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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) has unique microenvironment with extensive infiltration of 
fibroblasts, which are mainly derived from the resident pancreatic stellate cells (PaSCs). As activated 
PaSCs constitute a major contributor to pancreatic cancer progression, the mechanisms underlying their 
activation have been being intensively studied. Previous studies showed that Sequestosome-1 (sqstm1) 
can modulate the functional status of fibroblasts in cancer. Here, we further delineated the role of sqstm1 
in PaSCs. The analysis of PDAC patient samples revealed reduction of sqstm1 expression in activated 
PaSCs in both mRNA and protein level. Downregulated sqstm1 via shRNA in PaSCs led to an 
inflammatory and senescent phenotype with increased IL8, CXCL1, and CXCL2 expression. Further 
analysis demonstrated that increased intracellular reactive oxygen species level contributed to the 
senescence in sqstm1-downregulated PaSCs. This was mediated via impaired NRF2 activity since reduced 
sqstm1 resulted in accumulation of KEAP1. Meanwhile, we found that sqstm1 degradation caused by 
enhanced autophagy was not associated with transformation of senescent phenotype. At last, the data 
revealed that sqstm1-downregulated PaSCs promoted pancreatic tumor cell growth, invasion, and 
macrophage phenotype transformation. Collectively, the current study indicated that sqstm1 controlled 
transformation of senescent phenotype of PaSCs, which in turn is pro-tumorigenic. 
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Introduction 
Pancreatic ductal adenocarcinoma (PDAC) is a 

lethal malignancy, projected to be the second leading 
cause of cancer-related death in western countries [1]. 
Treatment options are scarce for patients with 
advanced stage disease, and largely rely on modestly 
effective chemotherapies like gemcitabine alone or in 

combination with nab-paclitaxel, and FOLFIRINOX 
regimen [2, 3]. A large number of trials with testing of 
targeted therapies have been disappointing in PDAC 
[4]. This is probably rooted from the genomic and 
molecular heterogeneity, and complicated tumor 
microenvironment as well. 
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PDAC is characterized by a unique desmoplastic 
stroma consisting of activated fibroblasts, abundant 
extracellular matrix, and scarce blood vessels [5]. 
Pancreatic stellate cells (PaSCs) are a type of 
myofibroblast-like cell locating in the exocrine region 
of normal pancreas, and transformed from quiescent 
state to activated phenotype upon external stimuli 
during tumorigenesis. Mounting evidence indicated 
that activated PaSCs exerted pro-tumor effect through 
direct interaction with tumor cells, regulating angio-
genesis and other constituents within microenviron-
ment. However, recent studies uncovered an 
opposing outcome as shown by accelerated tumor 
progression when PaSCs were ablated in genetic 
engineering mouse models [6-8]. These paradoxical 
findings indicated a complex role and heterogeneity 
of PaSCs in pancreatic cancer, and further understan-
ding of molecular mechanisms underlying PaSCs 
phenotype regulation are needed [9]. Indeed, several 
studies have indicated that subsets of PaSCs or 
cancer-associated fibroblasts (CAFs) existed with 
distinct function in tumor microenvironment [10-12]. 
This emphasized the importance of delineating 
molecular mechanisms regulating the specific PaSCs 
phenotypes. 

PaSCs activation in PDAC is associated with 
complex cytokine released within microenvironment 
and tumor-stroma interaction [13]. Hedgehog 
signaling pathway has been viewed as a major 
contributor for PaSCs activation, wherein sonic 
hedgehog secreted from tumor cells as a ligand 
interacts with specific receptors on PaSCs [14, 15]. In 
addition, other growth factors and cytokines like 
TGF-β, PDGF and interleukin-6 cooperatively recruit 
and drive CAFs differentiation and proliferation. 
However, the intrinsic mechanisms of PaSCs activa-
tion are not fully appreciated [16, 17]. Sequestosome-1 
(sqstm1) has been recognized as an autophagic 
substrate and signaling adaptor that regulates many 
biological functions [18, 19]. Studies have shown that 
CAFs had reduced sqstm1 expression in several types 
of cancer like prostate cancer and hepatocellular 
carcinoma (HCC), and downregulated sqstm1 in 
CAFs can promote cancer progression [20]. As 
pancreatic adenocarcinoma has a unique stromal 
feature compared with other cancer, it is attracting to 
determine whether sqstm1 also modulates pancreatic 
CAFs phenotype and function. 

