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mTOR and Stat3-dependent PSC activation
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Activated pancreatic stellate cells (PSCs) are the main cells
involved in chronic pancreatitis and pancreatic intraepithelial
neoplasia lesion (PanIN). Fine-tuning the precise molecular
targets in PSC activation might help the development of PSC-
specific therapeutic strategies to tackle progression of pancreatic
cancer-related fibrosis. miR-301a is a pro-inflammatory micro-
RNA known to be activated by multiple inflammatory factors in
the tumor stroma. Here, we show that miR-301a is highly
expressed in activated PSCs in mice, sustained tissue fibrosis
in caerulein-induced chronic pancreatitis, and accelerated
PanIN formation. Genetic ablation of miR-301a reduced
pancreatic fibrosis in mouse models with chronic pancreatitis
and PanIN. Cell proliferation and activation of PSCs was
inhibited by downregulation of miR-301a via two of its targets,
Tsc1 and Gadd45g. Moreover, aberrant PSC expression of miR-
301a and Gadd45g restricted the interplay between PSCs and
pancreatic cancer cells in tumorigenesis. Our findings suggest
that miR-301a activates two major cell proliferation pathways,
Tsc1/mTOR and Gadd45g/Stat3, in vivo, to facilitate develop-
ment of inflammatory-induced PanIN and maintenance of
PSC activation and desmoplasia in pancreatic cancer.
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INTRODUCTION
Recent advances in our understanding of the fundamental stromal
biology in chronic pancreatitis and pancreatic cancer suggest a key
role of pancreatic stellate cells (PSCs) in the pathobiology of the major
disorders of the exocrine pancreas, including chronic pancreatitis and
pancreatic cancer.1 PSCs are functional myofibroblasts present in the
surrounding area of acinar, vascular, and ductal regions.2,3 Under
normal physiological conditions, PSCs are found in a quiescent state
throughout the pancreas and exhibit a cytoplasm rich in vitamin A
lipid droplets, which is characterized by the expression of glial fila-
ment acidic protein (GFAP) and desmin.4,5 However, upon activation
by damage or by growth factor signaling, such as chronic pancreatitis
and pancreatic intraepithelial neoplasia (PanIN), PSCs can be trans-
formed into an activated state and participate in the interstitial
970 Molecular Therapy: Nucleic Acids Vol. 27 March 2022 ª 2022 The
This is an open access article under the CC BY license (http://creati
remodeling of the pancreas.6,7 Activated PSCs accumulate in the
extracellular matrix (ECM) and increase cytokine/chemokine pro-
duction, which promote aggressive phenotypes and therapy resis-
tance in pancreatic inflammation and cancer.8,9 For example, super-
natant derived from activated PSCs was shown to increase
proliferation and migration of cancer cells via SDF-1/CXCR4.10

Coculture of PSCs with pancreatic cancer cells can also promote can-
cer proliferation, migration, and invasion via Gal1-driven pathways.11

Therefore, an in-depth understanding of the precise molecular mech-
anism underlying PSC activation and their role in pathology might
help find new promising treatment strategies for patients with
chronic pancreatitis and cancer.

PSC activation often occurs very early during pancreatic injury or
pancreatic ductal carcinoma tumorigenesis. Numerous cytokines,
growth factors, and intracellular signaling molecules, such as non-cod-
ing RNAs, are released during pancreatitis to regulate PSC activation;
however, accumulating evidence points to a major role for interleukin-
6 (IL-6) and transforming growth factor b (TGF-b) in modulating the
persistent activation and fibrotic phenotype of PSCs in vitro and in vivo.
Upregulation of TGF-b in pancreatitis promotes PSC activation in au-
tocrine loops, which leads to ECM synthesis. TGF-b-induced activa-
tion of mammalian target of rapamycin (mTOR) activity has also
been implicated in multiple fibrotic conditions, including idiopathic
pulmonary fibrosis,12 chronic pancreatitis, and cancer-associated
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fibrosis.13,14 TGF-b-overexpressing transgenic mice exhibit morpho-
logical features of chronic pancreatitis,15 and depletion of TGF-b
expression was shown to hamper the active PSC phenotype, suggesting
a role for TGF-b in pancreatic fibrosis through PSC activation. IL-6/
Stat3 have also been implicated in pancreatic ductal adenocarcinoma
(PDAC), and paracrine IL-6/Stat3 signaling was shown to regulate
the effects of PSCs in matricellular fibrosis and tumor progression.16

Epithelial Stat3 ablation attenuated fibrosis and tumor progression in
Smad4 mutant pancreatic tumors in mice, and several studies demon-
strated that blockage of the IL-6/Stat3 axis suppresses Kras-induced
pancreatic adenocarcinoma.17,18 Recently, supernatant derived from
activated PSC-conditioned medium was shown to stimulate Stat3 acti-
vation in pancreatic cancer cells, leading to the accumulation of ECM
proteins and exacerbation of tumorigenesis and drug resistance.11,19

These findings suggest that inhibiting paracrine communication be-
tween PSCs and pancreatic cancer cells could be a promising therapeu-
tic target for fibrotic pancreatitis and PDAC.

So far, over 1,000 human microRNAs (miRNAs) have been reported,
and miRNAs are predicted to target up to 92% of all human genes.20

Several miRNAs have been shown to modulate mTOR or Stat3 acti-
vation,21 including miR-722 and miR-503,23 which negatively regulate
mTOR signaling to inhibit adult b-cell proliferation. miR-99 family
members are involved in dermal wound healing by modulating
Akt/mTOR signaling pathways.24 Interestingly, plant miRNAs also
have the ability to modulate human mTOR signaling.25 Despite
extensive investigation of the role of miRNAs in mTOR or Stat3 acti-
vation, there is limited research on the role of miRNAs in the pathol-
ogy of cancer-associated fibrosis using animal models. miR-301a was
found to be overexpressed in inflammation-related diseases, in partic-
ular inflammation-associated carcinogenesis. As a pro-inflammatory
miRNA, miR-301a was shown to facilitate tumorigenesis by
activating nuclear factor kB (NF-kB) and Stat3 in vivo.26 miR-301 in-
hibition reduced the activity of NF-kB and Stat3 in both tumor and
immune cells. Our previous study demonstrated that ablation of
miR-301a in mice protected against bleomycin-induced lung fibrosis
through the Tsc1/mTOR axis signaling pathway.12 However, whether
miR-301a has an anti-fibrogenic function in pancreatitis and pancre-
atic cancer is unknown.

