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SUMMARY

Josephin domain-containing protein 2 is upregulated in 
response to pancreatic injury and plays a significant role in 
different acute pancreatitis mouse models. This study 
reveals that Josephin domain-containing protein 2 deubi-
quitinates proliferating cell nuclear antigen and inhibits its 
DNA damage repair function, promoting acinar cell death 
during acute pancreatitis.

BACKGROUND & AIMS: Acute pancreatitis (AP) results in 
localized pancreatic injury or systemic inflammatory re-
sponses, contributing to high morbidity and mortality world-
wide. Acinar cell death and inflammation are critical key 
drivers of AP progression. Some deubiquitinases (DUBs), 
which regulate the stability and/or activity of substrate pro-
teins, may play a role in the development of AP. Here, we 
aimed to investigate how Josephin domain-containing protein
2 (JOSD2) involved in AP progression.

METHODS: JOSD2 expression was assessed in mouse pancre-
atic tissues with cerulein-induced AP. Cerulein- or L-arginine-
induced AP models were constructed in whole-body JOSD2 
knockout (JOSD2 -/- ) and wild-type (WT) mice. Bone marrow 
JOSD2 -/- chimeric mice were generated and subjected to 
cerulein-induced AP. In vitro studies were conducted on pri-
mary acinar cells isolated from JOSD2 -/- and WT mice.

RESULTS: JOSD2 expression was upregulated in the pancreas of 
cerulein-treated mice, and the loss of JOSD2 offered protection 
against cerulein- or L-arginine-induced AP. Bone marrow trans-
plantation assay revealed that myeloid JOSD2 was not involved in 
the progression of cerulein-induced AP. In vitro studies, primary 
acinar cells isolated from JOSD2 -/- mice demonstrated increased 
resistance to cerulein-induced injury and inflammation. Prolifer-
ating cell nuclear antigen (PCNA) was identified as a key substrate 
of JOSD2. JOSD2 selectively removes K63-linked polyubiquitin 
chains from PCNA at the K164 site. The protective effects of JOSD2 
deficiency on DNA damage and acinar cell death were reversed by 
the PCNA inhibitor PCNA-I1.
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CONCLUSIONS: JOSD2 regulates AP progression via PCNA-
mediated DNA damage response and may serve as a 
promising therapeutic target for AP treatment. (Cell Mol Gas-
troenterol Hepatol 2025;19:101621; https://doi.org/10.1016/j. 
jcmgh.2025.101621)

Keywords: Acinar Cells; Acute Pancreatitis; Deubiqutination; 
JOSD2; PCNA.

A cute pancreatitis (AP) is a life-threatening digestive 
disease characterized by pancreatic self-digestion, 

often due to the premature activation of pancreatic tryp-
sinogen and subsequent inflammation of the pancreas. 1,2 

Several risk factors, such as pancreatic ductal obstruction, 
alcohol abuse, smoking, obesity, and drug toxicity, contribute 
to the increasing incidence of AP. 3 Although most cases of AP 
are mild and self-limiting, approximately 20% progress to 
severe acute pancreatitis (SAP), which is associated with 
serious complications, poor prognosis, and high mortality. 4 

Additionally, acute lung injury (ALI) is a major extra-
pancreatic complication resulting from AP. 5 Despite ad-
vancements in diagnosis and treatment strategies, clinical 
management of AP remains limited to supportive therapy. 6 

Thus, understanding the pathogenesis of AP is essential for 
developing specific and effective therapies for clinical use. 

As the predominant cell type in the exocrine pancreas, acinar 
cells are responsible for synthesizing, storing, and secretion of 
various digestive enzymes. 7,8 Acinar cell injury, resulting from 
the premature activation of pancreatic zymogens, is considered 
the initial stage of AP and plays a critical role in its progres-
sion. 9,10 This early activation of pancreatic proteases leads to 
acinar cell damage and the initiation of inflammatory pathways, 
followed by the release of endogenous molecules and inflam-
matory cytokines. 11,12 Subsequently, immune cells such as 
macrophages and neutrophils are recruited to the pancreas, 
where they further secrete cytokines and chemokines, ampli-
fying the inflammatory response and exacerbating disease 
progression. 8,11 Based on this understanding, preventing acinar 
cell injury and controlling the inflammatory response are key 
therapeutic strategies for AP management.

Ubiquitination is recognized as one of the most impor-
tant post-translational modifications (PTMs) involved in the 
progression of various human diseases. 13 E3 ubiquitin li-
gases and deubiquitinases (DUBs) regulate the stability and 
activity of substrate proteins, which is essential for various 
pathological processes, by adding and removing ubiquitin, 
respectively. 14,15 Several DUBs have been implicated in the 
pathogenesis of AP. For example, tumor necrosis factor 
alpha-induced protein 3 (TNFAIP3, also known as A20) 
promotes receptor-interacting protein 3 (RIP3) phosphory-
lation through deubiquitination, which activates the NLRP3 
inflammasome and exacerbates sodium taurocholate-
induced AP in rats. 16 Moreover, our team and others has 
shown that ubiquitin-specific protease 25 (USP25) defi-
ciency significantly aggravates pancreatic injury and 
inflammation by facilitating tank-binding kinase 1 (TBK1)- 
nuclear factor-κB (NF-κB) 17 and signal transducer and acti-
vator of transcription 3 (STAT3) 18 signaling pathways.

Josephin domain-containing protein 2 (JOSD2), a member of 
the Machado-Joseph domain (MJD)-containing protease 
family—the smallest subfamily of DUBs—contains a highly 
conserved cysteine protease domain known as the Josephin 
domain, found throughout all eukaryotes. 19,20 Previous 
studies have demonstrated that JOSD2 physically interacts 
with YAP/TAZ, preventing their ubiquitin-dependent 
degradation and thus promoting cholangiocarcinoma (CCA) 
cell proliferation and malignant tumor progression. 21 Addi-
tionally, JOSD2 deubiquitinates and stabilizes 3 key glyco-
lytic enzymes (aldolase A, phosphofructokinase-1 and 
phosphoglycerate dehydrogenase), facilitating glycolysis and 
lung adenocarcinoma progression. 22 First, our recent studies 
found that JOSD2 act as an protective factor in Angiotensin II 
(AngII)-induced cardiac hypertrophy and vascular remod-
eling by stabilizing SMAD7 in vascular smooth muscle cell 23 

and SERCA2a in cardiomyocytes, 24 respectively. Second, our 
team reported that JOSD2 mediated severe calcium mis-
handling in isoproterenol (ISO)-induced cardiac hypertrophy 
by deubiquitinating CaMKIIδ in cardiomyocytes. 25 Finally, 
our lab demonstrated that JOSD2 alleviates colitis and acute 
kidney injury by inhibiting NF-κB inflammatory pathway via 
deubiquitination of IMPDH2 in macrophages 26 and SIRT7 in 
renal tubular epithelial cells, 27 respectively. However, the 
role of JOSD2 in AP, particularly in relation to acinar cell 
death and inflammation, remains largely unknown.

This study aimed to investigate the impact of JOSD2 on 
pancreatic injury in AP. Our findings revealed that the 
expression of JOSD2 is markedly increased in AP and JOSD2 
knockout alleviated pancreatic injury and inflammation in
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in vivo and in vitro models. To further explore the specific 
role of myeloid-derived JOSD2 in AP, myeloid-specific 
JOSD2 knockout chimera mice were constructed via bone 
marrow transplantation. Interestingly, the deletion of 
JOSD2 in myeloid cells had no impact on the progression of 
AP. This suggests that JOSD2 expression in acinar cells is 
primarily responsible for driving the disease progression. 
Mechanistically, it was found that JOSD2 deubiquitinates 
K63-linked ubiquitin chains from the K164 site of prolif-
erating cell nuclear antigen (PCNA), which subsequently 
inhibits DNA damage repair and promotes cell death in 
acinar cell. These findings establish JOSD2 as a key regu-
lator of AP, highlighting its potential as a novel therapeutic 
target for treating this disease.