In the present study, we found that sqstm1 
expression was remarkably lower in stromal cells than 
tumor cells, and the activation status of PaSCs 
correlated with sqstm1 level. Knockdown of sqstm1 
led to pro-inflammatory and senescent phenotype of 
PaSCs through upregulation of ROS level. This 
phenotype in turn promoted pancreatic cancer 

progression.  

Materials and Methods 
Cell lines and culture condition 

PaSCs line was purchased (ScienCell Research 
Laboratories, Carlsbad, CA) and cultured using 
Stellate Cell Medium. Pancreatic cancer cell lines 
Panc-1 and SW1990 was obtained from ATCC. 
Primary CAFs lines were generated from two resected 
PDAC fresh tissues, and their phenotype was 
confirmed by typical spindle-shape and immuno-
staining of α-SMA, vimentin, cytokeratin-19, and 
CD45. The primary CAFs used for experiment are 
within ten passages. 

Lentiviral vector production and infection of 
cells 

 Small-hairpin RNA (shRNA) vector targeting 
human sqstm1 was purchased (Sigma-Aldrich), and 
the knockdown efficiency was validated by qPCR. 
Then the vector was packaged into lentivirus for 
further experiment. PaSCs were infected with 
lentiviral vector using appropriate multiplicity of 
infection (MOI), which was followed by selection with 
puromycin. The shRNA sequences targeting sqstm1 
were: shRNA 1, TAGTACAACTGCTAGTTATTT; 
shRNA 2, CCCTTTGTCTTGTAGTTGCAT. 

Small interference RNA (siRNA) transfection 
 SiRNA targeting human NRF2 was transfected 

into PaSCs with lipofectamine RNAiMAX (Thermo 
Fisher). The downstream analysis was performed 
after two days of transfection. The sequence used for 
siRNA is as follows: TTAAGACACTGTAACTCAGG 
AA.  

In vivo xenograft experiment 
Six-week-old female nude BALB/c mice 

(Shanghai SLAC Laboratory Animal Co., Ltd) were 
housed under pathogen-free conditions. 5 × 105 
Panc-1 cells with equal number of PaSCs carrying NC 
or sqstm1-shRNA vector were injected subcutan-
eously (n = 5 per group). Tumor growth were 
monitored by measurement of size every three days. 
Mice were euthanized after three weeks, and tumor 
specimens were collected for further analysis. All 
animal experiments were approved by the Second 
Affiliated Hospital of Zhejiang University Animal 
Care and Use Committee and were performed in 
accordance with their established guidelines. 

Immunohistochemistry and 
Immunofluorescence 

Human or mouse tumors were fixed in 10% 
neutral-buffered formalin, embedded in paraffin, 
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sectioned, stained with haematoxylin and eosin, and 
processed for immunostaining. Paraffin-embedded 
tissue sections were subjected to de-paraffinization 
and rehydration, and then were immersed in a 
pre-heated antigen retrieval water bath with a pH 6.1 
citrate buffer for 20 min at 95–96°C. Tissue microarray 
of pancreatic cancer was purchased from Shanghai 
Outdo Biotech (Shanghai, China). For immunofluor-
escence, tissue sections were blocked with 1% goat 
serum or 3% BSA for 30min. Then slides were stained 
with primary antibodies overnight at 4°C followed by 
secondary antibodies staining. After washing, 
sections were covered with Vectashield Mounting 
Medium containing DAPI (Vector Laboratories, 
Burlingame, California, USA). 

Real-time PCR analysis 
 Total RNA was extracted using TRIzol reagent. 