Growth arrest and DNA-damage-induced 45 gamma (Gadd45g) is
epigenetically silenced in many tumors. In hepatocellular carcinoma,
Gadd45g elicited cellular senescence and suppressed tumor growth
in vivo.27 Upregulation of Gadd45g impaired homologous recombi-
nation DNA repair and dramatically induced tumor cell apoptosis
without affecting normal cells.28 In addition, Gadd45g is known to
be induced by several cytokines andmediated anti-tumor immune re-
sponses.29–31 Recently, Gadd45g was shown to impair Jak/Stat3 acti-
vation in both malignant solid tumor and lymphoid cells, suggesting
its critical involvement in tumorigenesis.27,32

In the present study, we report that miR-301a deficiency inhibits PSC
activation and protects mice from chronic pancreatitis and pancrea-
titis-associated PanIN. We show that Tsc1/mTOR is targeted by miR-
301a in fibrotic pancreatic tissues, and identify Gadd45g as a new target
of miR-301a. We suggest that Gadd45g restrains the interaction be-
tween myofibroblast PSCs and pancreatic cancer cells by weakening
Stat3 activation during PanIN formation. Our findings demonstrate
the complex role of miR-301a in chronic inflammation-driven
PanIN andPDACandprovide insights thatmight be helpful in devising
new treatments for patients with chronic pancreatitis and cancer.

RESULTS
Overexpression of miR-301a during pancreatitis and pancreatic

intraepithelial neoplasia

To investigate the role of miR-301a in acute and chronic pancrea-
titis, we first measured miR-301a expression in wild-type (WT)
mice treated with different doses of caerulein. We found that miR-
301a expression was significantly increased in pancreas from mice
treated with caerulein. Interestingly, compared with PBS-treated
controls, the induction of miR-301a in pancreas revealed a 2.37-
fold upregulation under acute pancreatitis conditions and a 7.26-
fold change under chronic inflammation conditions (Figures 1A
and 1B). Of note, miR-301a expression was no different in isolated
acinar cells between PBS and cholecystokinin-8 treatment, which
recapitulate necrosis of acute pancreatitis in vitro (Figure S1A).
Pancreatic intraepithelial lesions are often accompanied by inflam-
mation and expression of multiple inflammatory factors that accel-
erate the malignant process. Next, we measured the miR-301a
expression level in PanIN by using Pdx1-Cre;KrasG12D mice. These
animals develop multifocal pancreatic inflamed lesions and extensive
fibrosis. miR-301a was highly expressed both in spontaneous and
pancreatitis-accelerated PanIN lesions (Figures 1C and 1D). More-
over, expression of miR-301a and two inflammatory factors, IL-6
and TGF-b, were also found to be significantly higher in serum of
patients with chronic pancreatitis compared with healthy donors
(Figures 1E–1G). Accordingly, the expression level of miR-301a
was positively correlated with IL-6 and TGF-b concentration in pa-
tient serum, suggesting the key role of miR-301a in pancreatic
fibrosis and malignant process (Figures 1H and 1I).

Response of WT and miR-301a–/– mice to caerulein-induced

pancreatitis

To investigate the role of miR-301a in acute and chronic pancreatitis,
we examined pancreata in both WT and miR-301a�/� mice treated
with caerulein. We first evaluated changes in pancreatic histology at
1 day after the last caerulein injection by using the acute pancreatitis
protocol. The severity of acute pancreatitis in WT mice treated with
caerulein was similar to that found inmiR-301a�/�mice (Figure S1B).
Both serum amylase and lipase activity were not significantly different
in miR-301a�/� mice and WT mice after the final dose of caerulein
(Figures S1C and S1D).

Next, we evaluated the level of pancreatic inflammation and
fibrosis, which are typical pathological features in chronic pancre-
atitis, in WT and miR-301a�/� mice with continuous caerulein in-
jection for 3 weeks (Figure 2A). Our results show that pancreatic
fibrosis is significantly decreased in miR-301a�/� mice compared
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Figure 1. miR-301a expression during caerulein-induced pancreatitis and PanIN formation

(A) Expression of miR-301a during caerulein-induced acute pancreatitis in WT mice (n = 5 per group). Pancreatic tissues were harvested at day 1 after the last caerulein or

saline (control) injection. (B) Expression of miR-301a during caerulein-induced chronic pancreatitis inWTmice (n = 5 per group). Pancreatic tissues were harvested at 6 weeks

after the first caerulein or saline (control) injection. (C) Expression of miR-301a in caerulein accelerated PanIN formation in Pdx1-Cre;KrasG12D mice (n = 5 per group).

Pancreatic tissues were harvested at day 0 (d0), day 1 (d1), day 7 (d7), and day 21 (d21) after the last caerulein injection. (D) Expression of miR-301a in Kras-driven PanIN

spontaneous progression in Pdx1-Cre;KrasG12D mice at 9, 13, or 18 weeks of age. The pancreatic tissues (n = 6 per group) were harvested from LSL-KrasG12D mice at

9 weeks of age and from Pdx1-Cre;KrasG12Dmice at 9, 13, or 18weeks of age. Total RNAwas extracted from pancreatic tissues, andmiR-301a expression was quantified by

real-time PCR. (E) Relative expression of miR-301a in serum from patients with chronic pancreatitis. (F) IL-6 concentration was measured by ELISA in serum from patients

with chronic pancreatitis. (G) TGF-b concentration was measured by ELISA in serum from patients with chronic pancreatitis. Healthy controls, n = 49; pancreatitis patients,

n = 75. (H) Spearman’s rank correlation analysis was performed to compare the serum levels of IL-6 and miR-301a expression in patients with chronic pancreatitis (r =

