
ence in survival compared with SCPST™ATSLY patients (median
survival: 486 days vs 671 days, p>0.05), suggesting higher
level of p-STATS in TCs was associated with a poorer prognosis
among patients with PDAC (figure 1F and online supplemental
figure 1C). In addition, patients showing SCPSTATSLew TP
STATSLow had better outcome than high levels of both (median
survival: 942 days vs 473 days, HR=0.44, p=0.004) (online
supplemental figure 1D).
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Figure 1 Activated pancreatic signal transducer and activator of transcription 5 (STAT5) in pancreatic cancer and correlates with adverse patient
outcomes. (A) STAT5A/STAT5B mRNA in matched non-cancer and cancer tissues of patients with pancreatic ductal adenocarcinoma (PDAC)

(N=16). (B) Western blot showing STAT5 and STAT5 phosphorylation (p-STAT5) protein levels in non-cancer and cancer tissues of patients with

PDAC (NP=normal pancreas). (C) STAT5A/STAT5B mRNA in isolated tumour cells, fibroblasts, immune cells and endothelial cells in the PDAC

cancer tissues (N=3). (D and E) Representative immunohistochemistry (IHC) p-STAT5-positive staining images (D) and the numbers of p-STAT5*

cells in three randomly chosen 400x HPFs of normal pancreases (N=21) or PDAC cancer tissues (N=120) (E). Scale bar: up 1 mm, 2x; down 50 pm,
400x magnification. (F) Kaplan-Meier survival analysis of human PDAC tissue microarray based on p-STAT5" level on tumour cells (N=145). (G-

) Representative western blot (G) cell numbers per HPF (H) and IHC staining (I) of STATS and p-STATS protein levels in Pdx7-Cre mice (C) Kras®'2>*;
Pdx1-Cre mice (KC), or Ptf1a-Cre™" mice (CE¥"), Kras®'?"*: Ptf1a -Cre™™ mice (KC¥") with tamoxifen induction. For H and I, C, KC mice were used at 6,
and 10 months after birth. C*"" and KC™ were used at 1, and 2 months after tamoxifen induction. N=10, Scale bar 50 ym, 400x magnification. Results
are representatives of at least three independent experiments, data shown as mean=SEM, ***p<0.001, **p<0.01, *p<0.1, ns, no significance. HPF,
high-power field; mRNA, messenger RNA; TC, tumour cell.
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Two spontaneous PDAC mouse models of pancreatic cell-
specific expression of Pdx1-Cre (C), LSL-Kras®'*'*; Pdx1-Cre
(KC), Ptfla-Cre™" (CFRTy and LSL-Kras®'*'*; and Ptf1a-Cre™®"
(KC™T) were employed to further corroborate the expression
of STATS in TCs. The levels of STATS expression and phos-
phorylation exhibited a significant increase in the pancreatic
tissue in both mouse models as PDAC progressed (figure 1G-I).
Furthermore, this increase was observed in both stromal and
TCs (figure 11). Altogether, these data demonstrated that STATS
is highly expressed and activated in both malignant and non-
malignant cell populations in pancreatic tumours. Increased
pSTATS level specifically in TCs is correlated with adverse
outcomes in human PDAC.

Genetic ablation of STAT5 in pancreatic cells reduces
oncogenic KRAS-induced PDAC progression and ADM
formation

We supported the idea that the expression of STATS on TCs
may contribute to the progression of pancreatic cancer. To
validate this, the Kras'*®'* Ptf1a-Cre™ mice and Stat5a/b™
L mice were crossed to generate the STATSa/b™ "™ KrasS12P'+,
and Ptfla-Cre®™™" (KCS™™) strains, subsequently knocking out
STATS on pancreatic cells with tamoxifen to verify the role
of pancreatic STATS in the progression of pancreatic cancer
(figure 2A,B). IHC and western blotting results showed that the
protein level of STATS decreased in pancreatic tissues of KCS
mice (online supplemental figure 2A,B). Deletion of STATS in
pancreatic acinar cells of mutant Kras®'?® increased the survival
rate (figure 2C). Compared with KCE®! mice, the KCSERT mice
exhibited ADM reversal on H&E staining and Alcian blue
staining of pancreatic tissues at 1 and 2 months after tamoxifen
administration (figure 2D-F). Masson staining and histological
analysis revealed decreased fibrosis and PanIN in KCS™ " mice
than did the KC*®" mice (figure 2D,G,H). In addition, the lack
of STATS5 downregulated EGFR expression in the pancreatic
tissues of KC™™" mice at 1month after tamoxifen administra-
tion (online supplemental figure 2C). The pancreatic deletion
of STATS in KCS mice consistently delayed tumour progression
and improved survival rates than did KC mice after tamoxifen
administration (online supplemental figure 2D-G). CK19 and
amylase (Amy) immunofluorescence staining were used to detect
local ADM in the pancreatic tissues after tamoxifen adminis-
tration at 1 month. Consistent with the H&E staining results,
co-staining with CK19 and Amy showed that a lack of STATS
reduced ADM formation (figure 2I). Because ADM is vital for
pancreatic cancer progression, the role of STATS in the progres-
sion of pancreatic ADM was further analysed. The pancreatic
acinar cells were isolated from Kras®'?®'* (K) and STATSa/b™
L. Kras®1?P'* (KS) mice and induced with Cre in vitro to detect
ADM transformation (figure 2J). The absence of STATS signifi-
cantly reduced the formation of ductal cells from the acinar cells
(figure 2K). Further RNA sequencing showed that the lack of
STATS downregulated the expression of multiple ADM-related
genes, such as Krt19, Krt7 and Mmp11 (figure 2L,M). These
results suggest that the lack of STATS inhibits KRAS mutation-
induced ADM formation.