RNA was reverse transcribed using Superscript 
cDNA synthesis kit (Applied Biosystems). Then 
quantitative real-time PCR was performed with STBR 
Green RT-PCR kit (Bio-Rad Laboratories) on Quant-
Studio PCR system (Applied Biosystems). The relative 
expression of target genes was measured in 
triplicates, and calculated by comparative CT method 
(2Ct(internal control – gene of interest)). The primers used were as 
follows: SQSTM1 F: GCCAGAGGAACAGATGGA 
GT, SQSTM1 R: TCCGATTCTG GCATCTGTAG; 
α-SMA F: ACTGAGCGTGGCTATTCCTCCGTT, R: 
GCAGTGGCCATCTCATTTTCA; NRF2 F: GCGACG 
GAAAGAGTATGAGC, NRF2 R: ACGTAGCCGAAG 
AAACCTCA; NQO1 F: GCCGAGTCTGTTCTGGCT 
TA, NQO1 R: CTGCCTTCTTACTCCGGAAGG; HO-1 
F: TTCAAGCAGCTCTACCGCTC, HO-1 R: GGGGG 
CAGAATCTTGCACTT; GCLC F: TCCAGGTGACAT 
TCCAAGCC GCLC R: AGATGCAGCACTCAAAG 
CCA; β-actin F: CTGGGTATGGAATCCTGTGG, R: 
GTACTTGCGCTCAGGAGGAG; GAPDH F: GCCAA 
GGTCATCCATGACAACT, R: GAGGGGCCATCCA 
CAGTCT.  

Immunoblotting 
 Cells were lysed in ice-cold RIPA buffer 

supplemented with proteinase inhibitor. Protein 
concentration of cell lysates was quantified using BCA 
method. 50ug protein was loaded on 10% Bis-Tris gel 
and separated by SDS-PAGE. Then it was transferred 
onto PVDF membranes. The following antibodies 
were used for immunoblotting: anti-GAPDH (CST; 
#5174), anti-Sqstm1 (Abcam; ab155686), anti-α-SMA 
(Abcam; ab124964), anti-Keap1 (CST; #8047), 
anti-Nrf2 (CST; #12721), anti-Fibronectin (Abcam; 
ab32419), anti-LC3 (CST; #4108).  

ROS measurement 
 ROS in cultured cells was measured by 

incubating 2 × 105 PaSCs with 5uM CM-H2DCFDA 
(Life technologies) for 30 min at 37°C. The 
fluorescence was detected via flow cytometry and 
analyzed by FlowJo software (Tree Star). 

Fluorescence activated cell sorting (FACS) 
 For fresh primary pancreatic tumor tissue, 

single cell suspension was made by mechanical and 
enzymatic dissociation. Cells were blocked with Fc 
blocking reagent (BD Bioscience). After labeling of 
Live/Dead dye, cells were stained with EpCAM-PE 
(Biolegend) and FAP-APC (R&D) on ice for 30 min for 
sorting (BD Aria II). The gating was based on the 
isotype staining. 

β-galactosidase staining 
 Cell senescence was evaluated by β-galacto-

sidase staining (CST) following manufacturer’s 
instructions. Briefly, 1 × 105 PaSCs were seeded onto 
4-well slide chamber and fixed by 4% paraformalde-
hyde the next day. Cells were stained with 
β-galactosidase solution and incubated overnight in a 
dry incubator without carbon dioxide. The senescent 
cells with blue color were counted under microscope 
the next day.  

Statistical analysis 
Data were presented as means ± s.d. Unpaired 

student t test was used for comparison of continuous 
parameters. All statistical calculations were 
performed using Prism 7.0 (Graphpad, La Jolla, CA). 
Two-sized p value less than 0.05 was considered as 
significant. 

Results 
Distinct sqstm1 expression status in tumor 
and stromal compartment of PDAC 