0.3112, p = 0.0247). (I) Spearman’s rank correlation analysis was performed to compare the serum levels of TGF-b and miR-301a expression in patients with chronic

pancreatitis (r = 0.2594, p = 0.0439). Values are mean ± SD. **p < 0.01, *p < 0.05 indicate significant difference between the indicated groups.
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with WT mice, as demonstrated by a decrease in the percentage of
lesion area on H&E and Masson trichrome (blue) staining (Fig-
ure 2B). The expression level of a-smooth muscle actin
(a-SMA), a marker of myofibroblasts, was markedly reduced in
miR-301a�/� mice (Figure 2C). Given that activation of PSCs has
been regarded as the core event in the development of pancreatic
fibrosis, we quantified the number of desmin+ and GFAP+ cells
(desmin and GFAP are specific markers of PSCs). Numbers of
desmin+ and GFAP+ cells were significantly reduced in miR-
301a�/� mice compared with their WT counterparts (Figures 2D
and 2E). In agreement with their reduced pancreatic injury, miR-
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301a�/� mice also showed significantly reduced cytokeratin-19
(KRT19) positive areas compared with their WT littermates (Fig-
ure 2F). However, the expression levels of the cytokines IL-6,
TGF-b, interferon-g, IL-17A, and IL-8 were not significantly
different between groups (Figure S2A). Notably, Stat3 activation
was slightly increased in pancreatic tissue from miR-301a�/�

mice treated with caerulein compared with that in WT mice, as as-
sessed by increased phosphorylation of Stat3, which suggests that
Stat3-driven inflammation is not an essential underlying cause of
the phenotypic differences between miR-301a�/� mice and WT
mice (Figure S2B). Taken together, these results suggest that



Figure 2. Response of WT and miR-301a–/– mice to caerulein-induced chronic pancreatitis

(A) Schematic protocol of the caerulein-induced chronic pancreatitis. (B) Left: representative histological sections of mouse pancreata stained with H&E from caerulein-

treated WT (n = 8) andmiR-301a�/� (n = 8) mice. Scale bars, 100 mm. Right: Masson staining showed a large increase in fibrosis in caerulein-treated WT andmiR-301a�/�

mice. Scale bars, 200 mm. (C–E) Immunohistochemical staining of a-SMA (C), desmin (D), and GFAP (E) showed activation of PSCs and increased fibrogenesis of pancreata

from caerulein-treated WT (n = 8) and miR-301a�/� (n = 8) mice. Scale bars, 75 mm. (F) Immunohistochemical staining of KRT19 showed strong expression of intact

pancreatic ducts over the time course of chronic pancreatitis in caerulein-treated WT (n = 8) andmiR-301a�/� (n = 8) mice. Scale bars, 75 mm. Values are mean ± SD. **p <

0.01, *p < 0.05 indicate significant difference between caerulein-treated WT and miR-301a�/� groups.
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miR-301a deficiency reduced the severity of pancreatic fibrosis and
has a protective role in chronic pancreatitis versus acute pancrea-
titis in mice.

miR-301a deletion protects against spontaneous and

pancreatitis-accelerated PanIN formation

Given the role of miR-301a in tissue fibrosis and inflammatory-driven
tumorigenesis, we hypothesized thatmiR-301a deletion inmice would
alleviate the PanIN lesion by reducing myofibroblast accumulation.
To study the role of miR-301a in pancreatic ductal adenocarcinoma
precursor formation, we crossed miR-301a�/� mice with Pdx1-Cre;
KrasG12Dmice. Alcian blue staining revealed a marked decrease of in-
testinalmucin accumulation inmiR-301a�/�;Pdx1-Cre;KrasG12Dmice
compared with Pdx1-Cre;KrasG12Dmice at the age of 9 weeks (Figures
3A and 3B). At 18 weeks old, the pancreata frommiR-301a�/�;Pdx1-
Cre;KrasG12D mice was significantly smaller and had less body weight
than that from Pdx1-Cre;KrasG12D mice (Figures 3C and 3D). Histo-
logical changes of the pancreas were assessed via H&E, Alcian blue,
and Masson stainings. As anticipated, the extent of pancreatic tissue
injury of miR-301a�/�;Pdx1-Cre;KrasG12D mice was significantly
lower than that of Pdx1-Cre;KrasG12D mice (Figures 3E–3G).

Next, we examined the effect of miR-301a deletion on pancreatitis-
accelerated PanIN formation. Seven days after caerulein injection, the
exocrine compartment of Pdx1-Cre;KrasG12D mice had been replaced
by fibrosis and ductal structures. In contrast, miR-301a�/�;Pdx1-Cre;
KrasG12D mice exhibited dramatically less pancreatic injury and
proliferation of pancreatic ductal epithelial cells (Figures 3H–3K).
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Figure 3. miR-301a deletion protects against spontaneous and pancreatitis-accelerated PanIN formation

(A) Alcian blue staining shows a spontaneous PanIN lesion in 9-week-old mice. Scale bars, 200 mm. (B) Alcian blue-positive PanIN lesion size compared with the whole

pancreas. (C) and (D) Representative gross images (C) and weight pancreas (D) isolated from Pdx1-Cre;KrasG12D (n = 8) and miR-301a�/�;Pdx1-Cre;KrasG12D (n = 8)

littermate mice at 18 weeks of age. (E) H&E histological sections of pancreas isolated from Pdx1-Cre;KrasG12D (n = 8) andmiR-301a�/�;Pdx1-Cre;KrasG12D (n = 8) littermate

mice at 18weeks of age. (F) Alcian blue-positive PanIN lesion in total pancreas isolated fromPdx1-Cre;KrasG12D (n = 8) andmiR-301a�/�;Pdx1-Cre;KrasG12D (n = 8) littermate

mice at 18 weeks of age. (G) Masson staining shows a large increase in fibrosis in PanIN lesion in total pancreas isolated from Pdx1-Cre;KrasG12D (n = 8) andmiR-301a�/�;
Pdx1-Cre;KrasG12D (n = 8) littermate mice at 18 weeks of age. Scale bars, 200 mm. (H) H&E histological sections of pancreas from 9-week-old Pdx1-Cre;KrasG12D andmiR-