STAT5 deficiency in pancreatic cells reduces inflammation-
mediated ADM formation

In addition to the Kras®'?P mutation, inflammation is another
major risk factor associated with pancreatic ADM formation. To
investigate the role of STATS in pancreatitis-induced ADM, mice
were administered tamoxifen and then treated with cerulein

to induce inflammation (figure 3A). Stat5a/5b expression was
induced by cerulein treatment (figure 3B). The loss of pancreatic
STATSa/b had little effect on CD45™ cell infiltration in pancre-
atitis, suggesting that STATS did not affect cerulein-induced
inflammation (online supplemental figure 3). H&E and Alcian
blue staining of pancreata from Ptfla-Cre™8" (CE*') control
mice 3days after cerulein treatment revealed a distinct area
of ADM, characterised by the presence of duct-like structures
(figure 3C,D). The extent of ADM was greater in the pancreata
of Kras®'?"'*; Ptf1a-Cre®™ " mice after cerulein treatment than in
the control group (figure 3C,D). In contrast, CS®*T and KCSERT
mice at the 3-day time point exhibited significantly smaller
areas of ADM lesions and fewer Alcian blue-positive cells. By
day 21, the pancreata of the C®" and CS®®" mice had a normal
histology. However, KC*®" mice exhibited enlarged regions
containing ADM and PanIN lesions, whereas the pancreata of
the KCSE'T mice displayed significant regression of ductal lesions
(figure 3C,D). Co-immunofluorescence of Amy and CK-19 and
quantification of CK19-positive cells validated the previous find-
ings (figure 3E,F). These findings illustrate the significance of
STATS in the development of ADM in the presence of mutant
Kras“'?", which inhibits pancreatitis-induced ADM formation in
vivo.

STATS5 deficiency delays KPC mice and orthotopic pancreatic
tumour growth

Following the initiation of pancreatic cancer by ADM, the prolif-
eration and transformation of neoplastic cells are imperative
for its progression. To investigate the role of STATS5 in PDAC
progression, KrasS'2P'*; ps3Mw*. and Pdx1-Cre (KPC) mice
were used. Compared with KPC mice, Kras®'?P'*; ps3Muv+,
Pdx1-Cre; STATSa/b™"™ (KPCS) mice pancreatic tissue collected
at 3 and 5months exhibited a significant delay in pancreatic
cancer progression. suggesting a potential promoting role of
STATS in PDAC stages (figure 4A—C). Consistently, KPCS mice
had a significantly better survival rate compared with KPC mice
(online supplemental figure 4A). Knockdown of STATS expres-
sion in the PDAC cell lines significantly suppressed the growth
of the pancreatic tumour in both immunocompetent C57BL/6]
wild-type mice and immunodeficient nude mice, suggesting
that STATS deletion delayed PDAC progression (figure 4D,E,
online supplemental figure 4B,C). Moreover, treatment with
a STATS inhibitor resulted in a notable delay in orthotopic
growth in pancreatic cancer cell lines with KRAS mutation,
patient-derived xenografts and the tumour progression of KPC
mice (figure 4F-L and online supplemental figure 4D,E). In
addition, STATS inhibition enhanced the antitumour effects of
gemcitabine (figure 4H,I). The combination of STATS inhibitors
and gemcitabine significantly improved the survival rate of the
patient-derived xenografts-constructed PDAC mice (figure 4]).
Overall, these results elucidated that STATS plays a facilitative
role in PDAC progression.

STATS deficiency impairs pancreatic tumour energy
metabolism

RNA sequencing results were further analysed to explore the
role of STATS in pancreatic malignancy. Downregulation of
multiple metabolic-associated signalling pathways was observed
on STATS knockout, of which metabolic processes, including
lipid, glutathione and steroid metabolic processes, which are
important upstream signals for cell energy metabolism exhib-
ited a significantly upregulated (figure 5A,B, online supple-
mental tables 3 and 4). Glucose and fatty acids are the two major
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Figure 2  Genetic ablation of pancreatic STAT5 reduces oncogenic KRAS-induced pancreatic ductal adenocarcinoma progression and acinar-to-
ductal metaplasia (ADM) formation. (A) Schematic diagram of the study design/strategy. (B) STATSA/STAT5B messenger RNA in KCET, CERT, star5™/f
Ptf1a-Cre®" mice (CSE™), Stat5™/™; Kras®'2"; Ptf1a-Cre®" mice (KCS™) with tamoxifen induction (N=7 per group). (C) Kaplan-Meier curves of overall
survival of KC'" and KCS™" mice. (D—H) Representative images of H&E staining, Alcian blue-positive staining and Masson staining (D) Percentages

of the area of ADM and pancreatic intraepithelial neoplasia (PanIN) (E) Alcian blue positive area (F) Masson positive area (G) area of fibrosis

lesions (H) in KC®" and KCS®" mice post-tamoxifen induction (scale bar: 200 um, 100x magnification). (I) Representative images and quantity of
amylase (green), CK-19 (red) and DAPI (blue) staining in pancreatic sections of KC®'" and KCS®" mice post-tamoxifen induction. (Scale bar: 50 um,
400x magnification) (N=7 per group). (J-M) Schematic diagram of the study design and representative western blotting of STATS protein levels

(J)) brightfield images and quantification of tubular ductal structures (K) volcano plot of RNA sequencing data. (L) Heatmap feature of ADM associated
genes (M) of explanted acinar cells collected after 5 days from 5-week-old Kras®'?”'* or Kras®'2"'*; Stat5™™(KS) mice infected with adenoviruses
encoding with or without Cre (—Cre or +Cre). Scale bar, 100 ym, 200x magnification. N=7 for J, N=3 for J-M. Results are representatives of at

least three independent experiments, data shown as mean+SEM, ***p<0.001, **p<0.01, *p<0.1, ns, no significance. STAT5, signal transducer and
activator of transcription 5.
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Figure 3  Pancreatic STAT5 deficiency reduces inflammation-mediated ADM formation. (A) Schematic diagram of the study design/strategy.

