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ATF4-mediated histone deacetylase HDAC1
promotes the progression of acute pancreatitis
Xiaofeng Deng1, Yu He2, Xiongying Miao1 and Bo Yu3

Abstract
Acute pancreatitis (AP), an acute inflammatory process, can be difficult to diagnose. Activating transcription factor 4
(ATF4) has been reported to participate in the pathogenesis of AP. Additionally, histone deacetylases (HDACs) are
shown to be closely related to the development of a variety of diseases, including inflammation disease. In our study,
we tried to highlight the role of ATF4 in AP through regulation of HDAC1. Firstly, we validated the effect of ATF4 on
pancreatic acinar cell proliferation, apoptosis, and inflammation through in vitro experiments on cellular models of
caerulein-induced AP. Next, we examined the correlation between ATF4 and HDAC1, and between HDAC1 with
neutral endopeptidase (NEP) and kruppel-like factor 4 (KLF4). Finally, the regulatory role of ATF4 in AP was further
assessed by determination of pathological conditions, biochemical indicators and inflammation through in vivo
experiments on caerulein-induced AP mouse models. After AP induction, highly expressed ATF4 was observed, and
silencing ATF4 could promote pancreatic acinar cell proliferation and inhibit apoptosis. ATF4 could bind to the HDAC1
promoter and upregulate its expression in AP. Moreover, HDAC1 could increase KLF4 expression by inhibiting NEP
expression. Functionally, silencing ATF4 could suppress AP through regulation of NEP-mediated KLF4 via
downregulation of HDAC1. Above all, our study uncovered the promotive role of ATF4 in AP through upregulation
of HDAC1.

Introduction
Acute pancreatitis (AP), an inflammatory disease, is the

main cause of hospitalization for gastrointestinal dis-
orders in the United States and many other countries1.
The rising incidence of this disease might further aug-
ment the frequency of disorders in several systems (such
as endocrine, exocrine, and aberrant bone metabolism)
long after clinical treatment of pancreatitis2. Several
promising strategies have emerged as novel therapeutic
options for the early management of AP, such as the
application of enteral nutrition and antibiotics, haemo-
filtration and protease inhibitors3. The pancreatic acinar
cells are a crucial cell source for the synthesis, delivery,

storage, and secretion of digestive enzymes while the
dysfunction of those cells initiate and propagate inflam-
mation whereby stimulating pancreatitis4. No curative
therapy has been currently developed for AP. Early
laparotomy is applied for the removal of the necrotic
tissues in the patients with necrotising pancreatitis but is
related to high mortality probably due to the unbearable
burden to surgical trauma in severe cases5. Unfolded
protein response and autophagy exert cytoprotective role
by reversing sustained endoplasmic reticulum (ER) stress,
and inhibiting apoptosis and necrosis. Characterization of
these pathways contributes to the development of novel
molecular targets for prospective therapeutic trials6.
Transcription factors are key mediators of DNA-

binding transcription and chromatin via recognizing
specific DNA sequences and function in diverse human
physiological events and disorders7. Activating transcrip-
tion factor 4 (ATF4) is an unfolded protein response
component that is induced downstream of such metabolic
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stresses as ER stress and is observed to be upregulated in
chronic pancreatitis8. Also, ATF4 has been previously
documented to be one of deregulated genes in the
asparaginase-associated pancreatitis9. Intriguingly, ATF4
positively regulates the expression of histone deacetylase 1
(HDAC1)10, which is associated with regulation of NOD-
like receptor protein 3 inflammasomes and immune cel-
lular infiltration in pancreas11. HDACs are a group of
enzymes that reverse histone acetylation and their inhi-
bitors have therapeutic value for inflammatory dis-
orders12. HDACs can affect the inflammatory response in
AP with the recruitment of histone acetyltransferases13.
HDAC1 induces histone deacetylation in the neutral
endopeptidase (NEP) promoter, resulting in inhibition of
NEP14. NEP was first identified as a neuropeptide-
degrading enzyme in the pancreas in 199215. In addi-
tion, NEP is proposed as a protective biomarker in
caerulein-induced AP16. Kruppel-like factor 4 (KLF4) is a
transcription factor which controls many cellular pro-
cesses such as cell proliferation and differentiation, and
can be negatively regulated by NEP in pulmonary artery
smooth muscle cells17. Based on the above findings, we
further focused on the functionality of ATF4, HDAC1,
NEP, and KLF4 in the pathogenesis of AP as well as their
interaction in the regulation of pancreatic acinar cells.

Materials and methods
Ethics statement
Animal experiment protocols were approved by the

Second Xiangya Hospital of Central South University. All
animal experiments were performed in accordance with
the Guide for the Care and Use of Laboratory animals
published by the US National Institutes of Health.
Appropriate measures were taken to minimize the use of
animals as well as their suffering.

Microarray-based gene expression analysis
The microarray dataset GSE3644 in Gene Expression

Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) was analyzed by “limma” package of R language
programming with |logFoldChange| > 1.5, and p < 0.01 as
threshold. The microarray dataset included 6 normal
samples and 6 pancreatitis samples. Human transcription
factor names were obtained through Cistrome (http://
cistrome.org), and important transcription factors were
obtained by comparing differential genes with transcrip-
tion factors. GeneMANIA (http://genemania.org) was
used to predict genes related to important transcription
factors, followed by construction of protein–protein
interaction (PPI) network. Cytoscape (https://cytoscape.
org) was applied to plot and calculate core levels and
scores to determine the most critical transcription factors,
and the R language was used to obtain the expression data
in the microarray dataset GSE3644 to draw the box plots

of the key transcription factors to determine their
expression trends. The site of transcription factors was
obtained through JASPAR (http://jaspar.genereg.net), and
the downstream pathways of key transcription factors
were identified through existing literature. MEM (https://
biit.cs.ut.ee/mem/index.cgi) was used for co-expression
analysis to verify the feasibility of the downstream path-
way, and then GeneMANIA was applied to predict the
relevant genes of the most downstream genes, followed by
construction of a PPI network. Images were constructed
by Cytoscape. KEGG enrichment analysis was performed
by KOBAS (http://kobas.cbi.pku.edu.cn) to verify its
relationship with pancreatitis.

AP mouse model
A total of 60 C57BL/6 J male mice (6 weeks, 20–25 g)

was enrolled and were kept for a week before the
experiment to adapt to the new conditions, with a 12-h
light/dark cycle. AP mouse model was established as
previously described18. Briefly, AP was induced by intra-
peritoneal injection of 50 mg/kg cerulein (7 doses hourly).
In the treatment group, corresponding lentivirus (sh-
ATF4, oe-KLF4 or corresponding controls) was injected
5 days before AP induction. The control mice received
normal saline hourly. Twenty-four h after AP induction,
mice were euthanized, blood samples were collected and
pancreases were removed and frozen in liquid nitrogen
immediately. Blood samples were used to determine
peroxidase, serum amylase, and lipase activities.