301a�/�;Pdx1-Cre;KrasG12Dmice 7 days after caerulein treatment. Scale bars, 200 mm. (I) Cell proliferation as determined by Ki67 staining. Scale bars, 50 mm. (J) Alcian blue

staining shows PanIN lesions in 9-week-old mice 7 days after caerulein treatment. Scale bars, 200 mm. (K) Alcian blue-positive PanIN lesion size compared with the whole

pancreas. **p % 0.01 indicates significance of the differences between the indicated groups.
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Furthermore, the expression of a-SMA, desmin, and GFAP was signif-
icantly downregulated in the pancreas from miR-301a�/�;Pdx1-Cre;
KrasG12D mice compared with Pdx1-Cre; KrasG12D mice (Figure S3A).
The expression of IL-6, TNF-a, IL-17A, IL-1a, and IL-1b was signifi-
cantly lower in pancreatic tissues from miR-301a�/�;Pdx1-Cre;
KrasG12D mice compared with Pdx1-Cre;KrasG12D mice (Figure S3B).
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Transcriptional signature analysis of pancreatic tissues from

PanIN mice

To investigate the molecular pathways underlying the effect
of miR-301a deletion in PanIN formation, we performed
RNA sequencing (RNA-seq) using total RNA isolated
from pancreatic tissues of Pdx1-Cre;KrasG12D and miR-301a�/�;



Figure 4. Molecular pathways perturbed by miR-301a deletion in PanIN formation

(A) Volcano plot shows differentially regulated gene expression from RNA-seq analysis in pancreas from 9-week-old Pdx1-Cre;KrasG12D and miR-301a�/�;Pdx1-Cre;
KrasG12D mice 7 days after caerulein treatment (n = 3 per group). (B) RNA-seq revealed a total of 8,843 genes, of which 831 genes were upregulated and 392 were

downregulated. (C) GSEA analysis of the enrichment pathways with normalized enrichment score (NES) and targets. (D–F) Individual GSEA plots for the top three significant

pathways including epithelial mesenchymal transition (D), inflammatory response (E), and Kras signaling (F) gene sets are shown. (G) IPA analysis of canonical signaling

pathways from above gene sets. (H) IPA analysis of upstream factors from the above gene sets.
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Pdx1-Cre;KrasG12D mice 7 days after caerulein treatment.
We identified a total of 1,223 differentially expressed genes
(DEGs), including 831 upregulated DEGs and 392 downregulated
DEGs, in pancreata from Pdx1-Cre;KrasG12D and miR-301a�/�;
Pdx1-Cre;KrasG12D mice (Figures 4A and 4B). Gene set enrichment
analysis (GSEA) identified a significant decrease in three pathways
upon miR-301a deletion—epithelial mesenchymal transition,
inflammatory response, and Kras signaling—which suggest a
critical role for miR-301a in tumor-stroma crosstalk (Figures
4C–4F).

To explore changes in molecular and upstream signaling upon
miR-301a deletion, we used the Ingenuity Pathway Analysis
(IPA) software in conjunction with the gene sets described above.
The IPA results revealed that canonical pathways involved in stel-
late cell activation, inhibition of matrix metalloproteases, and tu-
mor microenvironment pathway were enriched (Figure 4G). As
stellate cells are activated by growth factors, cytokines, transcrip-
tion regulators, and intracellular molecules, we set out to examine
how these activators differed in pancreatic tumorigenesis in miR-
301a�/�;Pdx1-Cre; KrasG12D mice versus Pdx1-Cre;KrasG12D mice.
As shown in Figure 4H, activation Z scores of all growth factors
and cytokines were reduced in miR-301a�/�;Pdx1-Cre;KrasG12D

mice compared with Pdx1-Cre;KrasG12D mice, with TGF-b being
the most significant change in both transcription regulator and
group complex. Taken together, our data support a role of miR-
301a anti-fibrotic response in pancreatic tumorigenesis via the
TGF-b pathway.
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Figure 5. Inhibition of PanIN formation inmiR-301a–/–;Pdx1-Cre;KrasG12Dmice correlateswith elevated Gadd45g expression and reduced PSCs proliferation

(A) Venn diagram of specific genes between predicted miR-301a targets from miRWalk database and DEGs identified by RNA-seq. (B) Real-time PCR validation of 17

significantly upregulated genes from (A). (C) Prediction of major interference sites between miR-301a and the Gadd45g mRNA 30 UTR using TargetScan. (D) Luciferase

activity in 293T cells transfected with the indicated luciferase reporter with either a control plasmid or a precursor miR-301a plasmid. (E) Western blot analysis of Gadd45g

expression in 293T cells with the indicated luciferase reporter with either a control plasmid or a precursor miR-301a plasmid. (F) Western blot analysis of Gadd45g and Tsc1

expression in human PSCs transfected with anti-control (Anti-Ctl) or LNA-anti-miR-301a (Anti-miR-301a) oligonucleotide. (G) Western blot analysis of Gadd45g and Tsc1

expression in human PSCs transfected with anti-control (Anti-Ctl) or LNA-anti-miR-301a (Anti-miR-301a) oligonucleotide. (H) Expression of miR-301a in hPSCs treated with

IL-6 or TGF-b. (I) Expression of miR-301a in mouse embryonic fibroblasts (MEFs), mouse PSCs (mPSCs), or Pan02 cells treated with IL-6 or TGF-b. (J) Cell viability of WT and

miR-301a�/� PSCs treated with TGF-b. (K) Cell viability of miR-301a�/� PSCs transfected with shRNA-control (shCtl) or shRNA-Gadd45g (shGadd45g) and treated with