(B) Stat5a/5b messenger RNA in the pancreata of C*7, KC®T, CS¥ and KCS™ mice with or without cerulein-treated (N=8 per group). (C—

F) Representative images of H&E staining, Alcian blue-positive staining. (C) Percentages of the area of the ADM and pancreatic intraepithelial
neoplasia, Alcian blue-positive area. (D) Representative images (E) and quantity (F) of amylase (green), CK-19 (red) and DAPI (blue) staining of
the pancreas from CE", ST, KCE'", KCS®" at 3 and 21 days after cerulein treatment (scale bar: 50 pm, 400x magnification for H&E staining)
and (E). Scale bar: 100 ym, 200x magnification for Alcian blue staining. N=7 per group. Results are representatives of at least three independent
experiments, data shown as mean+SEM, ***p<0.001, **p<0.01, *p<0.1, ns, no significance. ADM, acinar-to-ductal metaplasia; STAT5, signal

transducer and activator of transcription 5.

fuels that meet energy requirements during pancreatic cancer
proliferation and malignant transformation.”” Therefore, we
explored whether STATS is involved in pancreatic proliferation
by promoting energy metabolism, especially in lipid metabolism-
associated FAO and OXPHOS. The FAO inhibitor etomoxir and
OXPHOS inhibitor oligomycin A were initially used to screen
pancreatic cancer cell lines dependent on FAO and OXPHOS

metabolism. The results showed that the proliferation of mouse
pancreatic TC lines KPC119 and Panc-02 and human pancre-
atic TC lines Capan-2, PANC-1 and CFPAC-1 was dependent
on FAO and OXPHOS (figure 5C,D). Oxygen consumption in
pancreatic tumour tissues and pancreatic TCs lacking STATS
were analysed, and a notable reduction in the oxygen consump-
tion rate (OCR) was observed in the pancreatic tissue of KCS
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Figure 4  STATS5 deficiency delays KPC mice and orthotopic pancreatic tumour growth. (A—C) Representative images of H&E and Masson

staining (A) percentages of the area of PanIN/PDAC (B) and fibrosis lesions (C) of KPC and KPCS mice at 3 and 5 months. Scale bar: 100 pm, 200x
magpnification. (D and E) Representative images of pancreas and tumour weight from orthotopic PDAC model constructed by KPC119 and Stat5*°
KPC119 (D) or by Panc02 and Stat5* Panc02 cells (E). (F and G) Representative images of pancreas and tumour weight from an orthotopic PDAC
model constructed by KPC119 (F) or Panc02 (G) cell lines with or without STAT5 inhibitor administration. (H—J) Tumour growth curves (H) tumour
weight (1) and survival curve (J) of patient-derived xenografts from patients with PDAC. N=7 for H and I, N=9 for J. (K and L) Representative images
of H&E staining and Masson staining (K) percentages of the area of PanIN/PDAC and fibrosis lesions (L) of 3 months KPC mice treated with or
without STAT5-IN for 1 months. (N=7) Results are representatives of at least two independent experiments, data shown as mean+SEM, ***p<0.001,
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of transcription 5.
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Figure 5 STATS5 deficiency impairs pancreatic tumour energy metabolism. (A) Bubble diagram of GO pathways (A) heatmap feature of lipid-
metabolic process-associated genes (B) of explanted acinar cells collected from 3-week-old K or KS mice infected with Cre. (C and D) Cell viability

of KRAS-mutant mouse tumour cell lines KPC119, Panc02 and human tumour cell lines Capan-2, PANC-1, CFPAC-1, HPAC, Capan-1, AsPC1 treated
with different concentrations of etomoxir (C) or oligomycin A (D). (E and F) Oxygen consumption rate (OCR) of pancreatic explants from KC and

KCS mice at 6months (E) or KPC and KPCS mice at 3 months (F). (G and H) OCR (G) and ECR (H) of explanted acinar cells collected from 5-week-old
C, CS, K, or KS mice affected with Cre. (I and J) OCR of KPC119 and Stat5*° KPC119 cells (I) or Capan-2 and Stat5*® Capan-2, PANC-1 and Stat5*°
PANC-1, CFPAC-1 and Stat5*° CFPAC-1 cells (J). (K and L) OCR of KPC119 cells (K) or Capan-2, PANC-1, CFPAC-1 and (L) cells treated with or without
STAT5-IN. Oligomycin (Oligo), FCCP, rotenone and antimycin A were injected as indicated. N=3 per group, results are representatives of at least three
independent experiments, data shown as mean+SEM, ***p<0.001, **p<0.01, *p<0.1, ns, no significance. ECR, extracellular acidification rate; GO,

gene ontology; STAT5, signal transducer and activator of transcription 5.

8

Lin'Y, et al. Gut 2024,0:1-13. doi:10.1136/gutjnl-2024-332225



Pancreas

mice than in KC mice (figure SE). In addition, compared with
KPC mice, the absence of STATS affected the rate of OXPHOS
in the pancreatic tissue of KPCS mice (figure 5F). Consistently,
the absence of STATS impaired the extracellular acidification
rate (ECAR) and OCR of acinar explants of KRAS mutation
mice ex vivo (figure SG,H). This was further supported by the
fact that OCR levels in pancreatic cancer cells were significantly
reduced by STATS signalling interference through the use of
STATS siRNA or STATS inhibitors (figure 5I-L). The ECAR of
acinar cell explants or TCs was inhibited after STATS deletion or
inhibition, suggesting that STATS affects glycolysis in pancreatic
cancer cells (online supplemental figure 5A-G). This observation
suggests that STATS participates in the survival of pancreatic
ductal cells by augmenting the rates of OXPHOS and glycolysis,
thereby facilitating pancreatic malignant cell proliferation and
survival.