Enzyme-linked immunosorbent assay (ELISA)
Serum or cell supernatant was taken to measure the

levels of tumor necrosis factor-α (TNF-α) (JLC3924),
interleukin-1β (IL-1β) (JLC3580), IL-6 (JLC3601), and IL-
10 (JLC3554) by ELISA (Shanghai Jingkang Biological
Engineering Co., Ltd., Shanghai, China) according to the
instructions.

Hematoxylin eosin (H&E) staining
A small portion of the pancreas was selected, fixed in

buffered formalin (Sigma-Aldrich) with 10% neutral
solution, dehydrated by ethanol and embedded in paraffin
for routine histological examination. The sample was
stained with H&E and examined by light microscope
inspection Nikon Eclipse 80i microscope. Two patholo-
gists scored edema, inflammation, hemorrhage, and
necrosis of pancreatic tissues from 0 to 4 under 20 ran-
dom high-power microscopes based on the histological
scoring criteria of Kusske et al.19. The final scores for each
group were then added up.

Immunohistochemistry
Paraffin sections of pancreatic tissues from each group

were dewaxed, dehydrated with alcohol gradient, washed
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with tap water for 2 min, treated with H2O2 containing 3%
methanol for 20min, washed with distilled water for
2 min, and washed with 0.1M phosphate buffer saline
(PBS) for 3 min followed by antigen retrieval. The sections
were added with normal goat serum blocking solution (C-
0005, Shanghai Haoran Biological Technology Co., Ltd.,
Shanghai, China) at 4 °C overnight, added with primary
antibody to ATF4 (ab23760, 1:250, Abcam, Cambridge,
UK) at 4 °C overnight, and then added with goat anti-
rabbit immunoglobulin G (IgG) secondary antibody at
37 °C for 20min. Next, the sample was added with
horseradish peroxidase-labeled streptavidin protein
working solution (0343-10000U, Beijing Yimo biological
technology Co., Ltd., Beijing, China) at 37 °C for 20min.
After that, the sample was developed by 3,3′-diamino-
benzidine (ST033, Guangzhou Weijia technology Co.,
Ltd., Guangdong, China), stained by hematoxylin (PT001,
Shanghai Bogoo Biotechnology Co., Ltd., Shanghai,
China) for 1 min, returned to blue color by 1% ammonia,
dehydrated by a certain concentration of alcohol, cleared
by xylene, mounted by neutral resin and observed under a
microscope.

Western blot assay
Radio Immunoprecipitation Assay lysis buffer (BOSTER

Biological Technology Co., Ltd., Wuhan, China) con-
taining protease inhibitor was used to extract the total
protein. A bicinchoninic acid kit was applied to measure
the total protein concentration. Protein was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and transferred onto the polyvinylidene fluoride
membrane, which was then blocked with 5% skim milk
powder for 1 h at room temperature and probed at 4 °C
overnight with the diluted primary antibodies to ATF4
(ab23760, 1:1000, Abcam), HDAC1 (ab7028, 1:1000,
Abcam), NEP (ab227195, 1:2000, Abcam), KLF4
(ab215036, 1:1500, Abcam), cleaved-caspase3 (ab49822,
1:500, Abcam), B-cell lymphoma-2 (Bcl-2) (ab185002,
1:500, Abcam), Bcl-2 associated protein X (Bax) (ab32503,
1:500, Abcam), phosphorylated-Protein kinase R (PKR)-
like endoplasmic reticulum kinase (p-PERK) (#3179,
1:1000, Cell Signaling Technology, USA), phosphorylated-
translation eukaryotic initiation factor 2α (p-eIF2-α)
(#3398, 1:1000, Cell Signaling Technology) and C/EBP
homologous protein (CHOP) (#5554, 1:1000, Cell Sig-
naling Technology). The membrane was washed for 3
times with Tris-Buffered Saline Tween-20, and re-probed
with horseradish peroxidase-labeled secondary antibody
of goat anti-rabbit antibody (ab205719, 1:2000, Abcam)
for 1 h. Subsequently, an enhanced chemiluminescence
working solution (EMD Millipore, Billerica, MA) was
taken for color visualization, followed by photography
using Bio-Rad Image Analysis System and analysis using
Image J software. β-actin was used as internal reference.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)
Total RNA was extracted using Trizol reagent

(15596026, Invitrogen, Carlsbad, CA, USA), and reverse
transcription was performed according to the cDNA
reverse transcription kit (K1622, Beijing Yaanda Bio-
technology Co., Ltd., Beijing, China). The synthesized
cDNA was tested by Fast SYBR Green PCR kit (Applied
Biosystems) and ABI 7500 RT-PCR system (Applied
Biosystems). glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal reference, and the
relative expression of related genes was analyzed by
2−ΔΔCt method. The primer design is shown in Table 1.

Cell transfection
Pancreatic acinar cells AR4-2J, purchased from ATCC

(USA), were cultured in Dulbecco’s Modified Eagle
Medium/F12 supplemented with 20% fetal calf serum and
antibiotics, and cultured in a 37 °C, 5% CO2 incubator
(American ThermoFisher Scientific Corporation). Cells in
the logarithmic phase were trypsinized, and inoculated in
6-well plates at 1 × 105 cells per well. After 24 h of routine
culture, cell transfection was performed according to
Lipofectamine 2000 (Invitrogen) when cell confluence
reached 75%. The cultured cells were transfected with the
following plasmids: sh-ATF4, sh-HDAC1, sh-NEP, oe-
HDAC1, oe-KFL4 and corresponding controls. Silencing
plasmids (pGPU6/Neo, C02003) were purchased from
Shanghai GenePharma Co., Ltd, and overexpression
plasmids (pCDNA3.1-FLAG-LPA2, P1224) were pur-
chased from Wuhan Miaoling Biotechnology Co., Ltd.
(Wuhan, China) Successfully transfected cells were incu-
bated with 500 μM Na-TC for 12 h, and then treated with
L-alanyl-L-glutamine (2 mM) and cerulein to construct a
cellular AP model.

5-ethynyl-2′-deoxyuridine (EdU) assay
The cells were seeded in a 24-well plate (three replicates

were made for each group) supplemented with EdU (a

Table 1 Primer sequences for reverse transcription
quantitative polymerase chain reaction.