TGF-b at the indicated time. Values are mean ± SD. **p < 0.01, *p < 0.05 indicate significant difference between the indicated groups. NS, not significant.
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Inhibition of PanIN formation in miR-301a–/–;Pdx1-Cre; KrasG12D

mice correlateswith elevatedGadd45g and Tsc1 expression and

inhibition of PSC proliferation

Our previous work demonstrated that Tsc1 was a direct target of miR-
301a and was involved in pulmonary fibrosis.12 Here, we measured
Tsc1 expression in both chronic pancreatitis and PanINmice models.
In agreement with previous results, Tsc1 was significantly upregu-
lated in miR-301a�/� mice and miR-301a�/�;Pdx1-Cre;KrasG12D

mice treated with caerulein compared with their littermates (Figures
S4A–S4C). Similarly, mTOR activation and the expression levels of
two fibrosis markers, a-SMA and fibronectin, showed remarkably
lower expression levels in fibrotic pancreatic tissues when miR-301a
976 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
was deleted (Figures S4A and S4B). Furthermore, significantly lower
levels of a-SMA and fibronectin were found in miR-301a deleted
mouse PSCs treated with TGF-b (Figure S4D). These results further
confirm a key role of the miR-301a/Tsc1/mTOR signaling pathway
in pancreatitis and pancreatitis-driven tumorigenesis.

To probe the new targets of miR-301a in PanIN lesions, we compared
the list of all upregulated DEGs identified from pancreatic tissues in
Pdx1-Cre;KrasG12D and miR-301a�/�;Pdx1-Cre;KrasG12D mice with
the previously reported 2,596 miR-301a predicted target genes.33

We found an overlap of 78 genes between upregulated DEGs and pre-
dicted miR-301a target genes (Figure 5A). Based on the reads per
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kilobase of exon per million mapped reads (RPKM) value (p < 0.05)
and log2(fold change) > 1, we choose 17 genes which were all signif-
icantly upregulated in pancreatic tissues from miR-301a�/�;Pdx1-
Cre;KrasG12D mice and correlated with poor prognosis in patients
with pancreatic cancer (Figure S5A). Upregulation of these 17 genes
was further verified by quantitative real-time PCR (qPCR) (Fig-
ure 5B). We focused on Gadd45g, given its known function in cellular
growth arrest and DNA damage, and investigated whether Gadd45g
was a direct target gene of miR-301a. miRNA-target prediction anal-
ysis revealed a major binding site for miR-301a within the Gadd45g
RNA 30 UTR (Figure 5C). Results from the luciferase reporter assay
showed that miR-301a was directly bound to Gadd45g mRNA and
that Gadd45g expression was downregulated in 293T cells (Figures
5D and 5E). Next, we evaluated Gadd45g and Tsc1 expression in hu-
man PSCs and cancer cell lines (PANC-1, PACA2, and ASPC1).
Gadd45g expression was significantly upregulated in stellate cells
and cancer cells when miR-301a was inhibited, whereas Tsc1 expres-
sion was not altered (Figures 5F and 5G). In addition, a positive
correlation between Tsc1 and Gadd45g expression was found in
pancreatic cancer patients from The Cancer Genome Atlas (TCGA)
dataset (Figure S6A).

Given the well-established role of PSCs in pancreatic fibrogenesis and
tumorigenesis, we wondered whether Gadd45g upregulation in PSCs
upon miR-301a inhibition led to cell growth arrest. First, we found
miR-301a was induced in both human and mouse PSCs after TGF-
b or IL-6 treatment as well as in mouse embryonic fibroblast and
pancreatic cancer cells (Figures 5H and 5I). Second, we isolated
PSCs from mice and showed that TGF-b induced significant cell
growth in both WT and miR-301a�/� PSCs while it significantly
reduced PSC proliferation in miR-301a�/� PSCs compared with
WT PSCs (Figure 5J). As expected, concomitant knockdown of
Gadd45g inmiR-301a�/� PSCs reversed the reduced cellular prolifer-
ation mediated by miR-301a deletion in PSCs (Figure 5K).

Inhibition of Stat3 activation in PanIN and PSCs correlates with

miR-301a and Gadd45g

To better understand how miR-301a deletion leads to inhibition of
Stat3 activation in PanIN and PSCs, we first measured the levels of
Stat3 activation. Consistent with previous reports, significantly less
Stat3 activation was found in miR-301a�/�;Pdx1-Cre;KrasG12D

pancreatic lesion tissues compared with Pdx1-Cre;KrasG12D pancre-
atic tissues (Figure 6A), with such activation beingmarkedly inhibited
mainly in ductal and stroma cells (Figure 6B). A marked increase of
Gadd45g expression in pancreatic stroma cells was observed in
miR-301a�/�;Pdx1-Cre;KrasG12D mice (Figure 6C). Our previous
study showed that miR-301a regulates Stat3 activation in different
types of cells.26 Therefore, we further examined Stat3 activation and
Gadd45g expression in a human pancreatic stellate cell line (hPSCs)
with miR-301a inhibition. As expected, Stat3 was constitutively acti-
vated in hPSCs treated with IL-6 or TGF-b; however, significantly less
Stat3 activation was found in hPSCs in conditions of miR-301a inhi-
bition. Accordingly, Gadd45g was highly expressed in miR-301a
knockdown hPSCs (Figures 6D and 6E).
As Gadd45g-induced senescence in hepatocellular carcinoma cells
depends on the activation of Stat3,27 we sought to determine
whether an increase of Gadd45g reduced cell proliferation by repres-
sing Stat3 activity. Stat3 activation was significantly reduced when
anti-miR-301a was introduced into hPSCs, whereas concomitant
Gadd45g knockdown reversed the Stat3 activation (Figure 6F). It
has been reported that the supernatant of PSCs can stimulate tumor
cell proliferation. Therefore, we explored whether miR-301a deletion
in PSCs can reduce Stat3 activation in pancreatic cancer cells. Pan02,
a murine pancreatic cancer cell line, was treated with the superna-
tant of PSCs isolated from WT and miR-301a�/� mice. We found
that Stat3 activation was significantly reduced in Pan02 cells treated
with supernatant from miR-301a�/� PSCs compared with cells
treated with supernatant from WT cells (Figure 6G). Similar results
were observed in the human pancreatic cancer cell PANC-1 when
treated with the supernatant from hPSCs transfected with anti-Ctl
or anti-miR-301a (Figure 6H). Furthermore, based on TCGA data,
a negative correlation between Gadd45g and Stat3 expression was
found in pancreatic cancer patients (r = �0.197, p = 0.00831; Fig-
ure 6I). Although Gadd45g appears to be downregulated in many
cancers, we found no significant differences in Gadd45g expression
in pancreatic cancer tissues versus normal tissues (Figure 6J). How-
ever, significant correlations between Gadd45g expression and pa-
tient survival were from TCGA data analysis, further suggesting its
key role in hPSCs or other stroma cells during pancreatic tumori-
genesis (Figure 6K). Collectively, these data indicate that miR-
301a/Gadd45g might have a general impact on PSC fate in pancre-
atic tumorigenesis, and provide compelling evidence that elevated
Gadd45g expression contributes to attenuated tumorigenesis by
modulating tumor-PSC crosstalk.