STAT5a/b-mediated ADM formation through direct
transcriptional programming

Next, we aimed to clarify how STATS deficiency regulates ADM
and metabolic shifts. RNA sequencing results showed that the
lack of STATS downregulated the expression of multiple ADM-
related transcription factors related to ductal differentiation,
such as Pdx1, Onecutl, Hnfla, Hnf1b and Hnf4a (figure 6A).
Furthermore, gene set variation analysis (GSVA) showed that
transcriptional activity decreased in STATS-deficient acinar cells
(figure 6B). Consistently, RT-PCR results revealed that STATS
deficiency decreased the expression of multiple ADM-related
transcription factor genes in acinar cells (figure 6C). Therefore,
whether the transcriptional activity of STATS regulates the dereg-
ulation of these transcription factors by KRAS mutation needs
to be clarified. Chromatin immunoprecipitation (Ch-IP) results
verified that STATS could bind to the promoter sequences of
Hnf1b and Hnf4a (figure 6D), but not KIfS, Pdx1, Sox9, Hnf1a,
Hes6 and Pitfla in primary KRAS mutant acinar cells (data not
shown). The KRAS-mutant TC lines, KPC119, AsPC-1, PANC-1
and CAPAN2, confirmed the Ch-IP results (figure 6D and online
supplemental figure 6A). Hepatocyte nuclear factor (HNF) 4a. is
involved in energy metabolism,” >’ and STATS expression inter-
ference in acinar cell explants isolated from KC mice or pancre-
atic TCs decreased HNF1p and HNF40 expression (figure 6E
and online supplemental figure 6B). In addition, the STATS
inhibitor effectively downregulated the expression of HNF1f3
and HNF4a (figure 6F and online supplemental figure 6C). These
findings were consistent with IHC staining results, which showed
that HNF1B and HNF4a protein levels were downregulated in
STATS5-knockout KC™' mice compared with those in KCEXT
mice (figure 6G and online supplemental figure 6D). Further-
more, HNF1B or HNF4a knockout significantly downregulated
ductal structures and the expression of ADM-related genes in
KRAS-mutant acinar cells (figure 6H,I, and online supplemental
figure 6E). Notably, interfering with HNF4a expression but not
HNF1p in pancreatic cancer cells decreased OXPHOS and glycol-
ysis (figure 6]). HNF4a overexpression significantly rescued
the inhibited OXPHOS and glycolysis in STATS KO pancreatic
cancer cells (figure 6K). All these findings suggest that STATS
regulates HNF4a gene expression by binding to their promoters
via its transcriptional activity, thereby affecting ADM formation
and increased energy metabolism caused by the KRAS mutation.
Kras®'?® mutation and IL-22 promoted acinar cell STAT5
activation

Next, we aimed to characterise the upstream activators of STATS
during inflammation-mediated ADM formation. p-STATS levels

were significantly higher in KRAS-mutant cells, suggesting that
KRAS directly mediated STATS activation (figure 7A). Inhibitor
of PI3K significantly reduced KRAS mutation-mediated STATS
activation (figure 7A,B). The effect of inflammatory factors
on STATS activation in acinar cells was then evaluated, which
IL-22, rather than other cytokines, robustly increased the phos-
phorylation of Janus kinase (JAK)1, JAK2, STATS and STAT3
in acinar cell explants, but not JAK3 (figure 7C,D and online
supplemental figure 7A). IL-22 receptor expression in the acinar
cells was then confirmed (online supplemental figure 7B,C).
Notably, KRAS signalling augmented IL-22-dependent STATS
phosphorylation, indicating a synergistic effect between KRAS
mutation and the IL-22 pathways (figure 7C). JAK1/2 inhibitor
abrogated KRAS mutant-induced and IL-22-induced STATS
activation, suggesting that JAK 1/2 was necessary for STATS
phosphorylation (figure 7D). Furthermore, IL-22-enhanced
KRAS-driven ductal structures were mitigated by the STATS
blockade (figure 7E). Collectively, these findings establish
STATS as a critical downstream target of IL-22-induced and
KRAS signalling-induced ADM formation.

To clarify the role of IL-22 in activating STATS during pancre-
atic cancer progression, tests were performed using KC mice.
The ELISA assays demonstrated an increased 1L-22 expression
in the KC mouse model than in Pdx1-Cre mice, with cerulein
significantly augmenting this upregulation within the tumour
tissues of these mice (figure 7F). RT-PCR revealed that the
expression of IL-22 within the pancreatic tissue was mainly
CD45" immune cells. Further delineating the cellular origin of
IL-22, the flow cytometry results showed that IL-22 was mainly
secreted by CD4™ T cells (figure 7H). We then generated KC:
11227 mice, KC: 1122ra1™"™ mice and IL-22 knockout mice or
11227ra1"™™ mice crossbred with KC mice to ascertain whether
the IL-22 signal was responsible for STATS activation in vivo.
The absence of IL-22 signalling in pancreatic cells can effectively
downregulate ADM formation, the activation of STATS and
the expression of HNF4a (figure 71-O). More importantly, the
lack of IL-22 delayed the progression of pancreatic cancer in
KPC mice (figure 7BQ). Taken together, these data suggest that
IL-22 signalling considerably mediates sustained inflammation-
mediated STATS activation and promotes pancreatic cancer
progression.

DISCUSSION

The role of STATS in cancer is intricate and controversial
because it has a complex effect on TCs and immune responses,
resulting in either oncogenic or tumour-suppressive functions.*
In the present study, TC’s STATS expression was increased
and associated with poor prognosis in patients with PDAC. We
revealed that STATS promotes pancreatic tumourigenesis using
a series of in vitro and in vivo functional studies. The increase in
IL-22 levels caused by inflammatory signalling promotes KRAS-
mediated STATS activation, which in turn mediates ADM and
pancreatic cancer progression by upregulating the expression of
ADM-associated transcription factors. Finally, we confirmed the
role of STATS in maintaining energy metabolism to participate
in the further malignant transformation of pancreatic cancer
cells and PanIN development.