Results
JOSD2 Deficiency Mitigates Single Cerulein 
Cycle-induced AP

To determine whether JOSD2 plays a role in the patho-
genesis of AP, we measured JOSD2 expression levels in 
pancreatic tissues from wild-type (WT) mice treated with 
either single Cerulein (CER) cycle or saline (Figure 1A). Both 
protein and mRNA levels of JOSD2 were significantly 
elevated in the CER-induced AP group (Figure 1B–D). To 
further explore the potential role of JOSD2 in experimental 
AP, WT and whole-body JOSD2 knockout (KO) mice 
(JOSD2 -/- ) were used, which were similarly administered 50 
μg/kg CER (8 consecutive injections, 1 per hour). Compared 
with WT mice, JOSD2 -/- mice exhibited reduced pancreatic 
edema during AP, as evidenced by gross pancreatic 
appearance and the pancreas weight-to-body weight ratio 
(Figure 1E–F). Additionally, common biochemical markers 
for AP (such as pancreatic trypsin activities and serum levels 
of amylase, lipase, and lactate dehydrogenase [LDH]) 
showed that JOSD2 deficiency significantly attenuated 
CER-induced pancreatic dysfunction (Figure 1G). Histo-
pathological analysis, including hematoxylin and eosin 
(H&E) staining and scoring, further confirmed that JOSD2 KO 
mice were protected against CER-induced pancreatic edema, 
inflammatory infiltration, and necrosis (Figure 1H–I). 
Overall, JOSD2 deficiency effectively inhibited pancreatic 
injury in a single CER cycle-induced AP model.

JOSD2 Deficiency Reduces Single CER Cycle-
induced Local and Systemic Inflammation

Given the pivotal role of inflammation in AP progres-
sion, 8 both local and systemic inflammatory responses were 
evaluated in CER-challenged WT and JOSD2 -/- mice. As 
anticipated, JOSD2 KO significantly reduced serum levels of 
the inflammatory cytokines interleukin (IL)-6 and tumor 
necrosis factor-α (TNF-α) in response to CER-induced AP, 
compared with WT mice (Figure 2A). Similarly, both protein 
and mRNA levels of IL-6 and TNF-α were notably lower in 
pancreatic tissues from JOSD2 -/- mice relative to WT mice 
(Figure 2B–C). Moreover, myeloperoxidase (MPO) activity, a 
marker of neutrophil infiltration, was significantly reduced 
in the pancreas and lungs of JOSD2 -/- mice during AP 
(Figure 2D). F4/80 and MPO staining, markers of

macrophages and neutrophils/monocytes, respectively, 
further confirmed that inflammatory cell infiltration in the 
pancreas was significantly alleviated in JOSD2 -/- mice 
(Figure 2E–F). Mitogen-activated protein kinases (MAPKs) 
and NF-κB signaling pathways are known to regulate in-
flammatory responses and contribute to AP progres-
sion. 28,29 As shown in Figure 2G–H, JOSD2 deficiency 
significantly inhibited the phosphorylation of ERK, JNK, and 
p65, as well as the degradation of IκB in the pancreas 
following Cerulein treatment. Systemic inflammation in AP 
often leads to multi-organ failure, including ALI. 4,30 Histo-
logical examination of lung tissue via H&E staining revealed 
that JOSD2 -/- mice exhibited less structural lung damage 
compared with WT mice after CER administration 
(Figure 3A). Additionally, immunohistochemistry staining 
showed that the recruitment of macrophages and neutro-
phils into lung tissue was significantly reduced in JOSD2 -/- 

mice (Figure 3B–C).

JOSD2 Deficiency Relieves Multiple CER Cycle-
induced Severe AP and Inflammation in Mice

Meanwhile, we evaluated the protective effects of JOSD2 
KO on prolonged hyperstimulation CER (8 injections on 3 
consecutive days) (Figure 4A). Multiple CER administration 
over several days presented more severe AP. Consistent 
with previous results, both protein and mRNA levels of 
JOSD2 were significantly upregulated in the multiple CER 
cycle-induced AP group (Figure 4B–D). JOSD2 KO signifi-
cantly inhibited pancreatic and lung dysfunction under CER 
stimulation (Figure 4E–I). Moreover, JOSD2 deficiency al-
leviates macrophage infiltration and inflammatory 
response in multiple CER cycle-induced AP (Figure 4H, J–K). 
In conclusion, JOSD2 -/- mice showed a significantly atten-
uated pancreatic injury and inflammatory response upon 
prolonged hyperstimulation of CER.

JOSD2 Deficiency Protects Against L-arginine-
induced AP

To further examine the role of JOSD2 in other experi-
mental models of AP, severe AP was induced in WT and 
JOSD2 -/- mice via intraperitoneal injection of L-arginine 
(Figure 5A). The results showed that JOSD2 -/- mice 
exhibited a significantly higher survival rate compared with 
WT mice treated with L-arginine (Figure 5B). Gross 
pancreatic appearance (Figure 4B) and pancreas-to-
body weight ratios (Figure 5D) indicated edema after 
L-arginine injections, which was less severe in the JOSD2 -/- 

mice compared with the WT mice. Pancreatic injury 
markers, including intrapancreatic trypsin activation, 
serum amylase, lipase, and LDH levels, indicated that JOSD2 
deficiency led to significantly reduced pancreatic injury in 
the L-arginine-induced AP model (Figure 5E–G). Histo-
pathological analyses further corroborated these findings, 
showing that JOSD2 -/- mice displayed only mild damage to 
the exocrine pancreas and lung tissues compared with WT 
mice (Figure 5H–I). Immunohistochemical analysis using an 
anti-F4/80 antibody demonstrated a significant reduction 
in macrophage infiltration into the pancreas and lungs of
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JOSD2 -/- mice during L-arginine-induced AP (Figure 5J–K). 
Additionally, the relative mRNA expression levels of pro-
inflammatory cytokines Il6 and Tnf in the pancreas were 
significantly lower in JOSD2 -/- mice than in WT mice

(Figure 5L). These findings suggest that JOSD2 deficiency 
alleviates pancreatic injury and reduces the inflammatory 
response in L-arginine-induced AP, highlighting JOSD2 as a 
potential target for AP treatment.
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Acinar Cell JOSD2 Plays a Dominant Role in 
Mediating CER-induced AP

Pancreatic acinar cell injury and immune cell infiltration 
play crucial roles in the progression of AP. 8,9 Considering 
that pancreatic immune cells are mainly derived from bone 
marrow, 31,32 bone marrow chimeric mice were constructed 
through bone marrow transplantation to determine whether 
JOSD2 in myeloid cells contributes to AP. WT mice were 
irradiated to deplete endogenous bone marrow and were 
subsequently reconstituted with bone marrow cells from 
either WT or JOSD2 -/- donor mice (Figure 6A). The efficiency 
of bone marrow transplantation was confirmed through 
Western blot and real time quantitative polymerase chain 
reaction (RT-qPCR) analyses (Figure 6B–C). Surprisingly, 
JOSD2 deficiency in myeloid cells did not affect pancreatic 
injury or histopathological changes in CER-induced AP 
(Figure 6D–G). Furthermore, the levels of inflammatory cy-
tokines Il6 and Tnf showed no significant differences, indi-
cating that myeloid cell-specific JOSD2 does not contribute 
to the inflammatory response during AP (Figure 6H). 