Sequences

HDAC1 Forward: CTACTACGACGGGGATGTTGG

Reverse: GAGTCATGCGGATTCGGTGAG

NEP Forward: AAGAAACAGCGATGGACTC

Reverse: TTTATGCAGTCTGATGACTTG

GAPDH Forward: AACGGATTTGGTCGTATTGGG

Reverse: TCGCTCCTGGAAGATGGTGAT

HDAC1 histone deacetylase 1, NEP neutral endopeptidase, GAPDH
glyceraldehyde-3-phosphate dehydrogenase.
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concentration of 10 μmol/L) for incubation in the incu-
bator for 2 h. The sample was fixed with PBS solution
containing 4% paraformaldehyde for 15 min at room
temperature, washed twice with PBS containing 3%
bovine serum albumin (BSA), and incubated with PBS
containing 0.5% Triton-100 at room temperature for
20 min. Next, the sample was washed by PBS containing
3% BSA, added with 100 μL of staining solution and
incubated for 30 min at room temperature in the dark.
Afterward, 4′,6-diamidino-2-phenylindole was added to
stain the nucleus for 5 min, and then the sample was
covered and observed under fluorescence microscope
(model: FM-600, Shanghai Putan Optical Instrument Co.,
Ltd., Shanghai, China) with 6–10 randomly selected
fields. The number of positive cells in each field was
recorded. EdU labeling rate (%)= number of positive
cells/(number of positive cells+ number of negative
cells) × 100%.

Terminal deoxyribonucleotidyl transferase (TDT)-mediated
2′-deoxyuridine 5′-triphosphate-digoxigenin nick end
labeling (TUNEL) assay
Apoptosis of pancreatic acinar cells was determined

using the TUNEL Apoptosis Detection Kit (Beyotime
Biotechnology, Shanghai, China) according to the manu-
facturer’s instructions. Nuclei with dark reddish-brown
were identified as positive. Under a light microscope,
TUNEL-positive cells were counted in 10 randomly
selected high-power fields and expressed as a percentage
of the total cell count (apoptosis index).

Flow cytometry
Collected cells were centrifuged at 2000 rpm for 5 min,

washed with cold PBS for two times, and suspended by
400 μL 1× Binding Buffer. Next, cell suspension was
added with 5 μL AnnexinV-Fluorescein Isothiocyanate for
incubation at 4 °C for 15min in the dark, and incubated
with 10 μL propidium iodide at 4 °C for 5 min in the dark.
Flow cytometer (BD FACS Calibur, BD Inc., USA) was
used to detect cell status within 1 h.

Chromatin immunoprecipitation (ChIP)
Cells with confluence of 70–80% were collected and

fixed with 1% formaldehyde at room temperature for
10min to crosslink DNA and protein. After the termi-
nation by glycine, the sample was sonicated by ultrasonic
treatment and centrifuged at 13,000 rpm at 4 °C, followed
by incubation with RNA polymerase II, anti-IgG, anti-
ATF4 (ab85049, ab59718, Abcam), anti-HDAC1 (1:100,
ab59718, Abcam) at 4 °C overnight. Protein Agarose/
Sepharose was used to precipitate the endogenous DNA-
protein complex. After centrifugation, the supernatant
was discarded, the non-specific complexes were washed,
the cross-linking was de-linked at 65 °C, and the DNA

fragments were purified and recovered by phenol/
chloroform. RT-qPCR was used to detect the enrichment
of related proteins in NEP and HDAC1 promoter regions.

Statistics analysis
SPSS 21.0 (IBM Corp, Armonk, NY, USA) was per-

formed for statistical analysis with p < 0.05 indicated
statistically difference. Three independent biological
experiments were replicated in each group. The com-
parison of the measurement data (mean standard ±
deviation) between two groups were tested by inde-
pendent sample t-test while comparison among multiple
groups was analyzed by one-way analysis of variance
with Tukey’s post hoc test.

Results
ATF4 is highly expressed in AP
Based on the R language difference analysis of the GEO

microarray dataset GSE3644, 335 significantly differen-
tially expressed genes were obtained (Fig. 1A), and 318
human transcription factors were obtained from Cistrome.
The intersection of significantly differentially expressed
genes and transcription factors revealed five important
transcription factors (Fig. 1B). Using GeneMANIA to
predict genes related to important transcription factors
and construct a PPI network (Fig. 1C), we found that
ATF4 was the most core transcription factor with the
highest total score (Table 2). A box plot of the data from
the microarray dataset GSE3644 found that ATF4 was
highly expressed in pancreatitis (Fig. 1D). Existing litera-
ture indicates that ATF4 is related to AP and highly
expressed in pancreatitis9. In order to explore the
expression of ATF4 in AP, we constructed an animal
model of AP, and detected the pathological score of pan-
creatic tissues using H&E. The results showed that AP
induction led to increased histopathological score (Fig.
1E). The expression of peroxidase, serum amylase, and
serum lipase in each group were detected with the results
indicated that AP induction led to increased expression of
peroxidase, serum amylase, and serum lipase (Fig. 1F).
Additionally, the levels of IL-1β, IL-6, IL-10, and TNF-α in
serum were detected by ELISA which showed that AP
induction resulted in elevations in IL-1β, IL-6, and TNF-α
as well as reduction in IL-10 expression (Fig. 1G). The
above results indicate that the model of AP was success-
fully constructed. Expression of ATF4 in pancreatic tissues
of AP was further determined and the results revealed that
ATF4 was highly expressed in the pancreatic tissues after
AP induction (Fig. 1H, I). These results demonstrated that
ATF4 was highly expressed in AP.

ER-related protein is upregulated in AP
During AP, ER stress would occur in cells. Therefore,

ER stress-related molecules, p-PERK and p-eIF2-α was
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detected in AP model and results revealed significant
upregulation of CHOP, p-PERK and p-eIF2-α (Supple-
mentary Fig. 1).

Silencing ATF4 promotes pancreatic acinar cell
proliferation and inhibits apoptosis
In order to understand the effect of ATF4 on pancreatic

acinar cells in AP, we used cerulein to treat pancreatic
acinar cells AR4-2J to construct an in vitro AP cell model,
and the cells were treated with silenced ATF4. Western
blot analysis was performed to detect ATF4 silencing

efficiency and the results demonstrated that sh-ATF4-1
and sh-ATF4-2 had the best silencing efficiency (Fig. 2A),
which were subsequently selected for related experiments.
EdU, TUNEL and flow cytometry assays revealed that sh-
ATF4-1 or sh-ATF4-2 treatment led to enhanced pan-
creatic acinar cell proliferation and inhibited apoptosis
(Fig. 2B–D). The determination of western blot analysis
and ELISA also showed that sh-ATF4-1 or sh-ATF4-2
treatment resulted in elevations in expression of Bcl-2 and
IL-10 as well as reductions in expression of Bax, cleaved-
caspase3, IL-1β, IL-6, and TNF-α (Fig. 2E, F). The above
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results indicated that silencing ATF4 promotes pancreatic
acinar cell proliferation and inhibits apoptosis.