Although ADM has been established as an important precursor
for the initiation and progression of pancreatic cancer, our knowl-
edge of the underlying mechanisms remains unclear.!’ Herein,
we elucidated that STATS activation can regulate multiple ADM-
related transcription factors and participate in ADM progres-
sion via its transcriptional activity. Blocking STATS signalling
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Figure 6 STAT5-mediated ADM formation through direct transcriptional programming. (A and B) Heatmap feature of ADM-related transcription

factors (A) and GSVA analysis (B) in pancreata of K and KS mice post Cre induction. (C) Real-time quantitative PCR analysis of ADM formation-
associated genes of explanted acinar cells collected from 5-week-old K or KS mice infected with Cre. (D and E) Chromatin immunoprecipitation
assay showing STAT5 binding to the Hnf4a promoter regions in primary acinar cells collected from 16-week-old KC mice or Kras-mutant tumour

cell lines KPC119 (D) AsPC1, PANC1 and Capan-2 (E). (F and G) mRNA expression of Hnf4a in primary acinar cells (F) and different tumour cell lines
(G) infected with Stat5 siRNA. (H and 1) mRNA expression of Hnf4a in primary acinar cells (H) and different tumour cell lines (1) treated with STAT5
inhibitor. (J) Representative IHC images of HNF4a (right) and quantification of HNF4a-positive ADM cells (left) in pancreata of KC*" and KCSH
mice (scale bar: 50 um, 400x magnification). (K and L) Brightfield images (K) and relative expression of duct cell markers (L) of explanted acinar cells
collected from KC mice infected with Hnf4a siRNA (scale bar: 100 pm, 200x magnification). (M) OCR and ECAR of KPC119, Hnf4a*® KPC119 cells
and Hnf1b*® KPC119 cells. (N) OCR and ECAR of KPC119, Stat5*® KPC119 cells with or without overexpression HNF4a. N=3 per group. Results are
representatives of at least three independent experiments, data shown as mean+SEM, ***p<0.001, **p<0.01, *p<0.1, ns, no significance. ADM,
acinar-to-ductal metaplasia; ECAR, extracellular acidification rate; GSVA, gene set variation analysis; HNF, hepatocyte nuclear factor; HPF, high-power
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Figure 7 Kras®'® mutation and IL-22 promoted pancreatic STATS activation. (A and B) Representative western blot showing STATS5 and p-STAT5

protein levels in pancreata of WT and KC mice (A) KPC119 and Panc-02 cell lines (B) treated with or without various inhibitors. (C) Representative
western blot showing STAT5, p-STAT5, STAT3, p-STAT3, janus kinase (JAK) 1, p-JAK1, JAK2 and p-JAK2 protein levels in different inflammatory
factors-treated acinar cells from KC mice. (D) Representative western blot showing STAT5 and p-STAT5 protein levels in JAKs inhibitor pretreated
pancreata of WT and KC mice stimulated without or with IL-22. (E) Brightfield images of explanted acinar cells and quantification of tubular

ductal structures collected from KC mice treated without or with IL-22 and/or STATS inhibitor (scale bar: 50 ym, 400x magnification) (n=6 per

group). (F) IL-22 protein levels were measured by ELISA pancreata of WT and KC mice treated without or with cerulein (n=6 per group). (G) /IL22
messenger RNA in isolated tumour cells, fibroblasts, immune cells and endothelial cells from the PDAC cancer tissues (n=3). (H) Representative

flow cytometric figures and percentages of IL-22*CD4* cells in the pancreata of WT and KC mice treated without or with cerulein (n=3 per group).
(I-0) Representative immunohistochemical images (I) quantitation of ADM structures (J) and numbers of p-STAT5 and HNF4a cells counted per HPF
(K) immunofluorescence staining of amylase (green), CK19 (red) and DAPI (blue) (L) and quantitation of CK19-positive cells (M) representative images
of H&E staining (N) and percentages of the area of ADM lesions (0) in pancreata of KC, KC; 11227~ and KC; 1122ra™"™ mice after cerulein treatment.
Scale bar, 50 pm, 400x magnification for | and L, scale bar, 100 pm, 200x magnification for N. (P and Q) Representative images of H&E and Masson
staining (P) and percentages of the area of pancreatic intraepithelial neoplasia/PDAC (Q) of KPC and KPC; /227"~ mice at 3 months. Scale bar: 100 um,
200x magnification. N=7 per group for I-Q. Results are representatives of at least three independent experiments, data shown as mean+SEM,
***p<0.001, **p<0.01, *p<0.1, ns, no significance. ADM, acinar-to-ductal metaplasia; Areg, amphiregulin; EGF, epidermal growth factor ; GM-CSF,
granulocyte-macrophage colony stimulating factor; HNF, hepatocyte nuclear factor; HPF, high-power field; IL, interleukin; M-CSF, macrophage colony
stimulating factor; PBS, phosphate-buffered saline; PDAC, pancreatic ductal adenocarcinoma; p-STAT, phosphorylated STAT; STAT, signal transducer
and activator of transcription; TGF, transforming growth factor; TSLP, thymic stromal lymphopoietin.
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potentially downstreams KRAS and facilitates oncogenic KRAS
mutation-driven PDAC initiation and development. Moreover,
STATS activation was necessary for tumour progression in the
PanIN and PDAC stages, and STATS was persistently activated
in KRAS-mutated pancreatic TC lines. Conversely, STATS
deficiency exhibited a significantly delayed pancreatic cancer
progression in KPC mice. The STATS inhibitor (STATS-IN),
which is supported to directly bind the STATS transcriptional
region and does not affect STAT3 activation,’' ** delayed PDAC
progression constructed using pancreatic TC lines and human
patient-derived xenograft (PDX) tumours. In addition, it should
be noted that STATS inhibitors may also affect the activation of
STATS in the SCs in PDAC microenvironment. Although STATS
is considered to play an important role in T-cell activation,* a
tumour suppression effect was observed when STATS inhibitors
were administered to immunocompetent mice. This could be
explained by the fact that pancreatic cancer is a type of tumour
with a low T-cell response.*