Sqstm1 expression in PDAC was firstly 
determined. The immunohistochemistry for tissue 
microarray consisting of fifty pancreatic cancer tissues 
revealed that sqstm1 was predominantly present in 
tumor cells rather than stroma in most patients 
(Figure 1A). Both nuclear and cytoplasmic staining for 
sqstm1 were observed in stromal and tumor cells. The 
immunofluorescence in two cases confirmed 
markedly lower abundance of sqstm1 in α-SMA 
positive stroma in contrast to tumor compartment 
(Figure 1B). Then we examined the LC3 expression in 
tumor tissues as sqstm1 protein abundance is tightly 
controlled by cell autophagic level. The result showed 
LC3+ puncta within stromal cells in over half of the 
cases (29/50) (Figure 1A). This indicated that active 
autophagy might contribute to the low sqstm1 protein 
abundance in a portion of patients. 
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Figure 1. Sqstm1 expression was downregulated in cancer-associated fibroblasts (CAFs) of pancreatic cancer. (A) Representative images of immunohistochemistry 
(IHC) staining for sqstm1 and LC3 in pancreatic cancer tissues. The table shows expression patterns of sqstm1 in tumor and stromal compartment based on IHC 
staining. Scale bars represent 50 μm. (B) Representative images of double immunofluorescence staining for sqstm1 and α-SMA in pancreatic cancer tissues. Scale bars 
represent 50 μm. (C) Fluorescence activated cell sorting (FACS) for EpCAM+ and FAP+ cells and qPCR examining sqstm1 mRNA level for sorted cells. * p < 0.05. (D) 
Examination of sqstm1 mRNA expression by qPCR for pancreatic cell line and cultured primary CAFs line using β-actin and GAPDH as internal control, respectively. 
(E) Western blot analysis for sqstm1 for pancreatic cell line and cultured primary CAFs line. (F) Representative image of immunofluorescence staining for α-SMA in 
one cultured CAFs line was showed. Scale bars represent 20 μm. (G) qPCR for sqstm1 in pancreatic stellate cells (PaSCs) following retinoid acid treatment. (H) 
Western blot analysis for α-SMA in PaSCs following retinoid acid treatment. ** p < 0.01, **** p < 0.0001. 

 
To determine whether sqstm1 was transcription-

ally reduced in CAFs, we sorted EpCAM+ tumor cells 
and FAP+ CAFs from three fresh pancreatic cancer 

tissues. The qPCR result confirmed that sqstm1 
mRNA was remarkably lower in CAFs than epithelial 
tumor cells (Figure 1C). In addition, primary CAFs 
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lines were successfully established from two resected 
pancreatic cancer specimens. Compared with PDAC 
cell line Panc-1 and Miapaca2, the primary CAFs 
exhibited decreased sqstm1 mRNA expression 
(Figure 1D). The lower sqstm1 expression was also 
confirmed by western blot (Figure 1E). The phenotype 
of primary CAFs was corroborated by positive α-SMA 
staining (Figure 1F). Of note, an in vitro cultured 
PaSCs line also had relatively lower sqstm1 mRNA 
level (Figure 1E-F). It has been shown that retinoid 
acid can induce reversion of activated fibroblasts to 
quiescent phenotype [21-23]. Thus we analyzed the 
change of sqstm1 expression under quiescence 
induction. Our data confirmed that treatment with RA 
for 7 days led to reduction of α-SMA expression 
(Figure 1G-H). In parallel, sqstm1 mRNA expression 
was significantly increased (Figure 1G). Taken 
together, these data indicated that sqstm1 was 
downregulated in activated PaSCs.  

Sqstm1 modulated pro-inflammatory 
response in PaSCs 

We next explored the molecular consequence of 
downregulated sqstm1 on PaSCs. Two different 
shRNA targeting sqstm1 was transfected into PaSCs 
line, and the downregulation of sqstm1 was validated 
by western blot (Figure 2A). The microarray data 
revealed over 400 differentially expressed genes 
between PaSCs with transfection of either negative 
control (sqstm1-NC PaSCs) or sqstm1 shRNA vector 
(sqstm1-shRNA PaSCs). Among the selected genes 
with over 2-fold change, expression for several 
inflammatory factors was significantly elevated in 

shRNA-treated cells (Figure 2B). qPCR analysis 
corroborated the upregulation of these genes 
including IL-8, CXCL1, CXCL2, CCL2, and CCL20 
(Figure 2C). This transcriptional change suggested an 
inflammatory and senescent phenotype of PaSCs. 
Flow cytometry analysis showed that FAP expression 
was increased in sqstm1 shRNA-transfected PaSCs 
(Figure 2D). Consistently, β-galactosidase staining 
demonstrated that downregulation of sqstm1 in 
PaSCs led to enhanced senescence (Figure 2E). 