ATF4 binds to the HDAC1 promoter and upregulates its
expression in AP
Previous study has shown that ATF4 can promote

HDAC1 expression through the HDAC1 promoter10. We
used co-expression analysis with MEM to determine the
co-expression relationship between ATF4 and HDAC1 (p
= 1.27e−17) (Fig. 3A). In order to understand the rela-
tionship between ATF4 and HDAC1, we detected the

expression of HDAC1 in an AP animal model by western
blot analysis, and the results showed that HDAC1 was
highly expressed in AP (Fig. 3B). We obtained the binding
site of ATF4 and HDAC1 promoter through JASPAR (Fig.
3C). Then we used ChIP to detect the enrichment of
ATF4 in the HDAC1 promoter in AP, and the results
showed that ATF4 enrichment in the HDAC1 promoter
region was significantly increased after AP induction (Fig.
3D). We mutated the binding site and used ChIP to detect
the enrichment of ATF4 in the HDAC1 promoter. The
results indicated that compared with the wild type (WT)
group, the AUT4 enrichment in the HDAC1 promoter
region was significantly reduced in the mutant (MUT)
group (Fig. 3E). After we silenced ATF4, western blot
analysis was used to detect the ATF4 expression in each
group, and the results revealed successful silencing of
ATF4 expression (Fig. 3F). In addition, RT-qPCR and
western blot analysis were applied to detect the expres-
sion of HDAC1 in each group, and the results showed that
the mRNA and protein expression of HDAC1 in the sh-
ATF4 group was significantly reduced (Fig. 3G, H). ChIP
was used to detect the enrichment of ATF4 in the HDAC1
promoter. The results demonstrated that the enrichment
of ATF4 in the HDAC1 promoter of the sh-ATF4 group
was significantly reduced (Fig. 3I). These results con-
cluded that ATF4 could bind to the HDAC1 promoter
and upregulate its expression in AP.

Table 2 The core degree of each input gene in the PPI
network.

Gene Degree Sum weight

ATF4 45 5.872830117

HIF1A 45 5.650693503

NFYB 22 4.758269712

RBL2 18 2.967579077

SRC 8 0.714165218

Degree represents the number of interactions between genes and other genes,
and sum weight represents the sum of scores of genes and other interactions.
PPI protein–protein interaction, ATF4 activating transcription factor 4, HIF1A
hypoxia inducible factor-1A, NFYB nuclear transcription factor Y subunit beta,
RBL2 retinoblastoma-like protein 2.
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Silencing ATF4 inhibits apoptosis of pancreatic acinar cells
by downregulation of HDAC1 expression
In order to understand the effect of ATF4 and HDAC1

on pancreatic acinar cells in AP, we used cerulein to treat
pancreatic acinar cells AR4-2J to construct an AP cell
model in vitro, and cells were then treated with silenced
ATF4 or overexpressed HDAC1. After treatment, the
expressions of ATF4 and HDAC1 in each group were
detected by western blot analysis, and the results showed
that silenced sh-ATF4 treatment led to reduced expres-
sions of ATF4 and HDAC1 while there was no significant
difference in ATF4 expression but increased HDAC1 after
oe-HDAC1 treatment (Fig. 4A). EdU, TUNEL, and flow
cytometry assays revealed that sh-ATF4 treatment led to
enhanced pancreatic acinar cell proliferation and inhib-
ited apoptosis which could be reversed by oe-HDAC1
treatment (Fig. 4B–D). The determination of Western
blot analysis and ELISA also showed that sh-ATF4
treatment resulted in elevations in expression of Bcl-2
and IL-10 as well as reductions in expression of Bax,

cleaved-caspase3, IL-1β, IL-6, and TNF-α which could be
reversed by oe-HDAC1 treatment (Fig. 4E, F). The above
results indicated that silencing ATF4 promotes pancreatic
acinar cell proliferation and inhibits apoptosis through
suppression of HDAC1.

HDAC1 promotes KLF4 expression by inhibiting NEP
expression
Some literature show that HDAC1 binds to the NEP

promoter and inhibits the transcription of NEP by
removing H3K27ac modification14. NEP is poorly
expressed in caerulein-induced AP and overexpressed
NEP can inhibit AP16. In addition, NEP can inhibit the
expression of KLF417. Co-expression was conducted
through MEM found that HDAC1 and NEP have a sig-
nificant co-expression relationship (p= 6.76e−05) (Fig.
5A), and there is also a significant co-expression rela-
tionship between NEP and KLF4 (p= 1.07e−05) (Fig. 5B).
A box plot was drawn from the expression data of the
microarray dataset GSE3644 to determine the high
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expression of KLF4 in AP (Fig. 5C). GeneMANIA was
used to predict the KLF4 related genes and construct a
PPI network (Fig. 5D). KEGG enrichment analysis was
performed in KLF4 and related genes through KOBAS,
the results showed that KLF4 was correlated with AP (Fig.
5E). In order to understand the regulatory relationship of
HDAC1 on NEP-KLF4, we used Western blot analysis to
detect the expression of NEP and KLF4 in AP. The results
revealed that NEP expression was low and KLF4 expres-
sion was high in AP (Fig. 5F). After silencing HDAC1,
decreased HDAC1 and KLF4 expression but increased
NEP expression were found (Fig. 5G). After silencing
NEP, decreased NEP expression but increased KLF4
expression were found (Fig. 5H). ChIP was used to detect
the enrichment of HDAC1 in the NEP promoter. The
results showed that HDAC1 enrichment in NEP promoter
significantly increased and H3K27ac enrichment
decreased significantly in AP (Fig. 5I). After silencing
HDAC1, HDAC1 enrichment significantly reduced in the
NEP promoter region, and H3K27ac enrichment sig-
nificantly increased (Fig. 5J). ChIP demonstrated that oe-
HDAC1 treatment led to increased HDAC1 enrichment
but decreased H3K27ac enrichment (Fig. 5K). Moreover,
RT-qPCR determination demonstrated that oe-HDAC1
treatment resulted in increased HDAC1 mRNA (Fig. 5L).

The above results clarified that HDAC1 promotes KLF4
expression by inhibiting NEP expression.