Several downstream pathways of KRAS mediate ADM, and the
importance of inflammation in this process has been increasingly
recognised.'’ We found that STATS upregulation during ADM
was not restricted to KRAS®'?P cells, as STATS activation also
occurred in normal acini when pancreatitis was induced. Our in
vivo and in vitro studies showed that STATS can be activated by
the KRAS mutation, which is further promoted by inflammatory
signals, especially IL-22. This suggests that, in addition to KRAS
signalling, IL-22 induced by chronic inflammation is required to
maintain STATS activation, which leads to the carcinogenesis of
ADM in pancreatic cancer. In acute pancreatitis, IL-22 promotes
pancreatic tissue repair by stimulating cell proliferation and
inhibiting cell apoptosis.*> Furthermore, IL-22 regulates the
proliferation of pancreatic stem cells and promotes the prolifer-
ation and invasion of pancreatic cancer cells by activating signal-
ling pathways such as STAT3 and ERK1/2.>**” We demonstrated
that IL-22 participates in the inflammation-induced progression
of pancreatic ADM through the STATS signalling pathway, high-
lighting its significant role in ADM transformation and pancre-
atic cancer progression.

Pancreatic cells require energy to perform processes such as
the transformation of acinar cells into malignant cells and the
proliferation of malignant cells.”® Our results suggest that STATS
activation not only participates in the transformation process of
ADM but also plays an important role in maintaining TC survival
by controlling OXPHOS and glycolysis involved in energy metab-
olism. STATS loss contributes to the downregulation of energy,
accompanied by a deceleration of pancreatic ADM progression
and inhibition of pancreatic cancer proliferation. Further mech-
anistic studies revealed that STATS regulates the expression of
the HNF family of proteins. Importantly, we discovered that
STATS can directly control the expression of HNF4o. Blocking
the HNF4a signal downregulates the pancreatic cell energy
metabolism. The HNF family is involved in energy metabolism,
with HNF4a playing a role in FAO through various mechanisms,
regulating cellular mitochondrial energy metabolism and main-
taining energy metabolism functions in the pancreas, liver and
intestine.”®  Our results and those of previous studies suggest
that inhibiting OXPHOS or glycolysis in the pancreatic tissue
can effectively block pancreatic cancer progression.* ** Blocking
the HNF4a signal can restrict pancreatic OXPHOS and glycol-
ysis, indicating that STATS can influence energy metabolism by
regulating HNF4a, thereby participating in ADM transforma-
tion and pancreatic cancer cell proliferation.

In summary, our study highlights the central role of STATS in
the intrinsic regulatory network that promotes ADM formation

in the presence of carcinogenic KRAS and chronic inflammation.
Treatment targeting STATS can inhibit the transformation of
ADM and energy metabolism in TCs, indicating a pro-tumour
role for STATS in PDAC.

Author affiliations

"Longhua Hospital Shanghai University of Traditional Chinese Medicine, Shanghai,
Shanghai, China

ZCenter for Medical Research and Innovation, Shanghai Pudong Hospital;
Department of Immunology, Shanghai Medical College, Fudan University, Shanghai,
Shanghai, People’s Republic of China

3Pain Management Center, Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital, Shanghai, Shanghai, China

“Department of general surgery, Huashan Hospital, Fudan University, Shanghai,
Shanghai, China

*Department of Pancreatic Surgery, Zhongshan Hospital, Fudan University, Shanghai,
Shanghai, China

®Division of Nephrology, Shanghai Jiao Tong University School of Medicine Affiliated
Ninth People’s Hospital, Shanghai, China

"Department of Gastroenterology, Center for Digestive Diseases Research and
Clinical Translation, Shanghai Key Laboratory of Gut Microecology and Associated
Major Diseases Research, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, Shanghai, China

®Department of Biliary-Pancreatic Surgery, Shanghai Jiao Tong University School of
Medicine Affiliated Renji Hospital, Shanghai, Shanghai, China

Contributors YL, XY and QX designed research. YL, SP, YW, ZW, YG, WF and YY
performed research. QX, JW, LL, WW, XJM and XY contributed to clinical research.
SM and QX contributed reagents. YL, SP, JW, ZW and YW analysed data. YL and XY
wrote the paper. YL is the guarantor.

Funding This work was supported by National Natural Science Foundation of China
(82271800 to YL, 82372802, 81972627 to XY, 82200748 to SM), Natural Science
Foundation of Shanghai Rising-Star Program (23QA 1401600 to YL), general program
(23ZR1413000 to YL), and National Key R&D Program of China (2023YFA1801400
to YL).

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by
Institutional Review Board of Renji Hospital (20180227-001). Participants gave
informed consent to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access
repository.

Supplemental material This content has been supplied by the author(s).

It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not
have been peer-reviewed. Any opinions or recommendations discussed are
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all
liability and responsibility arising from any reliance placed on the content.
Where the content includes any translated material, BMJ does not warrant the
accuracy and reliability of the translations (including but not limited to local
regulations, clinical guidelines, terminology, drug names and drug dosages), and
is not responsible for any error and/or omissions arising from translation and
adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Yuli Lin http://orcid.org/0000-0002-8779-2471
Xiang Jun Meng http://orcid.org/0000-0001-9657-0021

REFERENCES
1 Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, et al. Pancreatic cancer: advances
and challenges. Cell 2023;186:1729-54.
2 Siegel RL, Wagle NS, Cercek A, et al. Colorectal cancer statistics, 2023. CA Cancer J
Clin 2023;73:233-54.