Enhanced autophagy did not contribute to the 
pro-inflammatory and senescent phenotype of 
PaSCs 

 Sqstm1 abundance is tightly controlled by 
autophagic degradation, and thus we determined 
whether autophagy also modulates inflammatory 
phenotype transformation in PaSCs. Autophagy was 
induced by starvation or rapamycin treatment, and 
western blot confirmed increased LC3II to LC3I ratio 
and sqstm1 downregulation in both conditions 
(Figure 3A). The induction of autophagy facilitated 
activation of PaSCs as shown by upregulated α-SMA 
and fibronectin expression (Figure 3A). Nevertheless, 
there was no change in IL-8, CXCL1, CXCL2 
expression after induction of autophagy (Figure 3B). 
Furthermore, comparable senescence level was 
observed for PaSCs following starvation or rapamycin 
treatment (Figure 3C). This suggested that autophagy 
did not fully recapitulate the functional effects of 
transcriptional downregulation of sqstm1 in PaSCs. 

 

 
Figure 2. Sqstm1 downregulation induces inflammatory and senescent phenotype of PaSCs. (A) Validation of sqstm1 downregulation following shRNA transfection 
by western blot in PaSCs. (B) Gene microarray for comparison of transcriptome between negative control and shRNA-transfected PaSCs. (C) Validation of 
expression change for IL8, CXCL1, and CXCL2 by qPCR. (D) Flow cytometry analysis for FAP expression in negative control and shRNA-transfected PaSCs. (E) 
β-galactosidase staining for senescence analysis. ** p < 0.01, *** p < 0.001. 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

1025 

 
Figure 3. Autophagy induces PaSCs activation but not senescence. (A) Western blot analysis for markers of autophagy and fibroblasts activation in PaSCs upon 
autophagy induction. (B) qPCR analysis for IL8, CXCL1, and CXCL2 in PaSCs upon autophagy induction. (C) β-galactosidase staining for PaSCs upon starvation or 
rapamycin treatment. Scale bar represents 20 μc. 

 
Enhanced ROS production mediated the 
inflammatory phenotype transformation upon 
sqstm1 reduction 

The mechanisms for regulation of inflammatory 
phenotype by sqstm1 was then investigated. We 
analyzed the reactive oxygen species (ROS) level in 
PaSCs as signaling adaptor sqstm1 has crucial 
function in modulating ROS production. As expected, 
PaSCs with reduction of sqstm1 had markedly higher 
ROS level compared with control group (Figure 4A). 
NAC, a well-characterized anti-oxidant, inhibited 
ROS generation in sqstm1 shRNA-transfected PaSCs. 
Meanwhile, it led to downregulation of inflammatory 
factor IL-8, CXCL1, and CXCL2 expression (Figure 
4B). Further analysis revealed that KEAP1 protein 
abundance increased along with decreased NRF2 
level, suggesting that autophagic degradation of 
KEAP1 via sqstm1 was inhibited (Figure 4C). The 
immunofluorescence staining showed that nuclear 
accumulation of NRF2 was remarkably blocked upon 
sqstm1 downregulation (Figure 4D). QPCR analysis 
demonstrated that sqstm1 shRNA-transfected PaSCs 
could significantly downregulate expression of 
NRF2-targets NADPH quinone oxidoreductase 1 
(Nqo1), Heme oxygenase-1 (HO-1), and Glutamate- 
cysteine ligase, catalytic (Gclc) compared with 
negative control (Figure 4E). NRF2 has been well- 
characterized as a transcription factor in promoting 
anti-oxidative response, and its decrease could be 
responsible for the enhanced ROS production. 

Furthermore, downregulation of NRF2 expression by 
RNA interference led to enhanced PaSCs senescence 
(Figure 4F-G). 