Given that JOSD2 expression in pancreatic acinar cells is 
higher than in myeloid cells and acinar cell injury is the 
initial and critical stage in AP progression, 9 we focused on 
acinar cell-specific JOSD2. To investigate its role in vitro, 
acinar cells were isolated from the pancreas of WT and 
JOSD2 -/- mice. Upon CER stimulation, JOSD2 -/- acinar cells 
exhibited less cell injury, cell death, and reduced digestive 
enzyme release into the culture supernatant compared 
with WT cells (Figure 7A–B). Additionally, JOSD2 deficiency 
in acinar cells significantly reduced mRNA levels of in-
flammatory cytokines Il6 and Tnf and lowered protein 
levels of IL-6 and TNF-α in the supernatant (Figure 7C–D). 
Furthermore, the activation of MAPK and NF-κB signaling 
pathways, which are key mediators of inflammation, was 
significantly enhanced in WT acinar cells treated with CER 
but was markedly inhibited in JOSD2 -/- acinar cells 
(Figure 7E–F). Taken together, these findings demonstrate 
that JOSD2 in pancreatic acinar cells plays a dominant role 
in regulating CER-induced pancreatic injury and inflam-
matory responses, highlighting the significance of acinar 
cell JOSD2 in the progression of AP.

JOSD2 Directly Interacts With PCNA and 
Deubiquitinate K63-linked Ubiquitin Chains

As a deubiquitinase, JOSD2 exerts its biological func-
tions by selectively removing ubiquitin from its target 
substrates. To identify the potential substrates of JOSD2, 
co-immunoprecipitation (co-IP) followed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS) 
analysis was performed in 293T cells overexpressing JOSD2 
(Figure 8A; Table 1). Interestingly, PCNA, a key regulator in 
DNA damage repair during external stress, was identified 
as a potential target of JOSD2 (Figure 8B–C). To confirm the 
interaction between JOSD2 and PCNA, co-IP assays were 
conducted in 293T cells co-transfected with JOSD2-Flag and 
PCNA-HA plasmids. The results demonstrated a clear 
interaction between JOSD2 and PCNA (Figure 8D). Co-IP 
assay showed that CER significantly enhanced the endog-
enous interaction between JOSD2 and PCNA in pancreas 
tissues of CER-challenged mice (Figure 8E). Furthermore, 
we also observed an stronger endogenous JOSD2-PCNA 
complex in CER-stimulated AR42J through a co-IP assay 
(Figure 8F). Previous studies have shown that the ubiq-
uitination of PCNA plays a crucial role in activating DNA 
damage repair and replication pathways. 33,34 We hypoth-
esized that JOSD2 could directly deubiquitinate PCNA. To 
explore this hypothesis, 293T cells were cotransfected with 
PCNA-HA, Ub-Myc, and either JOSD2-Flag or JOSD2-C24A-
Flag (a dominant-negative mutant of JOSD2), followed by 
treatment with MG132 to prevent proteasomal degrada-
tion. As expected, JOSD2 significantly removed ubiquitin 
chains from PCNA in a dose-dependent manner, whereas 
JOSD2-C24A failed to do so, indicating that JOSD2 directly 
hydrolyzes ubiquitin chains from PCNA (Figure 8G). 
Because previous reports have demonstrated that mem-
bers of the MJD family preferentially cleave K48- and K63-
linked ubiquitin chains, 19,35 we further examined whether 
JOSD2 specifically targets these linkages. 293T cells were 
transfected with Ub-Myc-WT, Ub-Myc-K48O, Ub-Myc-K63O, 
Ub-Myc-K48R, and Ub-Myc-K63R plasmids. The results 
showed that JOSD2 selectively downregulated K63-linked 
ubiquitin chains on PCNA rather than K48-linked ubiq-
uitin chains (Figure 8H–J). In addition, we detected 
endogenous K63-ubiquitination of PCNA in AR42J treated 
with CER and found that CER-induced upregulated JOSD2 
caused a significant reduction in PCNA K63-ubiquitination 
(Figure 8K). In contrast, JOSD2 deficiency increased the 
PCNA K63-ubiquitination in CER-challenged pancreas tis-
sue (Figure 8L). Thus, we inferred that JOSD2 directly in-
teracts with PCNA and cleaves its K63-linked 
ubiquitination.

JOSD2 Mediates Acinar Cell Injury and Death by 
Regulating PCNA

To explore whether PCNA serves as the key substrate for 
JOSD2 during pancreatic injury, PCNA-I1, a specific inhibitor

Figure 1. (See previous page). Knockout of JOSD2 reduced the severity of pancreatic injury in the single CER cycle-
induced AP model. (A) Schematic illustration of single CER cycle-induced AP model. Immunoblot analysis (B) and optical 
density quantification (C) of JOSD2 expression in pancreatic tissues from mice treated with saline or CER. GAPDH was used 
as the loading control (n = 8). (D) RT-qPCR analysis of JOSD2 mRNA levels in pancreatic tissues of saline or CER-treated WT 
mice. Data were normalized to GAPDH (n = 8). (E) Gross pancreatic images were taken in WT and JOSD2 -/- mice following 8 
CER injections (n = 6). (F) Ratio of pancreas weight to body weight (n = 6). (G) Pancreatic trypsin activity, serum amylase, 
lipase, and LDH levels of WT and JOSD2 -/- mice after saline or CER injection (n = 6). (H) Representative images of H&E-
stained pancreas sections from WT and JOSD2 -/- mice after saline or CER stimulation (n = 6). Scale bar: 100 μm. (I) His-
topathologic scoring of pancreas edema, inflammation infiltration, and necrosis in pancreas tissues (n = 6). All data are 
shown as means ± SD; *P < .05, **P < .01, ***P < .001. All experimental animals were female.
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Figure 2. JOSD2 -/- mice present less severe pancreas inflammation infiltration in the single CER cycle-induced AP 
model. Protein concentrations in serum (A) and tissues (B) of inflammatory cytokines IL-6 and TNF-α from WT and JOSD2 -/- 

mice upon saline or CER treatment (n = 6). (C) Il6 and Tnf mRNA levels in pancreas tissues obtained from WT and 
JOSD2 -/- after saline or CER administration. Data of mRNA levels were normalized to GAPDH (n = 6). (D) MPO activity in the 
pancreas tissues from the indicated groups was determined (n = 6). Representative immunohistochemistry staining images 
(E) and quantification (F) of F4/80 and MPO in pancreas tissue sections (n = 6). Black arrows indicate the positive region. 
Scale bar: 100 μm. (G) Western blot analysis of the activity of MAPKs and NF-κB in the pancreas tissues from saline or CER-
induced WT and JOSD2 -/- mice (n = 6). (H) Densitometric quantification of Western blot image shown in panel G. GAPDH was 
used as the loading control. Data are presented as means ± SD; **P < .01, ***P < .001. All experimental animals were female.

of PCNA, was used. PCNA-I1 has been shown to activate the 
DNA damage response and promote cell death. 36 WT and 
JOSD2 -/- acinar cells were pretreated with PCNA-I1 and 
subsequently exposed to CER (Figure 9A). Interestingly, 
JOSD2 -/- acinar cells treated with PCNA-I1 demonstrated

increased susceptibility to CER-induced injury, as indicated 
by elevated levels of LDH, lipase, and amylase in the super-
natant (Figure 9B). Furthermore, the levels of both mRNA 
and secreted pro-inflammatory cytokines (IL-6 and TNF-α) 
in acinar cells suggested that inhibition of PCNA
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counteracted the protective effects conferred by JOSD2 
deficiency in CER-induced inflammatory responses 
(Figure 9C–D). Western blot analysis revealed that JOSD2 
knockout suppressed CER-induced activation of MAPKs and 
NF-κB signaling, but this effect was reversed by PCNA-I1 
treatment in acinar cells (Figure 9E–F). Previous research 
has shown that CER-induced apoptotic acinar cells release 
damage-associated molecular patterns (DAMPs), which 
exacerbate pancreatic injury and inflammation. 28,37 Addition-
ally, the protective effects of JOSD2-knockdown on DNA dam-
age, evidenced by downregulated levels of γ-H2Ax and cleaved 
PARP (Cle-PARP), were reversed by PCNA-I1 treatment 
(Figure 9G–H). Furthermore, JOSD2 deficiency inhibited the 
expression of pro-apoptotic proteins, such as cleaved caspase-
3 (Cle-caspase3) and Bax, in response to CER stimulation. 
However, these protective effects were reversed by PCNA-I1 
treatment (Figure 9G–H). Taken together, these findings sug-
gest that JOSD2 mediates acinar cell injury and death through a 
PCNA-dependent mechanism during CER-induced AP.