Silencing HDAC1 inhibits KLF4 expression by upregulating
NEP expression thus promoting pancreatic acinar cell
proliferation
In order to understand the effect of HDAC1, NEP, and

ATF4 on pancreatic acinar cells in AP, we used cerulein to
treat pancreatic acinar cells AR4-2J to construct an AP
cell model in vitro, and cells were then treated with
silenced NEP or silenced HDAC1. After treatment, the
expressions of HDAC1, NEP and KLF4 in each group
were detected by Western blot analysis, and the results
showed that sh-HDAC1 treatment led to reductions in
HDAC1 and KLF4 but elevation in NEP expression while
there was no significant difference in HDAC1 expression
but increased KLF4 and decreased NEP after sh-NEP
treatment (Fig. 6A). EdU, TUNEL and flow cytometry
assays revealed that sh-HDAC1 treatment led to enhanced
pancreatic acinar cell proliferation and inhibited apoptosis
which could be reversed by sh-NEP treatment (Fig.
6B–D). The determination of Western blot analysis and
ELISA also showed that sh-HDAC1 treatment resulted in
elevations in expression of Bcl-2 and IL-10 as well as
reductions in expression of Bax, cleaved-caspase3, IL-1β,
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Fig. 4 Silencing ATF4 inhibits apoptosis of pancreatic acinar cells by downregulation of HDAC1 expression. A Western blot analysis was
performed to detect ATF4 and HDAC1. B EdU was applied to detect pancreatic acinar cell proliferation after sh-ATF4 or oe-HDAC1 treatment.
C TUNEL was performed to detect pancreatic acinar cell apoptosis after sh-ATF4 or oe-HDAC1 treatment. D Flow cytometry was performed to detect
pancreatic acinar cell apoptosis after sh-ATF4 or oe-HDAC1 treatment. E Western blot analysis was performed to detect expression of Bcl-2, Bax and
cleaved-caspase3. F ELISA was conducted to test levels of IL-1β, IL-6, TNF-α, and IL-10. *p < 0.05 compared with the sh-NC+ oe-NC group; #p < 0.05
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analyzed by one-way analysis of variance with Tukey’s post hoc test.
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Fig. 5 HDAC1 promotes KLF4 expression by inhibiting NEP expression. A Co-expression analysis with MEM to determine the co-expression
relationship between HDAC1 and NEP (p= 6.76e−05). B Co-expression analysis with MEM to determine the co-expression relationship between NEP
and KLF4 (p= 6.76e−05). C A box plot from the expression data of the microarray dataset GSE3644 to determine expression of KLF4. The blue box on
the left represents the expression of normal samples, and the red box on the right represents the expression of pancreatitis samples. D GeneMANIA
predicted KLF4 related genes and constructed a PPI network diagram. The triangle gene in the middle is KLF4, and the outer circle gene is the
predicted related gene. The redder the color of the gene, the higher the core degree, and vice versa the bluer the core, the lower the degree.
E KOBAS was performed for KEGG enrichment analysis of KLF4 and its related genes. The vertical axis represents the enriched pathway. The horizontal
axis and the size of the bubble represent the number of genes enriched on the pathway. Significance-logP value, the greater the significance, the
redder the bubbles, and the smaller the significance, the bluer the bubbles. F Western blot analysis to detect the expression of NEP and KLF4 in AP.
G Western blot analysis to detect the expression of HDAC1, NEP, and KLF4 in AP after silencing NEP. H Western blot analysis to detect the expression
of NEP and KLF4 in AP. I ChIP detected the enrichment of HDAC1 and H3K27ac in the NEP promoter of each group. J ChIP detected the enrichment
of HDAC1 and H3K27ac in the NEP promoter of each group after silencing NEP. K ChIP detected the enrichment of HDAC1 and H3K27ac in the NEP
promoter of each group. L RT-qPCR detected HDAC1 mRNA expression. *p < 0.05 compared with the Mock, WT or sh-NC group. The comparison of
the measurement data (mean standard ± deviation) between two groups were tested by independent sample t-test.
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IL-6, and TNF-α, which could be reversed by sh-NEP
treatment (Fig. 6E, F). The above results indicated that
silencing HDAC1 inhibits KLF4 expression by upregu-
lating NEP expression thus promoting pancreatic acinar
cell proliferation.

Silencing ATF4 regulates NEP-KLF4 expression by
inhibiting HDAC1 thus promoting pancreatic acinar cell
proliferation
Additionally, the effect of ATF4, HDAC1, NEP, and

KLF4 on pancreatic acinar cells in AP was investigated
after establishment of an AP cell model, and cells were
then treated with silenced ATF4 or silenced KLF4. After
treatment, the expressions of ATF4, HDAC1, NEP, and
KLF4 in each group were detected by western blot ana-
lysis, and the results showed that sh-ATF4 treatment led
to increased NEP expression but decreased ATF4,
HDAC1, and KLF4 while there was no significant change
in ATF4, HDAC1, and NEP but increased KLF4 after oe-
KLF4 treatment (Fig. 7A). EdU, TUNEL, and flow cyto-
metry assays revealed that sh-ATF4 treatment led to
enhanced pancreatic acinar cell proliferation and inhib-
ited apoptosis which could be reversed by oe-KLF4

treatment (Fig. 7B–D). The determination of western
blot analysis and ELISA also showed that sh-ATF4
treatment resulted in elevations in expression of Bcl-2
and IL-10 as well as reductions in expression of Bax,
cleaved-caspase3, IL-1β, IL-6, and TNF-α, which could be
reversed by oe-KLF4 treatment (Fig. 7E, F). The above
results indicated that silencing ATF4 promotes pancreatic
acinar cell proliferation via regulation of NEP-KLF4
expression by inhibiting HDAC1.

Downregulation of ATF4 suppresses AP via regulation of
NEP-KLF4 expression by inhibiting HDAC1
Furthermore, the regulatory role of ATF4 in animal

model was also explored. After different treatments, the
expressions of ATF4, HDAC1, NEP, and KLF4 in each
group were detected by western blot analysis, and the
results showed that AP mice with sh-ATF4 treatment led
to increased NEP expression but decreased ATF4,
HDAC1, and KLF4 while there was no significant change
in ATF4, HDAC1 and NEP but increased KLF4 after oe-
KLF4 treatment (Fig. 8A). The pathological score of
pancreatic tissues in AP mice with different treatment
was determined using H&E. The results showed that AP