Regulation of sqstm1 in PaSCs had pleiotropic 
effects on pancreatic tumor cells  

The impact of transformed PaSCs phenotype 
caused by sqstm1 downregulation on pancreatic 
cancer was evaluated through in vitro and in vivo 
studies. CCK-8 assay showed that conditioned 
medium from sqstm1-KD PaSCs accelerated Panc-1 
cell proliferation compared with sqstm1-NC PaSCs 
(Figure 5A). The supernatant from sqstm1-KD PaSCs 
also significantly enhanced Panc-1 cell invasion in 
transwell chamber assay (Figure 5B). Treatment with 
conditioned medium derived from sqstm1-KD PaSCs 
resulted in much higher CD206 expression than those 
from sqstm1-NC PaSCs (Figure 5C). The mouse 
experiment using pancreas orthotopic model demo-
nstrated that co-injection of Panc-1 with sqstm1-KD 
PaSCs promoted tumor growth and liver metastasis 
(Figure 5D). Tumors in sqstm1-KD PaSCs group 
contained more α-SMA+ fibroblasts and Ki67+ tumor 
cells (Figure 5E). In addition, as downregulation of 
sqstm1 in PaSCs was associated with increased CCL2 
and CCL20 level, we then determined its effect on 
macrophage phenotype. Altogether, these data 
indicated that PaSCs with sqstm1 downregulation 
promoted tumor progression through multiple 
effects. 
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Figure 4. Sqstm1 regulates ROS balance through KEAP1/NRF2 signaling. (A) ROS measurement via DCFDA probe detection. (B) Examination of IL8, CXCL1, and 
CXCL2 mRNA level upon NAC treatment in PaSCs. (C) Western blot analysis for KEAP1 and NRF2 in sqstm1-shRNA transfected PaSCs. (D) Immunofluorescence 
for NRF2 in sqstm1-downregulated PaSCs. Scale bar represents 10 μm. (E) qPCR for Nqo1 between negative control and sqstm1-shRNA transfected PaSCs. (F) 
Validation of NRF2 expression change upon siRNA transfection in PaSCs by qPCR. (G) β-galactosidase staining for PaSCs upon transfection of NRF2-siRNA. Scale bar 
represents 20 μm. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 
Discussion 

Pancreatic cancer progresses with sequential 
acquisition of specific genetic alterations, including 
KRAS activating mutation as initiating event followed 
by loss-of-function in tumor suppressor genes like 
TP53, CDKN2A, and SMAD4 [24]. During this process, 
surrounding non-tumor cells evolve in parallel, and 
its crosstalk with tumor cells also contribute to the 
malignant transformation. Among them, PaSCs 
gradually differentiated into activated fibroblasts and 
proliferated, becoming the dominant component 
within tumor microenvironment. Previous studies 
have been largely focusing on the exogenous stimuli 
to PaSCs such as tumor cell-secreted hedgehog ligand 
and other growth factors. However, the endogenous 
regulation signaling is poorly understood. 

In the current study, we demonstrated that 
sqstm1-Keap1/Nrf2-ROS cascade regulated pro- 
inflammatory and senescent response of PaSCs, and 
the resultant phenotype promoted tumor progression. 
Tumor microenvironment for PDAC is characterized 
with limited blood supply and inadequate nutrient 
resources, leading to extensive metabolic and 
oxidative stress on cells. It has been shown that 
pancreatic tumor cells could overcome these 
challenges through alternative metabolic machinery 
and anti-oxidative mechanisms due to oncogenic 
KRAS alteration and other epigenetic regulation [24]. 
In contrast, stromal cells are less resistant, and thus 
their phenotypes are more easily to be altered upon 
these stress. Recent findings indicated that senescence 
occurred in a subpopulation of pancreatic CAFs, and 
this subset contributed to tumor invasion and 
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metastasis [25]. However, the underlying mechanisms 
are not fully understood. Many evidence has 
suggested that oxidative stress is associated with 
development of senescence both in tumor and 
non-tumor cells. Our data confirmed that upregulated 
ROS production resulted in increased number of 
senescent PaSCs. The balance of redox state within 
cells is delicately maintained. Intracellular ROS is 
produced upon various stimulations, and 
detoxification machinery is initiated to counteract the 
excess of oxidative derivatives. The anti-oxidative 
response is critical in that accumulated ROS can 
eventually disrupt cell homeostasis and lead to 
senescence and cell death. Our results indicated that 
sqstm1-mediated modulation of NRF2 abundance 
was critical for maintaining ROS balance in PaSCs. 
NRF2 is a well-characterized transcription factor to 
detoxify ROS products [26]. Its functional activity is 
directly controlled by Keap1 that can block the 
nuclear import of NRF2. As a autophagic substrate, 
sqstm1 could recruit Keap1 into autophagosome for 
degradation, and thus led to increased NRF2 nuclear 
accumulation. Of note, one study in prostate cancer 
revealed that increased ROS release in sqstm1- 
deficient CAFs was due to metabolic reprogramming 
rather than NRF2-mediated effect[20]. As CAFs in 
pancreatic cancer are specifically derived PaSCs that 
is distinct from other types of cancer, it is possible that 
distinct mechanism involves in regulation of ROS 
balance. In fact, another study confirmed that NRF2 
modulated ROS level in synovial fibroblasts[27].  