JOSD2 Deubiquitinates PCNA at K164 to Block 
DNA Damage Repair in Acinar Cells

To determine the specific ubiquitination site on PCNA 
targeted by JOSD2, PCNA at lysine residues K14, K138,

and K164 were potential ubiquitination sites by an 
online ubiquitination site predicted tool (http://gpsuber. 
biocuckoo.cn/online.php). The results indicated that 
JOSD2 significantly reduced the ubiquitination levels in 
293T cells expressing expressing PCNA-WT, PCNA-K14R, 
and PCNA-K138R but had no effect on PCNA-K164R 
(Figure 10A). To further confirm whether the K164 site 
was required for PCNA activity and downstream DNA 
damage repair, PCNA-WT and PCNA-K164R expression 
was rescued in AR42J cells by transfection. Compared 
with WT, PCNA-K164R promoted the expression of Il6 
and Tnf mRNA following CER stimulation (Figure 10B). 
Consistently, the IL-6 and TNF-α levels in the supernatants 
of CER-stimulated AR42J were dramatically increased by 
transfection with a PCNA-K164R (Figure 10C). Cerulein 
remarkably triggered MAPKs and NF-κB signaling path-
ways in AR42J containing PCNA-WT, which was further 
promoted by PCNA-K164R overexpressed (Figure 10D–E). 
Similarly, PCNA-K164R aggravated the CER-induced DNA 
damage and pro-apoptotic related protein markers 
(Figure 10F–G). These results suggest that the deubiquiti-
nating modification at K164 of PCNA is responsible for the 
acinar cell injury. Overall, JOSD2 deubiquitinates PCNA at 
K164 to block DNA damage repair in acinar cells.

Figure 3. JOSD2 deficiency inhibited single CER cycle-induced AP-associated lung injury induced by CER. (A) 
Representative H&E staining images of lung sections from WT and JOSD2 -/- mice treated with CER (n = 6). Scale bar: 100 
μm. Immunohistochemistry images (B) and corresponding quantification (C) of F4/80- and MPO-stained lung sections from 
WT and JOSD2 -/- mice treated with CER (n = 6). Black arrows indicate the positive region. Scale bar: 100 μm. Data are shown 
as means ± SD; **P < .01. All experimental animals were female.
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Figure 4. JOSD2 deficiency 
relieved multiple CER cycle-
induced severe AP and 
inflammation in mice. (A) 
Schematic illustration of a 
multiple CER cycle-induced 
AP model. Immunoblot anal-
ysis (B) and optical density 
quantification (C) of JOSD2 
expression in pancreatic tis-
sues from mice treated with 
saline or multiple CER cycle 
injections. GAPDH was used as 
the loading control (n = 6). (D) 
RT-qPCR analysis of JOSD2 
mRNA levels in pancreatic tis-
sues of saline or multiple CER 
cycle-treated WT mice. Data 
were normalized to GAPDH 
(n = 6). (E) Gross pancreatic 
images were taken in WT and 
JOSD2 -/- mice following mul-
tiple CER cycle injections (n = 
6). (F) Ratio of pancreas 
weight to body weight (n = 6). 
(G) Pancreatic trypsin activ-
ity, serum amylase, lipase, 
and LDH levels of WT and 
JOSD2 -/- mice after saline or 
multiple CER cycle injections 
(n = 6). (H) Representative 
images of H&E-stained and 
F4/80-stained pancreas sec-
tions from WT and JOSD2 -/- 

mice after saline or multiple 
CER cycle injections (n = 6). 
Scale bar: 100 μm. (I) Histo-
pathologic scoring of 
pancreas edema, inflamma-
tion infiltration, and necrosis 
in pancreas tissues (n = 6). (J) 
quantification of F4/80 in 
pancreas and lung tissue 
sections (n = 6). (K) Il6 and 
Tnf mRNA levels in pancreas 
tissues obtained from WT and 
JOSD2-/-after saline or mul-
tiple CER cycle administra-
tion. Data of mRNA levels 
were normalized to GAPDH 
(n = 6). Data are presented as 
means ± SD; *P < .05, **P < 
.01. All experimental animals 
were female.

8 Fang et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 12

101621



Discussion
AP remains an unpredictable and lethal gastrointestinal 

disease due to challenges in early diagnosis and the limited 
availability of effective therapeutic options. To date, no

specific treatments exist for AP, and clinical management is 
primarily supportive, involving fluid resuscitation, anal-
gesia, and nutritional support. 38,39 An increasing number of 
clinical trials investigating treatment strategies targeting
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immune responses and calcium channels have been con-
ducted. 40 In the early stage of AP, endogenous and exoge-
nous factors incite initial damage to acinar cells, triggering 
an inflammatory cascade that increases pancreatic damage 
and systemic inflammation. 41,42 Reducing initial pancreatic 
acinar cell death is likely crucial for the prevention and 
treatment of AP. It is crucial to elucidate the mechanisms 
that trigger and regulate resistance to pancreatic acinar cell 
death. JOSD2 expression was significantly upregulated in 
the pancreas of CER-induced mouse AP models. In vivo 
studies showed that JOSD2 deficiency attenuated CER- or 
L-arginine-induced pancreatic injury and inflammation. 
Acinar cell JOSD2 was shown to regulate pancreatic acinar 
cell injury, including apoptosis and DNA lesions. PCNA was 
identified as a key substrate of JOSD2 through LC-MS/MS 
analysis. Mechanistically, JOSD2 directly cleaved the K63-
linked poly-ubiquitin on PCNA at residue K164 via its 
active site C24, thereby suppressing its DNA damage repair 
activity. Furthermore, JOSD2 KO significantly reduced CER-
induced DNA lesions and acinar cell death. Collectively, 
JOSD2 represents a promising therapeutic target for AP 
through the inhibition of acinar cell death.

Acinar cell death, including apoptosis and necrosis, is a 
well-established central initiator and promoter of AP. Cell fate, 
whether survival or death, is tightly regulated, and proteins are 
involved in all aspects of cellular function; thus, maintaining 
their quality and homeostasis is essential for cell survival and 
function. 43,44 Ubiquitination is one of the most common PTMs 
that regulate protein function and stability. 13,45 Furthermore, 
ubiquitination plays a critical role in regulating pathological 
DNA damage and cell death. 46–48 For instance, Traf6 in acinar 
cells serves as a protective factor in acute edematous pancre-
atitis by suppressing apoptosis, whereas LPS-induced Socs1 
and Socs3 directly bind with Traf6, promoting its ubiquitin-
dependent degradation, which exacerbates the progression 
from mild to severe AP. 49 Additionally, the E3 ubiquitin ligase, 
MARCH9, suppresses the progression of AP by promoting the 
ubiquitination and proteasomal degradation of NADPH 
oxidase-2 in acinar cells, thereby inhibiting reactive oxygen 
species (ROS) generation and NLRP3-mediated pyroptosis. 50 

Our findings demonstrate that JOSD2 regulates pancreatic 
injury by deubiquitinating PCNA and preventing its DNA 
damage repair activity.