DISCUSSION
Pancreatitis is a high-risk factor for pancreatic cancer. A large cohort
study reported that 14.8% patients with pancreatic cancer had a
prior diagnoses of pancreatitis.34 However, the relationship between
pancreatitis and pancreatic cancer has not been completely eluci-
dated. In the present study, we reveal a role for a pro-inflammatory
miRNA, miR-301a, in pancreatitis and pancreatitis-associated
PanIN, which are conditions known to accelerate the development
of pancreatic ductal adenocarcinoma. miR-301a is also known to
be activated by multiple inflammatory factors in both acute pancre-
atitis and chronic pancreatitis. The major findings of this study are
that miR-301a regulates the activation of PSCs and that miR-301a
deletion reduces pancreatic fibrosis induced by caerulein in mouse
models. In mice with acute pancreatitis, deletion of miR-301a was
not protective; however, in contrast, deletion of miR-301a signifi-
cantly reduced fibrosis in chronic pancreatitis, suggesting a function
of miR-301a in repetitive and persistent inflammation rather than in
acute tissue inflammatory injury. Moreover, deletion of miR-301a
reduced the characteristic features of fibrosis in spontaneous and
pancreatitis-accelerated PanIN formation in Pdx1-Cre;KrasG12D

mice. We also demonstrate that the protective role of miR-301a dele-
tion in chronic pancreatitis and PanIN is dependent on two down-
stream axes: Tsc1/mTOR and Gadd45g/Stat3. Of note, aberrant
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Figure 6. Inhibition of Stat3 activation in PanIN and PSCs correlates with miR-301a and Gadd45g

(A) Western blot shows the expression of p-Stat3, Stat3, and Gadd45g in pancreatic tissues from 9-week-old Pdx1-Cre;KrasG12D (n = 4) and miR-301a�/�;Pdx1-Cre;
KrasG12D (n = 4) mice 7 days after caerulein treatment. (B and C) Immunohistochemical staining of phosphor Stat3 (B) and Gadd45g (C) in pancreatic tissues from Pdx1-

Cre;KrasG12D (n = 8) and miR-301a�/�;Pdx1-Cre;KrasG12D (n = 8) littermate mice 7 days after caerulein treatment. Scale bars, 100 mm. (D and E) Human PSCs were

transfected with anti-Ctl and anti-miR-301a and then were treated with IL-6 (D) or TGF-b (E). The expression of p-Stat3, total Stat3, and Gadd45gweremeasured by western

blot. (F) Human PSCs were transfected with the indicated shRNA, including anti-Ctl or anti-miR-301a with or without shRNA-Gadd45g. The expression of p-Stat3 and

Gadd45g were measured by western blot. (G) Pan02 cells were treated with conditional medium collected from WT and miR-301a�/� PSCs. The activation of Stat3 was

evaluated by western blot. (H) PANC-1 cells were treated with conditional medium collected from human PSCs transfected with anti-Ctl or anti-miR-301a oligonucleotide.

The activation of Stat3 was evaluated by western blot. (I) Correlation analyses between Gadd45g and Stat3 in pancreatic cancer patients in TCGA database. (J) Gadd45g

expression in human pancreatic cancer samples compared with normal samples in TCGA database. (K) Kaplan-Meier analysis (log-rank test) of overall survival of human

pancreatic cancer samples from Kaplan-Meier plotter database based on the expression of Gadd45g. **p < 0.01, *p < 0.05 indicate significant difference between normal

tissue and tumor tissue.
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regulation of Gadd45g/Stat3 was only found to accelerate PanIN for-
mation but not chronic pancreatitis in mice ablated of miR-301a.
These studies infer the complexity of miR-301a regulation in pancre-
atic stromal cells in PanIN in conditions where oncogenic Kras al-
leles are expressed in pancreatic epithelial cells, and suggest that
miR-301a could be a therapeutic target for preventing pathological
tissue fibrosis.

