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ABSTRACT
◥

HDAC5 is a class IIa histone deacetylase member that is down-
regulated inmultiple solid tumors, including pancreatic cancer, and
loss of HDAC5 is associated with unfavorable prognosis. In this
study, assessment of The Cancer Genome Atlas pancreatic
adenocarcinoma dataset revealed that expression of HDAC5
correlates negatively with arachidonic acid (AA) metabolism,
which has been implicated in inflammatory responses and cancer
progression. Nontargeted metabolomics analysis revealed that
HDAC5 knockdown resulted in a significant increase in AA and
its downstream metabolites, such as eicosanoids and prostaglan-
dins. HDAC5 negatively regulated the expression of the gene
encoding calcium-dependent phospholipase A2 (cPLA2), the key
enzyme in the production of AA from phospholipids. Mecha-
nistically, HDAC5 repressed cPLA2 expression via deacetylation
of GATA1. HDAC5 knockdown in cancer cells enhanced sen-

sitivity to genetic or pharmacologic inhibition of cPLA2 in vitro
and in vivo. Fatty acid supplementation in the diet reversed the
sensitivity of HDAC5-deficient tumors to cPLA2 inhibition.
These data indicate that HDAC5 loss in pancreatic cancer
results in the hyperacetylation of GATA1, enabling the upregu-
lation of cPLA2, which contributes to overproduction of AA.
Dietary management plus cPLA2-targeted therapy could serve
as a viable strategy for treating HDAC5-deficient pancreatic
cancer patients.

Significance: The HDAC5-GATA1-cPLA2-AA signaling axis
regulates sensitivity to fat restriction plus cPLA2 inhibition in
pancreatic ductal adenocarcinoma, proposing dietary manage-
ment as a feasible strategy for treating a subset of patients with
pancreatic cancer.

Introduction
Histone deacetylases (HDAC) are a group of enzymes that hydro-

lyze acetylated lysine on histone or non-histone substrates: they are
subdivided into four classes (1). Class I HDAC members (including
HDAC1, 2, 3, and 8) are commonly deregulated and highly implicated
in tumorigenesis and tumor progression (1). Targeted inhibitors for
class I HDACs are examined extensively in clinical and preclinical

studies (2). Unlike members of the other HDAC classes, HDAC5, a
member of class II HDACs, is typically downregulated or lost in
multiple human cancers (3), including pancreatic cancer, and its status
correlates markedly with patients’ prognoses. However, HDAC5’s
function has not been investigated fully and remains controversial.

Calcium-dependent phospholipase A2 (cPLA2) encoded by
PLA2G4A is a key enzyme that promotes the hydrolysis of the acyl-
ester bonds of phospholipids on cell membranes, triggering the release
of free fatty acids, like arachidonic acid (AA; ref. 4). Freeform AA is
further metabolized through the COX, LOX, and CYP pathways, and
its metabolites are critically implicated in inflammation and tumor-
igenesis (5). Inhibitors targeting cPLA2 have seen widespread evalua-
tions in the treatment of cancer, with findings showing that the
antitumor effect of inhibiting cPLA2 varies among different cancer
types or subtypes (6), indicating that a better understanding of cPLA2
regulationmust be sought if cPLA2-targeted therapy is to be applied in
cancer treatment.

The GATA-binding protein 1, GATA1, is a master transcription
factor (TF) that regulates cell lineage in erythroid and megakaryocytic
cells (7). Its mutation or deregulation contributes to inflammatory
response, immunity response, and drug resistance in tumors, includ-
ing pancreatic cancer (8–10). Remarkably, GATA1 is involved in
metabolic processes, like lipid metabolism, glycolysis, and oxidative
metabolism (11, 12); however, the mechanisms of its involvement
remain unknown.

In this study, we identified HDAC5 as an important regulator of AA
metabolism in pancreatic cancer. HDAC5’s expression correlated neg-
atively with the AA metabolism pathway in patients with pancreatic
cancer [The Cancer GenomeAtlas (TCGA) pancreatic adenocarcinoma
(PAAD) dataset], and HDAC5 mRNA level also had a negative rela-
tionship with AA levels in a cohort of pancreatic cancer patient samples.
Mechanistically, HDAC5 inhibited AA levels by transcriptionally
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repressing cPLA2 GATA1-dependently. HDAC5 mediated deace-
tylation on the C-terminal of GATA1 and decreased the chromatin
occupancy of GATA1 on its target gene loci, including PLA2G4A
(the gene encoding cPLA2). More importantly, we demonstrated
that cPLA2 is an effective and promising therapeutic target in
HDAC5-deficient pancreatic cancer models in vivo and in vitro.
Furthermore, supplementing a high-fat diet with omega-6 fatty acid
reversed sensitivity by rebuilding the production of AA. Conclu-
sively, we have provided a scientific rationale for the combined use
of cPLA2 inhibitors and dietary management as a feasible thera-
peutic strategy for HDAC5 downregulation in patients with pan-
creatic ductal adenocarcinoma (PDAC).

Materials and Methods
Patient materials

All patients were operated on in the Wuhan Union Hospital for
pancreatic cancer between 2016 and 2021, and the cancer tissues were
collected from the surgeries as diagnostic FFPEs. All the 46 samples used
were from pancreaticoduodenectomies or distal pancreatectomies.
HDAC5 mRNA expression and arachidonic acid level were analyzed
in the patient cohort as described below. Each patient was informed
about this research and written informed consent was obtained from
them, and the institutional ethical committee has approved the research.