In the early phase of AP, injured acinar cells recruit im-
mune cells to the pancreas by releasing various inflamma-
tory mediators, including chemokines and cytokines. These 
immune cells are further activated by several DAMPs

released from dying acinar cells, which in turn produce 
additional inflammatory mediators and exacerbate the 
condition. 51 A previous study has demonstrated that circu-
lating genomic DNA (gDNA) is remarkably increased 
following single overdose injection of CER in mice. 37 Circu-
lating histones and nucleosomes in patients with AP are 
related to the severity of AP, as evidenced by several pro-
spective studies. 52,53 Although the relevance of DNA damage 
in disease pathogenesis remains insufficiently investigated, 
available results indicated that both L-arginine and CER 
administration could promote DNA damage, cell death and 
DAMPs release. 28 Increasing evidence has underscored the 
pivotal role of inflammation and immune cells in AP. 54,55 

However, our bone marrow transplantation assays revealed 
that JOSD2 in myeloid cells does not contribute to AP pro-
gression, whereas acinar cell-specific JOSD2 deletion 
partially inhibited the release of inflammatory cytokines and 
DAMPs in vitro. Additionally, JOSD2 deficiency suppressed 
the activation of MAPKs and NF-κB signaling pathways 
during AP. Previous studies have shown that extrinsic 
stimuli can result in acinar cell inflammation, which is 
crucial for local and systemic inflammatory responses. 56–58

The biological role of DUBs is determined by their 
specific substrates. Through LC-MS/MS analysis, PCNA was 
identified as a substrate of JOSD2, a finding verified by co-
IP experiments in 293T cells. PCNA is a well-established 
cell cycle regulator and serves as a proliferation marker 
for cells. 59,60 Additionally, PCNA activity is regulated by 
various PTMs, including ubiquitination, sumoylation, acet-
ylation, and phosphorylation. 61 Ubiquitination of PCNA at 
lysine residue K164 is particularly critical for regulating 
DNA damage tolerance (DDT). 61,62 DDT, which includes 
translesion synthesis (TLS) and template switching (TS), 
occurs as a response to DNA damage, preventing DNA 
double-strand breaks (DSBs) and maintaining genomic 
stability and cell survival. 63 Upon DNA damage, mono-
ubiquitination of PCNA at K164, mediated by the 
Rad6-Rad18 complex, triggers TLS, whereas subsequent 
K63-linked polyubiquitination at the same residue by the 
Mms2-Ubc13-Rad5 complex promotes TS. 64,65 Several 
DUBs have been reported to regulate PCNA deubiquitina-
tion in DDT pathways. 66 For example, USP1 and USP7 
remove mono-ubiquitin from PCNA, thereby inhibiting TLS 
under DNA replication stress, leading to increased muta-
genesis frequency. 67,68 USP7 has also been shown to 
remove both K63-linked poly-ubiquitin and mono-ubiquitin 
from PCNA in cell-free systems. 69 Based on this, it is

Figure 5. (See previous page). JOSD2 -/- mice show less severe pancreas and lung injury in the L-arginine-induced AP 
model. (A) Schematic illustration of a L-arginine-induced AP model. (B) Survival (Kaplan-Meier) curves (n = 16) of WT and 
JOSD2 -/- mice subjected to L-arginine injection. (C) Gross pancreatic images 72 hours after the first injection of L-arginine. (D) 
Pancreas weight to body weight ratio in WT and JOSD2 -/- mice after L-arginine injection. (E–G) Pancreatic trypsin activity, 
serum amylase, lipase, and LDH levels in serum obtained from L-arginine-induced WT and JOSD2 -/- mice (n = 6). Repre-
sentative H&E staining images (H) and corresponding quantification (I) of pancreas and lung sections obtained from WT and 
JOSD2 -/- mice treated with L-arginine (n = 6). Scale bar: 100 μm. (J) Immunohistochemistry images of F4/80-stained 
pancreas and lung sections from WT and JOSD2 -/- mice treated with L-arginine (n = 6). Scale bar: 100 μm. (K) Corre-
sponding quantification of F4/80-stained pancreas and lung sections from WT and JOSD2 -/- mice with L-arginine-induced AP 
(n = 6). (L) Il6 and Tnf mRNA expression in the pancreas tissues from indicated groups. Data were normalized by GAPDH (n = 6). 
Data are presented as means ± SD; **P < .01, ***P < .001. L-arg, L-arginine. All experimental animals were female.
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hypothesized that PCNA ubiquitination might participate in 
DNA damage repair during acinar cell injury. This study 
demonstrated that DNA damage induced by CER in acinar 
cells can be reversed by JOSD2 deletion. Mechanistically, 
the loss of JOSD2 suppressed acinar cell death by main-
taining K63-linked ubiquitination of PCNA, promoting DNA 
TS and enhancing genomic stability.

PCNA-I1, a small-molecule inhibitor of PCNA, binds to the 
PCNA trimer structure and subsequently reduces chromatin-
associated PCNA, thereby inhibiting prostate tumor cell 
growth and enhancing cisplatin-induced DNA damage and 
apoptosis both in vitro and in vivo. 36 Although the specific 
effects of PCNA-I1 in acinar cells are not well-defined, the 
current study demonstrated that the protective effects of

Figure 6. Myeloid cells JOSD2 did not affect pancreatic injury and inflammation response in mice with single CER 
cycle-induced AP. (A) Schematic illustration of bone marrow transplantation experiment to generate bone marrow chimeric 
mice. WT→WT, WT mice were irradiated and reconstituted with bone marrow from WT mice; KO→WT, WT mice were 
irradiated and reconstituted with bone marrow from JOSD2 -/- mice. (B–C) The protein and mRNA levels of JOSD2 in BMDMs 
and pancreas of mice from 2 groups were examined using Western blot analysis and qPCR. (D) Gross pancreatic images 
were determined in WT→WT and KO→WT mice following 8 times CER injection (n = 6). (E) Ratio of pancreas weight to body 
weight and serum LDH, amylase, and lipase levels of WT and JOSD2 -/- mice (n = 6). (F) Representative images of H&E-
stained pancreas sections from WT→WT and KO→WT mice after CER stimulation (n = 6). Scale bar: 100 μm. (G) Histo-
pathologic scoring of pancreas edema, inflammation infiltration and necrosis in pancreas tissues from WT→WT and 
KO→WT mice (n = 6). (H) Inflammatory cytokines Il6 and Tnf mRNA expression in the pancreas tissues from indicated 
groups. Data were normalized against GAPDH (n = 6). All data are presented as means ± SD; ns no significant. All exper-
imental animals were female.
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Figure 7. JOSD2 -/- primary acinar cells represent less sensitive to CER stimulation. Acinar cell morphology images (A) 
and LDH, amylase, and lipase concentrations in the supernate of acinar cells (B) after CER stimulation for 6 hours (n = 3). (C) 
RT-qPCR analysis of Il6 and Tnf mRNA levels in acinar cells from WT and JOSD2 -/- mice treated with CER for 6 hours; Data of 
mRNA levels were normalized to GAPDH (n = 3). (D) ELISA analysis of IL-6 and TNF-α levels in the supernatants of acinar cell 
with CER treatment for 6 hours (n = 3). (E) Western blot analysis of the activity of MAPKs and NF-κB in acinar cells of each 
group. GAPDH served as the loading control (n = 3). (F) Densitometric quantification of Western blot image showing in panel E. 
Data are shown as means ± SD; *P < .05, **P < .01, ***P < .001. All experimental animals were female.
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JOSD2-knockdown on DNA damage and acinar cell death 
were reversed by PCNA-I1 treatment. These findings suggest 
that JOSD2 mediates CER-induced acinar cell injury by 
impairing the DNA damage repair activity of PCNA.

In addition to PCNA, whether there are still other 
substrate proteins could mediated acute pancreatitis by 
JOSD2-dependent manner remains unclear. Our interaction 
proteomics shown that there are 11 potential substrate
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proteins of JOSD2 (Table 1). Among them, cysthionine-ß- 
synthase (CBS) is a key coenzyme in glutathione (GSH) 
synthesis, and stabilizing or activating CBS could improve 
ROS-mediated pancreatical damage. 70–72 Among the 
numerous substrates of JOSD2 previously reported, 
NLRP3 73,74 and CaMKIIδ 75,76 may be involved in AP. 