12

Lin'Y, et al. Gut 2024,0:1-13. doi:10.1136/gutjnl-2024-332225


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-8779-2471
http://orcid.org/0000-0001-9657-0021
http://dx.doi.org/10.1016/j.cell.2023.02.014
http://dx.doi.org/10.3322/caac.21772
http://dx.doi.org/10.3322/caac.21772

Pancreas

3

Navas C, Hernandez-Porras |, Schuhmacher AJ, et al. EGF receptor signaling is
essential for K-Ras Oncogene-driven pancreatic ductal adenocarcinoma. Cancer Cell
2012;22:318-30.

Habbe N, Shi G, Meguid RA, et al. Spontaneous induction of murine pancreatic
intraepithelial neoplasia (mPanIN) by Acinar cell targeting of Oncogenic Kras in adult
mice. Proc Natl Acad Sci U S A 2008:105:18913-8.

De La O J-P, Emerson LL, Goodman JL, et al. Notch and Kras reprogram

pancreatic acinar cells to ductal intraepithelial neoplasia. Proc Nat/ Acad Sci USA
2008;105:18907-12.

Gidekel Friedlander SY, Chu GC, Snyder EL, et al. Context-dependent transformation of
adult pancreatic cells by Oncogenic K-Ras. Cancer Cell 2009;16:379-89.
Alonso-Curbelo D, Ho Y-J, Burdziak C, et al. A gene-environment-induced epigenetic
program initiates tumorigenesis. Nature 2021;590:642-8.

Del Poggetto E, Ho I-L, Balestrieri C, et al. Epithelial memory of inflammation

limits tissue damage while promoting pancreatic tumorigenesis. Science
2021;373:€abj0486.

Guerra C, Schuhmacher AJ, Cafiamero M, et a/. Chronic pancreatitis is essential for
induction of pancreatic ductal adenocarcinorna by K-Ras Oncogenes in adult mice.
Cancer Cell 2007;11:291-302.

Guerra C, Collado M, Navas C, et al. Pancreatitis-induced inflammation contributes
to pancreatic cancer by inhibiting oncogene-induced senescence. Cancer Cell
2011;19:728-39.

Storz P. Acinar cell plasticity and development of pancreatic ductal adenocarcinoma.
Nat Rev Gastroenterol Hepatol 2017;14:296-304.

Gruber R, Panayiotou R, Nye E, et al. YAP1 and TAZ control pancreatic cancer
initiation in mice by direct up-regulation of JAK-STAT3 signaling. Gastroenterology
2016;151:526-39.

Liou G-Y, Déppler H, Necela B, et al. Macrophage-secreted cytokines drive
pancreatic acinar-to-ductal metaplasia through NF-kappaB and MMPs. J Cell Biol
2013;202:563-77.

Qian 'Y, Gong Y, Fan Z, et al. Molecular alterations and targeted therapy in pancreatic
ductal adenocarcinoma. J Hematol Oncol 2020;13:130.

Huang L, Guo Z, Wang F, et al. KRAS mutation: from undruggable to druggable in
cancer. Signal Transduct Target Ther 2021,6:386.

Xue D, Xu Y, Kyani A, et al. Multiparameter optimization of oxidative
Phosphorylation inhibitors for the treatment of pancreatic cancer. / Med Chem
2022;65:3404-19.

Valle S, Alcala S, Martin-Hijano L, et a/. Exploiting oxidative phosphorylation to
promote the stem and immunoevasive properties of pancreatic cancer stem cells. Nat
Commun 2020;11:5265.

Sancho P, Burgos-Ramos E, Tavera A, et al. MYC/PGC-1Alpha balance determines
the metabolic phenotype and plasticity of pancreatic cancer stem cells. Cell Metab
2015;22:590-605.

Gerasimenko JV, Gerasimenko OV, Petersen OH. The role of Ca2+ in the
pathophysiology of pancreatitis. J Physiol 2014;592:269-80.

Liou G-Y, Déppler H, DelGiorno KE, et al. Mutant KRas-induced mitochondrial
oxidative stress in acinar cells upregulates EGFR signaling to drive formation of
pancreatic precancerous lesions. Cell Rep 2016;14:2325-36.

21

22

23

24

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Nimmakayala RK, Rauth S, Chirravuri Venkata R, et al. PGC1Alpha-mediated
metabolic reprogramming drives the stemness of pancreatic precursor lesions. Clin
Cancer Res 2021;27:5415-29.

Corcoran RB, Contino G, Deshpande V, et al. STAT3 plays a critical role in KRAS-
induced pancreatic tumorigenesis. Cancer Res 2011;71:5020-9.

Halim CE, Deng S, Ong MS, et a/. Involvement of STAT5 in oncogenesis. Biomedicines
2020;8:316.

Rani A, Murphy JJ. STAT5 in cancer and immunity. J Interferon Cytokine Res
2016;36:226-37.

Moser C, Ruemmele P, Gehmert S, et al. STAT5B as molecular target in pancreatic
cancer--inhibition of tumor growth, angiogenesis, and metastases. Neoplasia
2012;14:915-25.

Sumiyoshi H, Matsushita A, Nakamura Y, et al. Suppression of STAT5B in pancreatic
cancer cells leads to attenuated Gemcitabine Chemoresistance, adhesion and
invasion. Oncol Rep 2016;35:3216-26.

Reyes-Castellanos G, Masoud R, Carrier A. Mitochondrial metabolism in PDAC: from
better knowledge to new targeting strategies. Biomedicines 2020;8:270.

Chen L, Vasoya RP, Toke NH, et al. HNF4 regulates fatty acid oxidation and is required
for renewal of intestinal stem cells in mice. Gastroenterology 2020;158:985-99.
Lv DD, Zhou LY, Tang H. Hepatocyte nuclear factor 4A and cancer-related cell
signaling pathways: a promising insight into cancer treatment. Exp Mol Med
2021;53:8-18.