A large number of evidence has revealed that 
sqstm1 is critical in tumor initiation and progression. 

Many studies found overexpression of sqstm1 in 
cancer cells. It was showed that sqstm1 was sufficient 
to induce HCC in mice, and its high expression in 
hepatocytes adjacent to tumor predicted rapid 
recurrence after surgical resection [28]. Recent study 
suggested sqstm1 accumulation in pancreatic ductal 
epithelium drove neoplastic transformation [29]. On 
the other hand, however, sqstm1 can modulate the 
activity of stromal non-tumor cells like fibroblasts 
[30]. Unlike overexpression in tumor cells, sqstm1 
abundance is largely downregulated in CAFs of 
various types of cancer. The immunostaining of 
PDAC tissues in the current study indicated a similar 
pattern of sqstm1 expression between tumor and 
stromal compartments. The reduced sqstm1 mRNA 
expression suggested inhibition at transcriptional 
level. Besides, it should be noted that the abundance 
of sqstm1 protein is under strict control of autophagy 
activity. Previous study demonstrated that pancreatic 
tumor cells induced autophagy in CAFs to secrete 
nutrient resources including non-essential amino 
acids [31]. Another finding suggested upregulated 
autophagy in CAFs for a significant proportion of 
PDAC patients and this phenotype of fibroblasts 
promoted tumor growth and invasion [32]. Indeed, 
we noted LC3 plaque within stromal compartment for 
over half of patients. Thus it is probably that sqstm1 
level is regulated both transcriptionally and post- 
transcriptionally. Nevertheless, enhanced autophagy 
did not induce senescent phenotype in spite of 
downregulated sqstm1 protein level. This could be 
attributed to the complex effects triggered by 
autophagy besides the downregulation of sqstm1.  

 

 
Figure 5. Sqstm1-downregulated PaSCs promotes tumor growth and progression. Comparison of proliferation (A) and invasion (B) of Panc-1 cells upon treatment 
with conditioned medium (CM) from PaSCs with or without sqstm1 shRNA transfection. (C) Comparison of CD206 expression in monocytes treatment with CM 
from PaSCs with or without sqstm1 shRNA transfection. (D-E) In vivo tumor xenograft of Panc-1 co-injected with PaSCs or sqstm1-shRNA transfected PaSCs. IHC 
staining for α-SMA and Ki-67 was analyzed. * p < 0.05, *** p < 0.001. 
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Senescent cells typically show elevated 
expression of multiple inflammatory factors. Thus, the 
consequent pro-tumorigenic role exerted by senescent 
PaSCs is probably caused by the complex effect of 
paracrine signaling. IL6 is a well-characterized 
inflammatory factor with pro-tumorigenic function 
[33]. Its secretion is significantly upregulated in 
prostate CAFs with sqstm1 knockdown, which is 
corroborated in the present study for PaSCs. A recent 
finding indicated that CAFs undergoing senescence 
enhanced tumor cells metastasis in a IL8-dependent 
manner [25]. In fact, IL8 is among the most 
upregulated genes in sqstm1-knockdown PaSCs. In 
addition, we also found that PaSCs with reduced 
sqstm1 expression promoted differentiation of 
macrophages to pro-tumor M2 phenotype. CCL2 and 
CCL20 expression were increased in sqstm1- 
knockdown PaSCs, and these two cytokines have 
been shown to induce monocytes recruitment and 
differentiation [34]. 

In conclusion, our data supports that sqstm1/ 
NRF2/ROS modulates senescent phenotype of PaSCs, 
which in turn promotes pancreatic tumor cell 
progression. This suggests that pancreatic tumor and 
stromal cells differentially expressed sqstm1 and 
cooperatively facilitate tumor progression. 
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