However, this study has limitations. The first limitation 
is the absence of acinar cell-specific JOSD2 KO mice to 
confirm the hypothesis. Secondly, it did not explore 
whether JOSD2 removes mono-ubiquitin from PCNA. 
Moreover, further research is needed to examine the role of 
DDT mechanisms, including TLS and TS, in acinar cells and 
the association of PCNA’s trimer structure with DNA during 
AP. These areas merit further investigation to fully under-
stand the impact of JOSD2 on acinar cell survival.

In conclusion, this study demonstrated that JOSD2 
deubiquitinates K63-linked polyubiquitination at lysine 
residue K164 and regulates DNA damage repair in acinar 
cells. The findings underscore the critical role of JOSD2 in 
maintaining pancreatic homeostasis by mediating acinar 
cell death, positioning JOSD2 as a potential therapeutic 
target for the treatment of AP.

Materials and Methods
Mice

Mouse studies were initiated following the review and 
approval of care and experimental procedures by the 
Wenzhou Medical University Animal Policy and Welfare

Committee (Approval Document No. wydw2022-0745). All 
animal experiments conformed to the National Institutes of 
Health guidelines (Guide for the Care and Use of Laboratory 
Animals). WT C57BL/6J mice were obtained from Gem-
pharmatech Co, Ltd. JOSD2 -/- mice with a C57BL/6J back-
ground were generously provided by Prof Fuping You 
(Peking University). JOSD2 -/- mice were hybridized with 
WT mice to obtain F1 progeny, and JOSD2 -/- mice and 
littermate controls were obtained through F1/F2 self-
crossing. As in our previous study, both genotyping 25 and 
Western blot 23 analyses confirmed that JOSD2 was knocked 
out in JOSD2 -/- mice in this study. All mice were housed 
under specific pathogen-free conditions with a 12-hour 
light/dark cycle at 22 ◦ C ± 2 ◦ C and 40% to 70% humidity.

Animal Experiments
For CER-induced AP, female WT, and JOSD2 -/- mice (aged 

7–8 weeks) were fasted for 12 hours before receiving intra-
peritoneal injections of CER at a dose of 50 μg/kg (Cat#: HY-
A0190, MedChemExpress) every hour for 8 injections or 8 
injections on 3 consecutive days. Control mice received saline 
injection at the same time points. Mice were humanely 
euthanized 1 hour after the final injection, and serum, 
pancreas, and lung samples were collected for further analysis. 
For L-arginine-induced AP, female WT and JOSD2 -/- mice (aged 
7–8 weeks) were fasted for 12 hours. AP was induced via 2 
intraperitoneal injections of L-arginine (4 g/kg; Cat#: 1119-34-2, 
Sigma-Aldrich) at 1-hour intervals. Control mice received

Figure 8. (See previous page). JOSD2 binds directly to PCNA and removes its ubiquitin chains at lysine 164. (A) 
Schematic illustration of proteomics analysis to detect the substrate of JOSD2. (B) MS/MS spectrum showing the peptide of 
DLSHIGDAVVISCAK from PCNA. (C) Co-IP assay of JOSD2 and PCNA in 293T cells transfected with Flag-JOSD2. Anti-FLAG 
magnetic beads were used for immunoprecipitation. (D) Co-IP assay of JOSD2 and PCNA in 293T cells cotransfected with 
Flag-JOSD2 and HA-PCNA. Anti-FLAG magnetic beads and anti-HA magnetic beads were used for immunoprecipitation, 
respectively. (E) Co-IP of JOSD2 and PCNA in pancreas tissue treated with Cerulein. (F) Co-IP of JOSD2 and PCNA in CER-
challenged AR42J. (G–J) Western blot analysis of ubiquitination levels of HA-PCNA in 293T cells cotransfected with the 
indicated plasmids followed by 10 μM MG132 treatment for 6 hours. Immunoprecipitation was performed with anti-HA 
magnetic beads. (K) Ubiquitinated PCNA was detected by immunoblotting using a K63-Ub antibody to clarify the K63-
linked ubiquitination pattern of PCNA in AR42J treated with or without CER. (L) Lysates of pancreas tissue from WT and 
JOSD2 -/- mice were subjected to co-IP with anti PCNA, which was followed by immunoblot with an anti-K63-Ub antibody.

Table 1.Top 11 Potential Substrate Proteins of JOSD2

Rank Protein name MW, kDa Coverage, % LFQ intensity IP_Ctrl LFQ intensity IP_JOSD2 IP_JOSD2/IP_Ctrl Ratio

1 JOSD2 20.756 93.1 423130 4836000000 11428.403

2 CBS 60.586 11.6 6989600 14986000 2.144

3 EIF6 26.599 41.2 13204000 23835000 1.805

4 IPO9 115.96 3.3 2785200 4844100 1.739

5 LMNB1 66.408 7.5 6165900 10079000 1.635

6 IMPDH2 55.804 54.1 68790000 111400000 1.619

7 DDOST 50.8 11 8006500 12807000 1.6

8 GIGYF2 150.07 6.6 9058600 14339000 1.583

9 FAM133B 28.385 18.6 124870000 196080000 1.57

10 MED26 65.446 5.5 8399600 12774000 1.521

11 PCNA 28.768 13 17911000 27102000 1.513

12 SYMPK 141.15 3.9 5784700 8743800 1.512
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the same volume of saline by intraperitoneal injection. 
Seventy-two hours after the first injection, the mice were 
euthanized following excessive anesthesia, and serum, 
pancreas, and lung samples were collected.

Cell Culture and Transfection
HEK-293T cells (Cat#: GNHu17) were obtained from the 

National Infrastructure of Cell-line Resource. The cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM)
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(Cat#: C11995500BT, Gibco) supplemented with 10% fetal 
bovine serum (FBS) (Cat#: BC-SE-FBS07, Nanjing SenBeiJia 
Biological Technology Co, Ltd). The plasmids JOSD2-Flag, 
JOSD2-C24A-Flag, PCNA-HA, HA-PCNA-K14R, HA-PCNA-
K138R, and HA-PCNA-K164R were purchased from 
Tsingke Biotechnology, whereas Myc-Ub-WT, Myc-Ub-
K48O, Myc-Ub-K63O, Myc-Ub-K48R, and Myc-Ub-K63R 
plasmids were acquired from keLei Biological Technology. 
Plasmid transfections were conducted using Lipofectamine 
3000 reagent (Cat#: L3000015, Invitrogen) according to 
the manufacturer’s protocol.

The AR42J (Rat pancreatic acinar cell line) cell (Cat#: 
CL-0025, Pricella Biotechnology Co, Ltd) were cultured in 
Ham’s F-12 K medium (Cat#: PM15910, Pricella Biotech-
nology Co, Ltd) supplemented with 20% FBS and 1% 
penicillin and streptomycin in a humid incubator (37 ◦ C, 5% 
CO 2 ). For transfection, cells were seeded at 70% confluency 
in 60-mm tissue culture dishes. After 24 hours, cells were 
transiently transfected with plasmids PCNA-HA and HA-
PCNA-K164R using Lipofectamine 3000 reagent (Cat#: 
L3000015, Invitrogen) according to the manufacturer’s 
protocol. The cell model of AP was created by treating cells 
with CER (10 nM).

Biochemical Analysis
The activity levels of amylase, lipase, and LDH in serum 

and supernatant were measured using α-amylase assay kits 
(Cat#: C016-1-1, Nanjing Jiancheng), lipase assay kits 
(Cat#: A054-2-1, Nanjing Jiancheng), and LDH assay kits 
(Cat#: A020-2-2, Nanjing Jiancheng), respectively, following 
the manufacturer’s protocols.