Verhoeven Y, Tilborghs S, Jacobs J, et al. The potential and controversy of targeting
STAT family members in cancer. Semin Cancer Biol 2020;60:41-56.

Miiller J, Sperl B, Reindl W, et al. Discovery of Chromone-based inhibitors of the
transcription factor STATS. Chembiochem 2008;9:723—7.

Zhao Y, Liu Z, Liu G, et al. Neutrophils resist Ferroptosis and promote breast cancer
metastasis through Aconitate decarboxylase 1. Cell Metab 2023;35:1688-703.
Maurer B, Nivarthi H, Wingelhofer B, et al. High activation of STAT5A drives peripheral
T-cell lymphoma and leukemia. Haematologica 2020;105:435-47.

Falcomata C, Barthel S, Schneider G, et al. Context-specific determinants of the
immunosuppressive tumor microenvironment in pancreatic cancer. Cancer Discov
2023;13:278-97.

Feng D, Park O, Radaeva S, et al. Interleukin-22 ameliorates Cerulein-induced
pancreatitis in mice by inhibiting the autophagic pathway. Int J Biol Sci
2012;8:249-57.

He W, Wu J, Shi J, et al. IL22RA1/STAT3 signaling promotes stemness and
tumorigenicity in pancreatic cancer. Cancer Res 2018;78:3293-305.

Perusina Lanfranca M, Zhang Y, Girgis A, et al. Interleukin 22 signaling regulates
acinar cell plasticity to promote pancreatic tumor development in mice.
Gastroenterology 2020;158:1417-32.

Qin C, Yang G, Yang J, et al. Metabolism of pancreatic cancer: paving the way to
better anticancer strategies. Mol Cancer 2020;19:50.

Wang Q, Li M, Gan Y, et al. Mitochondrial protein UQCRC1 is oncogenic and a
potential therapeutic target for pancreatic cancer. Theranostics 2020;10:2141-57.
Zhou C, Sun H, Zheng C, et al. Oncogenic HSP60 regulates mitochondrial oxidative
phosphorylation to support Erk1/2 activation during pancreatic cancer cell growth.
Cell Death Dis 2018;9:161.

LinY, et al. Gut 2024;0:1-13. doi:10.1136/gutjnl-2024-332225


http://dx.doi.org/10.1016/j.ccr.2012.08.001
http://dx.doi.org/10.1073/pnas.0810097105
http://dx.doi.org/10.1073/pnas.0810111105
http://dx.doi.org/10.1016/j.ccr.2009.09.027
http://dx.doi.org/10.1038/s41586-020-03147-x
http://dx.doi.org/10.1126/science.abj0486
http://dx.doi.org/10.1016/j.ccr.2007.01.012
http://dx.doi.org/10.1016/j.ccr.2011.05.011
http://dx.doi.org/10.1038/nrgastro.2017.12
http://dx.doi.org/10.1053/j.gastro.2016.05.006
http://dx.doi.org/10.1083/jcb.201301001
http://dx.doi.org/10.1186/s13045-020-00958-3
http://dx.doi.org/10.1038/s41392-021-00780-4
http://dx.doi.org/10.1021/acs.jmedchem.1c01934
http://dx.doi.org/10.1038/s41467-020-18954-z
http://dx.doi.org/10.1038/s41467-020-18954-z
http://dx.doi.org/10.1016/j.cmet.2015.08.015
http://dx.doi.org/10.1113/jphysiol.2013.261784
http://dx.doi.org/10.1016/j.celrep.2016.02.029
http://dx.doi.org/10.1158/1078-0432.CCR-20-5020
http://dx.doi.org/10.1158/1078-0432.CCR-20-5020
http://dx.doi.org/10.1158/0008-5472.CAN-11-0908
http://dx.doi.org/10.3390/biomedicines8090316
http://dx.doi.org/10.1089/jir.2015.0054
http://dx.doi.org/10.1593/neo.12878
http://dx.doi.org/10.3892/or.2016.4727
http://dx.doi.org/10.3390/biomedicines8080270
http://dx.doi.org/10.1053/j.gastro.2019.11.031
http://dx.doi.org/10.1038/s12276-020-00551-1
http://dx.doi.org/10.1016/j.semcancer.2019.10.002
http://dx.doi.org/10.1002/cbic.200700701
http://dx.doi.org/10.1016/j.cmet.2023.09.004
http://dx.doi.org/10.3324/haematol.2019.216986
http://dx.doi.org/10.1158/2159-8290.CD-22-0876
http://dx.doi.org/10.7150/ijbs.3967
http://dx.doi.org/10.1158/0008-5472.CAN-17-3131
http://dx.doi.org/10.1053/j.gastro.2019.12.010
http://dx.doi.org/10.1186/s12943-020-01169-7
http://dx.doi.org/10.7150/thno.38704
http://dx.doi.org/10.1038/s41419-017-0196-z

	Pancreatic STAT5 activation promotes Kras﻿G12D﻿-­induced and inflammation-­induced acinar-­to-­ductal metaplasia and pancreatic cancer
	Abstract
	Introduction﻿﻿
	Materials and methods
	Mice
	Human specimens

	Results
	Pancreatic STAT5 activation is associated with adverse outcomes of pancreatic cancer
	Genetic ablation of STAT5 in pancreatic cells reduces oncogenic KRAS-induced PDAC progression and ADM formation
	STAT5 deficiency in pancreatic cells reduces inflammation-mediated ADM formation
	STAT5 deficiency delays KPC mice and orthotopic pancreatic tumour growth
	STAT5 deficiency impairs pancreatic tumour energy metabolism
	STAT5a/b-mediated ADM formation through direct transcriptional programming
	Kras﻿G12D﻿ mutation and IL-22 promoted acinar cell STAT5 activation

	Discussion
	References