Fig. 6 Downregulation of HDAC1 inhibits KLF4 expression by upregulating NEP expression thus promoting pancreatic acinar cell
proliferation. A Western blot analysis was performed to detect HDAC1, NEP, and ATF4. B EdU was applied to detect pancreatic acinar cell
proliferation after sh-HDAC1 or sh-NEP treatment. C TUNEL was performed to detect pancreatic acinar cell apoptosis after sh-HDAC1 or sh-NEP
treatment. D Flow cytometry was performed to detect pancreatic acinar cell apoptosis after sh-HDAC1 or sh-NEP treatment. E Western blot analysis
was performed to detect expression of Bcl-2, Bax, and cleaved-caspase3. F ELISA was conducted to test levels of IL-1β, IL-6, TNF-α, and IL-10. *p < 0.05
compared with the sh-NC+ oe-NC group; #p < 0.05 compared with the sh-HDAC1+ oe-NC group. The comparison of the measurement data (mean
standard±deviation) among multiple groups was analyzed by one-way analysis of variance with Tukey’s post hoc test.
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mice with sh-ATF4 treatment led to reduced histo-
pathological score while AP mice with both sh-ATF4 and
oe-KLF4 treatment showed increased histopathological
score (Fig. 8B). The expression of peroxidase, serum
amylase, and serum lipase in each group were detected
with the results indicated that AP mice with sh-ATF4
treatment led to reduced expression of peroxidase, serum
amylase, and serum lipase while AP mice with both sh-
ATF4 and oe-KLF4 treatment showed increased expres-
sion of peroxidase, serum amylase, and serum lipase (Fig.
8C). Moreover, the levels of IL-1β, IL-6, IL-10 and TNF-α
in serum were detected by ELISA which showed that AP
mice with sh-ATF4 treatment resulted in reductions in
IL-1β, IL-6, and TNF-α as well as elevation in IL-10
expression while AP mice with both sh-ATF4 and oe-
KLF4 treatment led to elevations in IL-1β, IL-6 and TNF-
α as well as reduction in IL-10 expression (Fig. 8D). The
above findings demonstrated that silencing
ATF4 suppresses AP via regulation of NEP-KLF4
expression by inhibiting HDAC1.

Discussion
Currently, increasing attention has been paid to basic

study regarding AP, including immunomodulatory therapy
and mesenchymal stem cell-based therapy20. Notably,
implication of miRNAs in AP has been deciphered21.
However, investigation with regard to the role of functional
gene signaling pathway in AP is limited. More importantly,
ER has been identified to be activated in AP22. Mito-
chondrial dysfunction has been recognized to induce ER
stress and play a negative role in AP progression23. Dis-
orders of the acinar cells involve in the induction of pan-
creatitis through mediating inflammatory response4. Our
study paid the main attention to the roles of ER stress-
related ATF4, HDAC1, NEP, and KLF4 in the growth,
apoptosis, and inflammation in pancreatic acinar cells. The
obtained results demonstrated that ATF4 silencing con-
tributed to protection against AP via inhibiting the
recruitment of HDAC1 in the NEP promoter and down-
regulating KLF4, providing a novel insight into developing
potential therapeutic strategy for AP.
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Fig. 7 Downregulation of ATF4 promotes pancreatic acinar cell proliferation via regulation of NEP-KLF4 expression by inhibiting HDAC1. A
Western blot analysis was performed to detect ATF4, HDAC1, NEP, and KLF4. B EdU was applied to detect pancreatic acinar cell proliferation after sh-
ATF4 or oe-KLF4 treatment. C TUNEL was performed to detect pancreatic acinar cell apoptosis after sh-ATF4 or oe-KLF4 treatment. D Flow cytometry
was performed to detect pancreatic acinar cell apoptosis after sh-ATF4 or oe-KLF4 treatment. E Western blot analysis was performed to detect
expression of Bcl-2, Bax, and cleaved-caspase3. F ELISA was conducted to test levels of IL-1β, IL-6, TNF-α, and IL-10. *p < 0.05 compared with the sh-
NC+ oe-NC group; #p < 0.05 compared with the sh-ATF4+ oe-NC group. The comparison of the measurement data (mean standard ± deviation)
among multiple groups was analyzed by one-way analysis of variance with Tukey’s post hoc test.
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The first major observation was the aberrant high
expression of ATF4 in the pancreatic tissues of AP mouse
model. Further knockdown experiment provided evidence
for the conclusion that ATF4 loss-of-function resulted in
potentiated proliferative capability and suppressed apop-
tosis of pancreatic acinar cells, which was also supported
by an increase of Bcl-2 protein and reductions of Bax and
cleaved-caspase3 proteins. ATF4 is one of unfolded pro-
tein response components involved in the ER stress and
may also induce cell death through the modulation of
mitochondrial apoptosis-related Bcl-2 family proteins24.
In a previous study, ATF4 knockout was associated with
the apoptosis of pancreatic acinar cells25. Also, ATF4
activation may induce cell apoptosis in exocrine pan-
creas26. In addition to the pro-proliferative and anti-
apoptotic functions achieved by ATF4 knockdown, our
experiments further identified an anti-inflammatory
potential, corresponding to reduced levels of pro-
inflammatory proteins IL-1β, IL-6, and TNF-α and
increased level of anti-inflammatory protein IL-10. ATF4
exerts manifold role in the development of pathologies
where ATF4 controls many cellular signaling pathways,
such as autophagy, oxidative stress, and inflammatory
response. For instance, the pro-inflammatory effect of

ATF4 through activation of IL-6 has been illustrated in
the investigation conducted by Iwasaki et al.27. Con-
sistently, specific siRNA-induced silencing of ATF4
impaired NF-κB activation and inhibited the production
of pro-inflammatory cytokines28. In addition, down-
regulation of ATF4 was witnessed to ameliorate retinal
inflammation in a mouse diabetic model29. At last, tar-
geting ATF4 exhibited protective effect against AP-
induced tissue damage and suppressive effect on the
release of pro-inflammatory proteins in the mouse model.
Those data contributed to a theoretical basis of the ATF4-
targeted therapy for the treatment of AP.
Apart from the above-mentioned function of ATF4, we