Enzyme-linked Immunosorbent Assay
The levels of IL-6 and TNF-α in serum and acinar cell 

culture supernatants were measured using IL-6 Mouse 
enzyme-linked immunosorbent assay (ELISA) Kits (Cat#: 
88-7064-88, ThermoFisher) and TNF-α ELISA Kits (Cat#: 
88-7324-76, ThermoFisher), according to the manufac-
turer’s instructions.

MPO Activity
MPO activity was measured following previously 

established protocols. 77 Pancreas and lung tissues were 
homogenized in 100 mM phosphate buffer (pH 7.4) con-
taining protease inhibitors (Cat#: P1051, Beyotime) and 
centrifuged at 16,000 × g for 15 minutes at 4 ◦ C. The pellets

were washed by resuspension in phosphate buffer (pH 7.4) 
and centrifuged again. After washing, the pellets were 
resuspended in 100 mM phosphate buffer (pH 5.4) con-
taining 0.5% hexadecyltrimethylammonium bromide 
(Cat#: H6269, Sigma-Aldrich), 10 mM EDTA, and protease 
inhibitors. The suspension underwent 3 cycles of sonicat-
ion, freezing, and thawing. The extract was then centrifuged 
at 16,000 × g for 15 minutes at 4 ◦ C. MPO activity in the 
supernatants was determined using a colorimetric method 
with 3,3 ′ ,5,5 ′ -trimethylbenzidine (TMB) and 0.03% H 2 O 2 . 
The supernatants were incubated with TMB for 3 minutes 
at 37 ◦ C, followed by the addition of 0.03% H 2 O 2 and further 
incubation for 3 minutes. The reaction was stopped with 
2N H 2 SO 4 . Absorbance was measured at 655 nm. Protein 
concentration in the supernatants was determined using 
the Micro BCA Protein Assay Kit (Cat#: 23235, Thermo-
Fisher), and MPO activity was expressed as mU/mg protein.

RT-qPCR
Total RNA was extracted from mouse pancreas tissues 

and acinar cells using RNAiso Plus (Cat#: 9109, TAKARA). 
The extracted RNA was reverse-transcribed into comple-
mentary DNA using the TransScript All-in-One First-Strand 
cDNA Synthesis SuperMix (Cat#: AT341, TransGen 
Biotech). Quantitative PCR was conducted using Perfect-
Start Green qPCR SuperMix (Cat#: AQ601, TransGen 
Biotech) in a QuantStudio 3 real-time PCR system (Ther-
moFisher). The PCR conditions were as follows: initial 
denaturation at 95 ◦ C for 1 minute, followed by 45 cycles of 
95 ◦ C for 10 seconds, 60 ◦ C for 30 seconds, and 72 ◦ C for 30 
seconds.

The primers used in this study were listed as follows: Il6 
(Mouse), 5 ′ -GAGGATACCACTCCCAACAGACC-3 ′ (forward), 
and 5 ′ -AAGTGCATCATCGTTGTTCATACA-3 ′ (reverse); Tnf 
(Mouse), 5 ′ -CTGAGGTCAATCTGCCCAAGTAC-3 ′ (forward), 
and 5 ′ -CTTCACAGAGCAATGACTCCAAAG-3 ′ (reverse); 
JOSD2 (Mouse), 5 ′ -CTGATCTTGAACCTACCCTCTC-3 ′ (for-
ward), and 5 ′ -CGGAGCTTTGAGTCCAGATTAT-3 ′ (reverse); 
GAPDH (Mouse), 5 ′ -TGTGTCCGTCGTGGATCTGA-3 ′ (for-
ward), and 5 ′ -CCTGCTTCACCACCTTCTTGA-3 ′ (reverse).

Histological Analysis
Pancreas and lung tissues were fixed in 4% para-

formaldehyde and embedded in paraffin. Sections of 
pancreas and lung tissue (5 μm) were stained with H&E 
(Cat#: G1120, SolaR-bio Life Science) for histopathological 
assessment. The severity of the pancreatic injury was

Figure 9. (See previous page). JOSD2 knockout attenuates AP via PCNA activity. (A) Schematic illustration showing 
in vitro experiments conducted to identify whether PCNA is necessary for JOSD2-mediated progression of AP. (B) LDH, 
amylase, and lipase levels in the supernate of acinar cells from WT and JOSD2 -/- mice primed with PCNA-I1 and followed by 
CER stimulation (n = 3). RT-qPCR analysis of Il6 and Tnf mRNA levels (C) in acinar cells and ELISA analysis of IL-6 and TNF-α 
concentrations in supernatant (D) were performed. Data of mRNA levels were normalized to GAPDH (n = 3). (E) Western blot 
analysis of the activity of MAPKs and NF-κB in acinar cells from WT and JOSD2 -/- mice pretreated with PCNA-I1 and 
subjected to CER. (F) Densitometric quantification of Western blot image shown in panel E. (G) Western blot analysis of the 
levels of DNA damage marker (γ-H2Ax and Cle-PARP) and pro-apoptotic protein (Cle-caspase 3 and Bax) in acinar cells from 
WT and JOSD2 -/- mice pretreated with PCNA-I1 and subjected to CER. GAPDH served as the loading control (n = 3). (H) 
Densitometric quantification of Western blot image shown in panel G. Data are shown as means ± SD; *P < .05. All 
experimental animals were female.

16 Fang et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 12

101621



evaluated using the following scoring criteria as described 
previously: 78 edema score (0–3; 0 = absent, 1 = focally 
increased between lobules, 2 = diffusely increased, 3 = 
acini disrupted and separated), inflammatory infiltration

score (0–3; 0 = absent, 1 = around the pancreatic duct, 2 = 
intralobular or perivascular infiltration <50% of the lob-
ules, 3 = intralobular or perivascular infiltration >50% of 
the lobules), necrosis score (0–3; 0 = absent, 1 = periductal
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necrosis, <5% cells, 2 = focal necrosis, 5%–20% cells, 3 = 
diffuse parenchymal necrosis, 20%–50% cells), and a total 
score (sum of edema, inflammatory infiltration, and ne-
crosis scores).

Immunohistochemistry Staining
Paraffin sections (5-μm thick) were dewaxed, rehy-

drated, and subjected to antigen retrieval in 100 mM citrate 
buffer (pH 6.0) at 120 ◦ C for 3 minutes. The sections were 
incubated with 3% H 2 O 2 for 10 minutes to block endoge-
nous peroxidase activity. Nonspecific binding was blocked 
by incubating the sections with 10% normal goat serum 
(Cat#: SL038, Solarbio) for 30 minutes. Primary antibodies 
against F4/80 (Cat#: 70076, Cell Signaling Technology) and 
MPO (Cat#: 390109, Santa Cruz Biotechnology) were 
applied at room temperature for 2 hours, followed by in-
cubation with horseradish peroxidase (HRP)-linked sec-
ondary antibodies (Cat#: A0216, Beyotime Biotechnology). 
The immune signal intensity was detected using a DAB kit 
(Cat#: ZLI-9018, Zhong Shan-Golden Bridge Biological 
Technology Co, Ltd). Immunohistochemical images were 
captured using a light microscope (Nikon).