miR-301a is highly upregulated in fibrotic lung and liver,35–37 which
highlights the potential diagnostic and therapeutic implications of
this miRNA in regulating fibrogenic mediators such as TGF-b and
IL-6. Previously, we reported that miR-301a was upregulated in
fibrotic lung tissues from mice and idiopathic pulmonary fibrosis.12
978 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Expression of miR-130a/301a in serum has been proposed as a
distinct biomarker in chronic pancreatitis patients.38 In our study,
we found that miR-301a was significantly upregulated in pancreatic
lesions during conditions of short and persistent inflammation in
mice. In addition, we found a significant positive correlation between
miR-301a expression and the expression of TGF-b and IL-6 in serum
from patients with chronic pancreatitis. Specifically, miR-301a was
induced in PanIN progression and in early PDAC mice and patients,
and marked fibrosis and myofibroblasts were found to be accumu-
lated in stromal focus lesions. Overall, these data suggest that serum
miR-301a, in combination with examination of TGF-b and IL-6,
might be a fibrosis marker for fibrosis in patients with chronic pancre-
atitis and early pancreatic cancer.
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Next, we demonstrated the potential therapeutic role of miR-301a in
pancreatic fibrosis and Kras-driven intra-neoplasia fibrosis. Given the
robust effect of miR-301a in activating NF-kB and Stat3 in the tumor
microenvironment, we expected that deletion of miR-301a would lead
to a reduction of expression of inflammatory cytokines in caerulein-
induced chronic pancreatitis in mice. However, Stat3 activation was
more pronounced in chronic pancreatic tissues when miR-301a was
deleted, and alteration of expression levels of inflammatory cytokines
was not observed. These data suggest that miR-301a/Stat3 axis might
be necessary for progression of chronic pancreatitis and might hold
potential in the treatment of pancreatic cancer. Our previous study
reported that deletion of miR-301a protected mice from bleomycin-
induced lung fibrosis by reducing mTOR activation in a Tsc1-depen-
dent manner. We found a similar effect for the miR-301a/Tsc1/
mTOR axis in caerulein-induced pancreatic fibrosis, further confirm-
ing the key role of this axis signaling in pancreatic tissue fibrosis.
Although Tsc1 expression was upregulated uponmiR-301a inhibition
in fibroblasts, there was no significant difference in Tsc1 expression
either in PSCs or in pancreatic cancer cell lines when miR-301a was
inhibited. Thus, we speculate that other miR-301a targets are involved
in the regulation of PSCs and initiation of pancreatic cancer.

To dissect the mechanism of miR-301a action, we reasoned that the
reduced fibrosis in chronic pancreatitis and PanIN in miR-301a-defi-
cient mice is a result of impaired activation of PSCs. Our data show
that miR-301a affects the proliferation of PSCs treated with TGF-b
and that the number of PSCs in pancreatic tissue was significantly
reduced in miR-301a-deficient mice. Next, we identified Gadd45g
as a novel target gene of miR-301a in both PSCs and pancreatic cancer
cell lines. Our results show a significant upregulation of Gadd45g in
miR-301a-knockdown PSCs and miR-301a-deficient PanIN tissues.
Moreover, increased Gadd45g expression led to inhibition of Stat3
activation in PSCs. It will therefore be interesting to examine whether
Gadd45g is essential for PanIN initiation and pancreatic cancer for-
mation. Notably, Stat3 activation was markedly downregulated in
pancreatic cancer cells treated with the supernatant from PSCs in
conditions of miR-301a inhibition. The role of stroma fibroblasts in
pancreatic cancer is controversial, as these cells have been shown to
either inhibit tumor progression or increase undifferentiation of
pancreatic tumors. Blocking the communication between PSCs and
pancreatic cancer cells by miR-301a depletion might lead to more
effective therapies targeting the stroma.

In summary, the present findings further confirm the role ofmiR-301a/
Tsc1 in tissue fibrosis. Our results describe key molecular signaling
pathways, miR-301a/Gadd45g, which facilitate the direct interplay be-
tween PSCs and tumor cells. These findings might lead to the develop-
ment of feasible therapeutic strategies in pancreatic cancer.

MATERIALS AND METHODS
Mice, cell lines, and patients

The generation of miR-301a�/� mice in the C57BL/6 � 129S hybrid
background has been described previously.26 Pdx1-Cre;KrasG12Dmice
were purchased from the Jackson Laboratory and bred with miR-
301a�/� mice to obtain miR-301a�/�; Pdx1-Cre;KrasG12D mice. For
acute pancreatitis, mice received an 8-hourly intraperitoneal (i.p.) in-
jection of caerulein (50 mg/kg, Sigma) for 1 day. To induce chronic
pancreatitis, mice were administered 6-hourly i.p. injections per
day, 3 days per week, for a total of 3 weeks. All mice were kept under
pathogen-free conditions, and all experiments were performed under
protocols approved by the Institutional Animal Care and Use Com-
mittee of Zhongshan City People’s Hospital and The South China
Normal University, China. Tissue samples included in this study
were obtained from patients from the Cancer Research Institute of
Zhongshan City, Zhongshan City People’s Hospital, China. The study
protocol was approved by the Clinical Research Ethics Committee of
the Zhongshan City People’s Hospital, China. Written informed con-
sent was obtained from all participants before the start of the study.
hPSCs were purchased from Sciencell, and pancreatic cancer cell lines
were purchased from Shanghai Cell Bank of the Chinese Academy of
Sciences. Mouse PSCs were isolated from pancreas of WT and miR-
301a�/� mice as previously described.39 All cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin.

Cell transfection and proliferation assay

Cells were transfected with LNA-anti-Control or LNA-anti-miR-
301a by using Lipofectamine RNAiMAX reagent (Thermo Fisher Sci-
entific). For knockdown of Gadd45g in cells, short hairpin RNA
(shRNA)-Gadd45g (GAA AGC GCT GCA TGA GTT GCT) and
nonsense sequence (shRNA-control, GGT GTG CAG TTG GAA
TGT A) were synthesized and ligated into miRZip Lentivector-based
anti-miRNA vector (System Biosciences). HEK-293T cells were
seeded in a 6-well plate and transfected with packing plasmids and
the shRNA constructs. Cells were cultured at 37�C for 48 h before
harvesting. Target cells were infected with the lentivirus in the pres-
ence of 8 mg/mL of polybrene; medium was changed 6 h post infec-
tion. For the proliferation assay, cells were seeded in 96-well plates
and treated with TGF-b at the indicated times. Cell proliferation
was determined using the Cell Counting Kit-8 (Dojindo Molecular
Technologies) following the manufacturer’s protocol.