additionally analyzed the molecular mechanisms involved
in this function. The co-expression of HDAC1 and ATF4
was defined by MEM analysis, while ChIP assay further
confirmed the binding of ATF4 in the HDAC1 promoter.
It has been reported that ATF4 transcriptionally elevates
the HDAC1 expression10, which is also demonstrated in
our study. In addition, downregulation of HDAC1 was
found to be responsible for the suppression in apoptosis of
pancreatic acinar cells and inflammation mediated by
ATF4 silencing. Loss of HDAC1 could prolong nuclear
IL-1β-triggered phosphorylation of nuclear factor kappa-B
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Fig. 8 Downregulation of ATF4 suppresses AP via regulation of NEP-KLF4 expression by inhibiting HDAC1. A Western blot analysis was
performed to detect ATF4, HDAC1, NEP, and KLF4. B HE staining to detect pathological conditions of pancreatic tissue after sh-ATF4 or oe-KLF4
treatment in AP mice. C Biochemical analysis to detect peroxidase, serum amylase, and serum lipase levels after sh-ATF4 or oe-KLF4 treatment in AP
mice. D ELISA to detect serum IL-1β, IL-6, IL-10, and TNF-α in AP mice; *p < 0.05 compared with the AP+ sh-NC+ oe-NC group; #p < 0.05 compared
with the AP+ sh-ATF4+ oe-NC group. The comparison of the measurement data (mean standard ± deviation) among multiple groups was analyzed
by one-way analysis of variance with Tukey’s post hoc test.
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and control the levels of IL-1β-dependent inflammatory
genes in intestinal epithelial cells30. This role of HDAC1
in inflammation has also been elaborated in another study
that HDAC1 inhibition blocks the suppression of pro-
inflammatory responses31. HDAC1, a histone deacetylase,
was found to reduce H3K27ac in the NEP promoter and
hence downregulate NEP expression. NEP deficiency
resulted in uncontrolled inflammation32. NEP functioned
as a repressor of pancreatic elastase-caused lung injury
possibly through downregulation of pro-inflammatory
proteins33,34. Acute inhibition of NEP increased Sub-
stance P level in caerulein-induced AP, and consequently
augmented inflammation in the pancreas and the related
lung damage16. The results of rescue experiments
demonstrated that NEP knockdown reversed the pro-
proliferative, anti-apoptotic and anti-inflammatory effects
of HDAC1 knockdown on pancreatic acinar cells, sug-
gesting that HDAC1 knockdown protected pancreatic
acinar cells from apoptosis and inflammation through
increasing NEP. KLF4 was determined to be a down-
stream gene of NEP, which was consistent with the pre-
vious study17. KLF4 was proposed to be a promoter of
colonic inflammation35. Also, KLF4 has been reported to
reduce cell viability by arresting cell cycle in G1 phase and
increase cell sensitivity to apoptosis by downregulating
Bcl-236. Additionally, overexpressed KLF4 has been deci-
phered to activate p53-mediated cell apoptosis and KLF4
antagonist can activate the JAK-STAT3 signaling pathway
in contribution to cell growth37. Moreover, KLF4 can
mediate cell apoptosis by activating noncoding RNA
metastasis-associated lung adenocarcinoma transcript 138.
However, its role in AP has been rarely mentioned. The
loss-of-function and rescue experiments provided evi-
dence for the idea that KLF4 overexpression reversed the
effects of ATF4 knockdown on pancreatic acinar cells.
Aforementioned evidence suggested that ATF4 mediated
the HDAC1/NEP/KLF4 axis by which ATF4 participated
in the prevention of AP.
In summary, our data unraveled the anti-inflammatory

function of specific ATF4 shRNA, which was evidenced in
the in vivo mouse model of AP. An inflammation-related
pathway HDAC1/NEP/KLF4 was proposed in this study.
Those findings, therefore, highlight that those genes exert
promise as therapeutic targets against AP. Further clinical
trials are of great concern to demonstrate the practic-
ability of those targets in the future.

Acknowledgements
The authors sincerely appreciate all members participated in this work.

Author details
1Department of General Surgery, the Second Xiangya Hospital of Central South
University, Changsha 410000, P. R. China. 2Department of Radiology, the
Second Xiangya Hospital of Central South University, Changsha 410000, P. R.

China. 3Department of Critical Care Medicine, the Second Xiangya Hospital of
Central South University, Changsha 410000, P. R. China

Author contributions
Xiaofeng Deng and Bo Yu participated in designing the experiments,
performed most of the experiments and wrote the manuscript. Yu He and
Xiongying Miao conceived and designed the experiments and oversaw all
aspects of the study. All authors have read and approved the final submitted
manuscript.

Availability of data and materials
The datasets generated and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Conflict of interest
The authors declare that they have no conflict of interest.

Ethics approval and consent to participate
Animal experiment protocols were approved by the Second Xiangya Hospital
of Central South University. All animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory animals
published by the US National Institutes of Health. Appropriate measures were
taken to minimize the use of animals as well as their suffering.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-03296-x).

Received: 7 July 2020 Revised: 2 November 2020 Accepted: 4 November
2020

References
1. Lankisch, P. G., Apte, M. & Banks, P. A. Acute pancreatitis. Lancet 386, 85–96

(2015).
2. Petrov, M. S. & Yadav, D. Global epidemiology and holistic prevention of

pancreatitis. Nat. Rev. Gastroenterol. Hepatol. 16, 175–184 (2019).
3. Bakker, O. J. et al. Treatment options for acute pancreatitis. Nat. Rev. Gastro-

enterol. Hepatol. 11, 462–469 (2014).
4. Habtezion, A., Gukovskaya, A. S. & Pandol, S. J. Acute pancreatitis: a multi-

faceted set of organelle and cellular interactions. Gastroenterology 156,
1941–1950 (2019).

5. van Dijk, S. M. et al. Acute pancreatitis: recent advances through randomised
trials. Gut 66, 2024–2032 (2017).

6. Lee, P. J. & Papachristou, G. I. New insights into acute pancreatitis. Nat. Rev.
Gastroenterol. Hepatol. 16, 479–496 (2019).

7. Lambert, S. A. et al. The human transcription factors. Cell 172, 650–665 (2018).
8. Sah, R. P. et al. Endoplasmic reticulum stress is chronically activated in chronic

pancreatitis. J. Biol. Chem. 289, 27551–27561 (2014).
9. Phillipson-Weiner, L. et al. General control nonderepressible 2 deletion pre-

disposes to asparaginase-associated pancreatitis in mice. Am. J. Physiol. Gas-
trointest. Liver Physiol. 310, G1061–G1070 (2016).

10. Zeng, H. et al. Crosstalk between ATF4 and MTA1/HDAC1 promotes osteo-
sarcoma progression. Oncotarget 7, 7329–7342 (2016).

11. Pan, X. et al. Butyrate ameliorates caerulein-induced acute pancreatitis and
associated intestinal injury by tissue-specific mechanisms. Br. J. Pharm. 176,
4446–4461 (2019).

12. Shakespear, M. R., Halili, M. A., Irvine, K. M., Fairlie, D. P. & Sweet, M. J. Histone
deacetylases as regulators of inflammation and immunity. Trends Immunol. 32,
335–343 (2011).

13. Escobar, J., Pereda, J., Lopez-Rodas, G. & Sastre, J. Redox signaling and histone
acetylation in acute pancreatitis. Free Radic. Biol. Med. 52, 819–837 (2012).

Deng et al. Cell Death and Disease            (2021) 12:5 Page 13 of 14

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-03296-x
https://doi.org/10.1038/s41419-020-03296-x


14. Wang, Z. et al. Hypoxia-induced down-regulation of neprilysin by histone
modification in mouse primary cortical and hippocampal neurons. PLoS ONE
6, e19229 (2011).

15. Terashima, H., Okamoto, A., Menozzi, D., Goetzl, E. J. & Bunnett, N. W. Identi-
fication of neuropeptide-degrading enzymes in the pancreas. Peptides 13,
741–748 (1992).

16. Koh, Y. H., Moochhala, S. & Bhatia, M. The role of neutral endopeptidase in
caerulein-induced acute pancreatitis. J. Immunol. 187, 5429–5439 (2011).