Western Blot Analysis
Cells and pancreatic tissues were lysed using RIPA 

buffer (Cat#: P0013B, Beyotime Biotechnology) containing 
a protease and phosphatase inhibitor cocktail (Cat#: P1051, 
Beyotime). Protein concentrations were quantified using a 
Bradford protein assay kit (Cat#: 5000205, Bio-Rad). Equal 
amounts of protein sample were separated by 10% to 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene difluoride 
(PVDF) membranes (BioRad). The membranes were 
blocked with 5% skim milk in 0.1% TBST for 1 hour at 
room temperature to prevent nonspecific binding, followed 
by incubation with primary antibodies overnight at 4 ◦ C. 
After washing with 0.1% TBST for 3 5-minute intervals, the 
membranes were incubated with corresponding secondary 
antibodies for 1 hour at room temperature. Protein signals 
were enhanced using ECL detection reagents (Cat#: 
P10300, NCM Biotech) and visualized using the ChemiDoc 
XRS+ system (Bio-Rad). Quantification of protein bands 
was performed using ImageJ software. Primary antibodies 
against MYC (Cat#: 2276), p-NF-κB p65 (Cat#: 3033), NF-
κB p65 (Cat#: 8242), IκBα (Cat#: 4812), p-JNK (Cat#:4668),

JNK (Cat#:9252), p-ERK (Cat#:4370), ERK (Cat#:4695), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(Cat#: 5174), Cle-caspase3 (Cat#:9664), BAX (Cat#:14796), 
Cle-PARP (Cat#:9544), γ-H2AX (Cat#:2577) were pur-
chased from Cell Signaling Technology. Antibodies against 
HA (Cat#: 51064-2-AP), Flag (Cat#: 66008-4-Ig), ß-actin 
(Cat#: 66009-1- Ig), PCNA (Cat#: 60097-1- Ig) were pur-
chased from Proteinthch. Antibodies against JOSD2 (Cat#: 
orb184482) was purchased from Biorbyt. And the HRP-
linked secondary antibodies (anti-mouse IgG, A0216; anti-
rabbit IgG, A0208) were purchased from Beyotime 
Biotechnology.

Co-immunoprecipitation
HEK-293T cells transfected with the appropriate plas-

mids for 24 hours were collected and lysed using ice-cold 
NP-40 Lysis Buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1% NP-40) containing protease and phosphatase in-
hibitors cocktail (Cat#: P1051, Beyotime). The lysates were 
sonicated for 1 minute and centrifuged at 12,000 × g for 15 
minutes at 4 ◦ C. The supernatant was incubated with target-
specific antibodies overnight at 4 ◦ C, followed by a 3-hour 
incubation with protein A+G agarose beads (Cat#: P2055, 
Beyotime Biotechnology) at 4 ◦ C. The beads were washed 5 
times with ice-cold lysis buffer and then eluted by boiling in 
loading buffer at 95 ◦ C, followed by immunoblot analysis.

Bone Marrow Transplantation
Recipient WT mice were subjected to total body irra-

diation (6 Gy) to deplete autologous bone marrow cells. 
Within 6 to 12 hours post-irradiation, 5.0 × 10 6 fresh bone 
marrow cells from donor WT or JOSD2 -/- (KO) mice were 
injected intravenously into the irradiated WT mice. Eight 
weeks later, the WT→WT and KO→WT mice were sub-
jected to CER-induced AP. Bone marrow-derived macro-
phages (BMDMs) and pancreatic tissues were collected to 
confirm the efficacy of the bone marrow transplantation.

Acinar Cell Preparation
Pancreatic acinar cells were isolated from WT and 

JOSD2 -/- mice using collagenase digestion method as 
described previously. 17 Briefly, mice were humanely 
euthanized, and the pancreatic tissue was collected. Visible 
blood vessels, lymph nodes, and fat were carefully removed 
from the pancreas and washed with ice-cold phosphate

Figure 10. (See previous page). JOSD2 deubiquitinates PCNA at K164 to block DNA damage repair in acinar cells. (A) 
Western blot analysis of ubiquitination levels of HA-PCNA in 293T cells cotransfected with the indicated plasmids followed by 
10 μM MG132 treatment for 6 hours. Immunoprecipitation was performed with anti-HA magnetic beads. (B) AR42J cells were 
transfected with HA-PCNA or HA-PCNA-K164R expressing plasmid. Cells then were treated with CER, and mRNA levels of 
Il6 and Tnf were measured (n = 3). (C) IL-6 and TNF-α levels in supernatants from AR42J cells transfected with HA-PCNA or 
HA-PCNA-K164R expressing plasmid. Cells then were treated with CER (n = 3). (D) AR42J cells were transfected with HA-
PCNA or HA-PCNA-K164R expressing plasmid. Then were treated with CER. Lysates then were probed for activation of 
downstream NF-κB pathway and MAPKs pathway proteins (n = 3). (E) Densitometric quantification of Western blot image 
shown in panel D. (F) AR42J cells were transfected with HA-PCNA or HA-PCNA-K164R expressing plasmid, then were 
treated with CER. Lysates then were probed for activation of DNA damage marker (γ-H2Ax and Cle-PARP) and pro-apoptotic 
protein (Cle-caspase 3 and Bax) (n = 3). (G) Densitometric quantification of Western blot image shown in panel F. Total 
proteins and GAPDH were used as control. Data are shown as means ± SD; ns no significant, *P < .05, **P < .01.
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buffered saline (PBS). The tissue was cut into smaller 
pieces (approximately 1–2 mm 3 ) and digested in digestion 
solution (DMEM containing 2.5 mg/mL bovine serum al-
bumin [BSA] [Cat#: A1933, Sigma-Aldrich], 1 mg/mL 
Collagenase IV [Cat#: LS004188, Worthington], and 100 
μg/mL soybean trypsin inhibitor [SBTI, Cat#: LS003571, 
Worthington]) for 20 minutes at 37 ◦ C on a magnetic stirrer 
set to 180 rpm. The supernatant was discarded, and a fresh 
digestion solution was added to ensure complete digestion. 
The cell suspension was then filtered through a 100-μm 
nylon mesh into a rinse solution (DMEM supplemented 
with 10 mg/mL BSA and 100 μg/mL SBTI). Cell pellets 
were washed with centrifugation solution (DMEM supple-
mented with 40 mg/mL BSA and 100 μg/mL SBTI) and 
centrifuged at 50 × g for 2 minutes. This process was 
repeated 3 times. After the final wash, the cells were 
resuspended in incubation solution (DMEM supplemented 
with 1 mg/mL BSA and 100 μg/mL SBTI) and seeded into 
6-well plates. To investigate the relationship between 
JOSD2 and PCNA, the PCNA inhibitor PCNA-I1 (Cat#: 
444930-42-1, TargetMol) was added to the acinar cell 
medium before CER treatment. Cells were then harvested 
for Western blot and RT-qPCR, while the supernatant was 
collected for ELISA analysis.

Pancreatic Trypsin Activity Assay
Trypsin activity was measured in homogenates of pancreas 

tissue by a fluorimetric assay as we described previously. 79 

Briefly, pancreatic tissue was homogenized in ice-cold buffer 
containing 5 mmol/L 4-morpholineethanesulfonic acid (pH 
6.5), 1 mmol/L MgSO4, and 250 mmol/L sucrose. Then, assay 
buffer containing 50 mmol/L Tris-HCl (pH = 8.0), 150 mmol/L 
NaCl, 1 mmol/L CaCl2, and 0.1 mg/mL BSA was added to the 
samples. Trypsin activity was measured using a specific sub-
strate, Boc-GIn-Ala-Arg-MCA (Cat#: 4017019; Bachem), which 
is converted to a fluorescent product with trypsin. The mixture 
emits fluorescence at 440 nm with excitation at 380 nm. 
Purified trypsin (Cat#: 9002-07-7; Worthington) was used to 
generate a standard curve.

Statistical Analysis
All data are reported as means ± standard deviation (SD) 

in this study. Statistical significance was determined using 
GraphPad Prism v8.0 software. Student’s t-test was used to 
analyze the differences between 2 groups, and 1-way anal-
ysis of variance (ANOVA) was applied to determine the dif-
ferences among multiple groups. For the mouse survival 
study, Kaplan-Meier survival curves were established, fol-
lowed by a log-rank test. P < .05 was considered significant.
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