RNA sequencing and data processing

Total RNA was harvested using TRIzol reagent. Poly(A) RNAs were
purified by using the Dynabeads mRNA purification kit, and poly(A)
RNAs were fragmented at 94�C for 5 min before reverse transcription
to cDNA with random primers. cDNA fragments were blunted and
ligated to sequencing adapters. mRNA profiles were generated by
deep sequencing using the Novaseq 6000 sequencing platform by No-
vogene China. Reads were mapped to the human reference genome
(GRCh38) using STAR software (version 2.5.1), and the annotation
from GENCODE version vM21 was employed. Differential gene
expression was performed using DESeq2.40

DEG identification and bioinformatic analysis

The relative transcript abundance was measured in RPKM. DEGs were
identified using an unpaired Student’s t test with p value cutoff of 0.05
and fold change more than 2.0 (upregulation) or less than 0.5
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(downregulation). GSEA was conducted using the software GSEA
version 4.1.0. IPA software was used to identify enriched molecular
pathways and upstream regulators. We considered both direct and in-
direct relationships that were experimentally observed and predicted in
mouse species and used the “stringent” setting to filter molecules and
relationships in tissues and cell lines. For canonical pathways, the
�log(p value) was derived from the right-tailed Fisher’s exact test.
Transcription factors and cytokines were extracted from upstream
regulator analysis. This analysis identifies causal molecules associated
with differential expression using both the significance and direction
of differential expression to specify causal predictions. The Z scores
and p values based on overlap between predicted and observed regu-
lator-regulated genes (Fisher’s exact test) were calculated.41

miR-301a predicted target analysis

We used a comprehensive microRNA-target predicting database,
miRWalk, which integrates six bioinformatics tools (Targetscan6.2,
miRWalk 2.0, miRDB4.0, miRanda-rel2010, RNA22v2, and PITA)
to predict the potential targets of miR-301a. The TargetScan online
database was used to predict the major interference sites between
miR-301a and the Gadd45g mRNA 30 UTR.

Quantitative real-time PCR

To validate gene expression findings, we dissected pancreas tissues
from mice, extracted total RNA using TRIzol (Invitrogen), and car-
ried out reverse transcription using the iScript Reverse Transcription
Supermix kit (Bio-Rad). The qPCR reaction contained 15 mL of SYBR
Green mixture, 0.5 mL of forward primer, 0.5 mL of reverse primer,
5 mL of cDNA template, and 9 mL of H2O. The SYBR Green mixture
was optimized according to the amount of DNA polymerase, dNTP,
reaction buffer, and dyes. The two-step method (95�C and 60�C) was
used for thermocycling. qPCR was performed using the CFX96 real-
time PCR detection system (Bio-Rad). qPCR primers are shown in
Table S1. Each sample was analyzed in duplicate using b-actin as
reference. qPCR for miR-301a detection was performed using the
TaqMan assay (Thermo Fisher Scientific).

Luciferase reporter assay

The 30 UTR sequence of Gadd45g was amplified and subcloned into
the psiCHECK-2 dual luciferase reporter vector. HEK293T cells were
then transfected with the psiCHEKC-2 plasmid containing pre-miR-
301a or miR-control. After 48 h in culture, cells were lysed and the
activities of firefly and Renilla luciferase were determined using a
dual luciferase reporter assay system (GeneCopoeia).

Western blotting analysis

For western blotting analyses, pancreatic tissues or cell lines were
lysed with RIPA buffer (Cell Signaling Technology) supplemented
with protease inhibitor (Thermo Fisher Scientific). Proteins were
then subjected to SDS-PAGE, transferred to polyvinylidene fluoride
membranes, blocked with 5% nonfat dry milk for 1 h, and incubated
with the primary antibodies at 4�C overnight. The primary antibodies
used were Tsc1 (BA2879, BOSTER), phospho-mTOR-S2448 (381557,
ZENBIO), Fibronectin (ab2413, Abcam), a-SMA (ab5694, Abcam),
980 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Gadd45g (A10286, Abclonal), Stat3 (9139, CST), p-Stat3-Tyr705
(9145, CST), b-actin (AC026, Abclonal). Following washes with
TBST buffer, membranes were incubated with a horseradish peroxi-
dase-conjugated anti-rabbit or anti-mouse secondary antibody for
1 h at room temperature. Protein immunoreactivity was visualized
using the SuperSignal West Pico Chemiluminescent kit (Thermo
Fisher Scientific). Pictures were scanned by automatic chemilumines-
cence imaging using the analysis system Tanon5200, and were ac-
quired using PVCAM software (Tanon, China). All experiments
were performed in triplicate.

Immunohistochemistry

Pancreatic tissues were fixed in 10% formalin solution, embedded in
paraffin, and sectioned in 3-mm slices. Sections were stained with
H&E and Masson’s trichrome to detect the interstitial volume expan-
sion. Antigen retrieval was performed in sodium citrate buffer at
96�C. Sections were washed with PBS three times, and endogenous
peroxidase activity was blocked by incubating sections in a solution
of 3% H2O2 for 5 min. Sections were then blocked with 10% normal
goat serum. The primary antibodies used were a-SMA (ab5694, Ab-
cam), Desmin (A3736, Abclonal), GFAP (A19058, Abclonal), KRT19
(A19040, Abclonal), Gadd45g (A10286, Abclonal), and Tsc1
(BA2879, BOSTER). Incubation with the primary antibody was per-
formed at 4�C overnight. Tissue sections were developed using the
Ultra Vision Detection System (Thermo Fisher Scientific).

ELISA

For determination of IL-6 and TGF-b secretion ex vivo, serum from
clinical patients was collected. IL-6 and TGF-b concentrations were
measured using ELISA kits (eBioscience) according to the manufac-
turer’s protocol.

Data availability and correlation analysis

TCGARNA-seq data for pancreatic cancer patients were downloaded
and analyzed on starbase.sysu.edu.cn.42 Survival plots of human
pancreatic patients for 17 selected genes were evaluated on
kmplot.com.43

Statistical analysis

Data are expressed as means ± SD. At least three independent exper-
iments were performed. Results were subjected to statistical analysis
using Student’s t test for two-group comparisons or one-way
ANOVA for multiple-group comparisons. Statistical significance
was set at p < 0.05 or p < 0.01.
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