17. Karoor, V. et al. Sustained activation of Rho GTPases Promotes a synthetic
pulmonary artery smooth muscle cell phenotype in neprilysin null mice.
Arterioscler Thromb. Vasc. Biol. 38, 154–163 (2018).

18. Cao, S. et al. A small-molecule activator of mitochondrial aldehyde dehy-
drogenase 2 reduces the severity of cerulein-induced acute pancreatitis. Bio-
chem Biophys. Res Commun. 522, 518–524 (2020).

19. Kusske, A. M., Rongione, A. J., Ashley, S. W., McFadden, D. W. & Reber, H. A.
Interleukin-10 prevents death in lethal necrotizing pancreatitis in mice. Surgery
120, 284–288 (1996). discussion 289.

20. Munir, F. et al. Advances in immunomodulatory therapy for severe acute
pancreatitis. Immunol. Lett. 217, 72–76 (2020).

21. Yang, Y. et al. MicroRNAs in acute pancreatitis: from pathogenesis to novel
diagnosis and therapy. J. Cell Physiol. 235, 1948–1961 (2020).

22. Wu, J. S., Li, W. M., Chen, Y. N., Zhao, Q. & Chen, Q. F. Endoplasmic reticulum
stress is activated in acute pancreatitis. J. Dig. Dis. 17, 295–303 (2016).

23. Biczo, G. et al. Mitochondrial dysfunction, through impaired autophagy, leads
to endoplasmic reticulum stress, deregulated lipid metabolism, and pan-
creatitis in Animal Models. Gastroenterology 154, 689–703 (2018).

24. Iurlaro, R. & Munoz-Pinedo, C. Cell death induced by endoplasmic reticulum
stress. FEBS J. 283, 2640–2652 (2016).

25. Iida, K., Li, Y., McGrath, B. C., Frank, A. & Cavener, D. R. PERK eIF2 alpha kinase is
required to regulate the viability of the exocrine pancreas in mice. BMC Cell
Biol. 8, 38 (2007).

26. Ben-Dror, K. & Birk, R. Oleic acid ameliorates palmitic acid-induced ER stress
and inflammation markers in naive and cerulein-treated exocrine pancreas
cells. Biosci Rep. 39, BSR20190054 (2019).

27. Iwasaki, Y. et al. Activating transcription factor 4 links metabolic stress to
interleukin-6 expression in macrophages. Diabetes 63, 152–161 (2014).

28. Zhang, H. et al. Anti-dsDNA antibodies induce inflammation via endoplasmic
reticulum stress in human mesangial cells. J. Transl. Med. 13, 178 (2015).

29. Chen, Y. et al. Activating transcription factor 4 mediates hyperglycaemia-
induced endothelial inflammation and retinal vascular leakage through acti-
vation of STAT3 in a mouse model of type 1 diabetes. Diabetologia 55,
2533–2545 (2012).

30. Gonneaud, A., Gagne, J. M., Turgeon, N. & Asselin, C. The histone deacetylase
Hdac1 regulates inflammatory signalling in intestinal epithelial cells. J. Inflamm.
(Lond.) 11, 43 (2014).

31. Guo, X. et al. HDAC1 and HDAC2 regulate anti-inflammatory effects of
anesthetic isoflurane in human monocytes. Immunol. Cell Biol. 98, 318–331
(2020).

32. Maa, J. et al. Substance P is a determinant of lethality in diet-induced
hemorrhagic pancreatitis in mice. Surgery 128, 232–239 (2000).

33. Day, A. L. et al. Neutral endopeptidase determines the severity of pancreatitis-
associated lung injury. J. Surg. Res. 128, 21–27 (2005).

34. Lightner, A. M., Jordan, T. H., Bunnett, N. W., Grady, E. F. & Kirkwood, K. S.
Recombinant human neutral endopeptidase ameliorates pancreatic elastase-
induced lung injury. Surgery 132, 193–199 (2002).

35. Ghaleb, A. M., Laroui, H., Merlin, D. & Yang, V. W. Genetic deletion of Klf4 in the
mouse intestinal epithelium ameliorates dextran sodium sulfate-induced
colitis by modulating the NF-kappaB pathway inflammatory response.
Inflamm. Bowel Dis. 20, 811–820 (2014).

36. Choi, H. & Roh, J. Role of Klf4 in the regulation of apoptosis and cell cycle
in rat granulosa cells during the periovulatory period. Int. J. Mol. Sci. 20, 87
(2018).

37. Cui, D. M. et al. KLF4 knockdown attenuates TBI-induced neuronal damage
through p53 and JAK-STAT3 signaling. CNS Neurosci. Ther. 23, 106–118
(2017).

38. Yang, H., Xi, X., Zhao, B., Su, Z. & Wang, Z. KLF4 protects brain microvascular
endothelial cells from ischemic stroke induced apoptosis by transcriptionally
activating MALAT1. Biochem. Biophys. Res Commun. 495, 2376–2382 (2018).

Deng et al. Cell Death and Disease            (2021) 12:5 Page 14 of 14

Official journal of the Cell Death Differentiation Association


	ATF4-mediated histone deacetylase HDAC1 promotes the progression of acute pancreatitis
	Introduction
	Materials and methods
	Ethics statement
	Microarray-based gene expression analysis
	AP mouse model
	Enzyme-linked immunosorbent assay (ELISA)
	Hematoxylin eosin (H&#x00026;E) staining
	Immunohistochemistry
	Western blot assay
	Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
	Cell transfection
	5-ethynyl-2&#x02032;-deoxyuridine (EdU) assay
	Terminal deoxyribonucleotidyl transferase (TDT)-mediated 2&#x02032;-deoxyuridine 5&#x02032;-triphosphate-digoxigenin nick end labeling (TUNEL) assay
	Flow cytometry
	Chromatin immunoprecipitation (ChIP)
	Statistics analysis

	Results
	ATF4 is highly expressed in AP
	ER-related protein is upregulated in AP
	Silencing ATF4 promotes pancreatic acinar cell proliferation and inhibits apoptosis
	ATF4 binds to the HDAC1 promoter and upregulates its expression in AP
	Silencing ATF4 inhibits apoptosis of pancreatic acinar cells by downregulation of HDAC1 expression
	HDAC1 promotes KLF4 expression by inhibiting NEP expression
	Silencing HDAC1 inhibits KLF4 expression by upregulating NEP expression thus promoting pancreatic acinar cell proliferation
	Silencing ATF4 regulates NEP-KLF4 expression by inhibiting HDAC1 thus promoting pancreatic acinar cell proliferation
	Downregulation of ATF4�suppresses AP via regulation of NEP-KLF4 expression by inhibiting HDAC1

	Discussion
	Acknowledgements