Cell culture and transfection
All the cell lines in this study were cultured in DMEM (Code No.

11965092, Gibco) containing 10% FBS (Code No. 10099141, Gibco) in
a 5% CO2 environment at 37�C. LookoutMycoplasma PCR Detection
Kit (Code No.MP0035, Sigma-Aldrich) was used to regularly examine
Mycoplasma. All these cell lines were routinely authenticated for purity
and being infection free. The plasmids were transfected into cells using
Lipofectamine 2000 reagent (Code No. 11668030, Thermo Fisher
Scientific), according to the manufacturer’s instructions. Lipofecta-
mine 2000 and plasmid were diluted with Opti-MEM (Code No.
11058021, Gibco) separately, then mixed and incubated them at room
temperature for 5 minutes. After incubation, the DNA–lipid complex
was added to the cells. About 4–8 mg plasmids were used for 1�106

cells. All the catalog numbers of plasmids are provided in Supple-
mentary Table S1.

RNAi
Lentivirus-based short hairpin RNA (shRNA) sequencing was pro-

vided by Sigma-Aldrich (Code No. TRCN0000004835 for shHDAC5-1,
CodeNo. TRCN0000004836 for shHDAC5-2). The lentiviral packaging
vectors psPAX2 and pMD2.G (kindly given byDr. HaojieHuang,Mayo
Clinic) were transfected into 293T cells along with specific shRNA.
Replace the culture medium with fresh DMEM with 10% FBS 24 hours
after transfection. Viral supernatants were collected 72 hours after
transfection. Then the virus containing medium was added to cancer
cells with polybrene (12 mg/mL, Code No. C0351, Beyotime Biotech-
nology). Puromycin (Code No.ST551, Beyotime Biotechnology) was
used to select stable transfections at concentration ranges between 3 and
5mg/mL 48hours after infection. The sequence information of shRNA is
provided in Supplementary Table S2.

qRT-PCR
Total RNA was isolated from cancer cells using TRIzol reagent

(Code No. 15596018, Thermo Fisher Scientific), and then 2 mg RNA
was used to perform reverse transcription with a PrimeScript RT
reagent Kit (CodeNo. RR037A, Takara Bio Inc.). The acquired cDNAs

were used for quantitative real-time PCR analysis by using TB Green
Fast qPCRMixPCRkit (CodeNo.RR430A,Takara Bio Inc.) according
to the manufacturer’s instruction. The relative fold change was cal-
culated using the 2�DDCt method by normalizing to GAPDH. The
specific primers used for qRT-PCR are provided in Supplementary
Table S2.

Coimmunoprecipitation and Western blot analysis
Cells were treated with 1 mL immunoprecipitation (IP) lysis buffer

(Code No. P0013, Beyotime Biotechnology) on ice for 30 minutes
along with 1 mmol/L phenylmethylsulfonylfluoride (PMSF; Code No.
P1046, Beyotime Biotechnology), then cell lysate was centrifuged at
12,000 rpm at 4�C for 15 minutes. Then, the supernatants separately
added primary antibody and protein A/G agarose beads (Code No.
P2055, Beyotime Biotechnology) and incubated at 4°C overnight. Ice-
cold IP lysis buffer (Code No. P0013, Beyotime Biotechnology) was
used to wash beads on ice for six times, and the beads were harvested
forWestern blotting. The protein concentration was determined using
a bicinchoninic acid protein assay (Code No. P0012S, Beyotime
Biotechnology). Equal amounts of denatured proteinswere transferred
to polyvinylidene difluoride membranes (Code No. IPVH00005) by
SDS-PAGEanalysis. Themembranewas blocked by 1�TBSTwith 5%
nonfat milk powder at room temperature for 1 hour. Then specific
primary antibodies were added to the membrane for incubating at 4°C
overnight. Followed by addition of 1 � TBST (Code No. PPB001,
Millipore for TBS and Code No. GC204002, Servicebio for Tween 20)
to wash the membrane for three times. Finally, specific secondary
antibodies were used to incubate the membrane at room temperature
for 2 hours. The samples were detected using a super-sensitive
electrochemiluminescence reagent (catalog no. MA0186, Meilunbio).
Working dilution of antibodies in this study is provided in Supple-
mentary Table S3.

RNA sequencing
RNA sequencing was conducted by Haplox. Total RNA samples

were prepared by TRIzol reagent (Code No. 15596018, Thermo Fisher
Scientific). A total of 1% Agarose gels was used to monitored the
degradation and contamination of RNA and the purity of RNA also
was checked by NanoPhotometer spectrophotometer (IMPLEN).
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies) was used to identify RNA integrity. A total of 0.1–1mg
total RNA was used for library construction using NEBNext Ultra
ⅡmRNA Library Prep Kit for Illumina. As for the quality control of
library, Qubit dsDNA HS Assay Kit was used to measure the con-
centration of library, then D100 Screen Tape was used to examine the
distribution of segments in library. KAPA Library Quant Kit universal
qPCR Mix (Illumina) was used to measure molarity of library pre-
cisely. At last, NovaSeq 6000 and NovaSeq S4 reagent Kit was used for
library sequencing.

Flow cytometric analysis
For flow cytometry analysis of the mouse tissue samples, single-

cell suspensions were prepared and stained for flow cytometry
with the following antibodies: APC-conjugated CD3 antibody
(BioLegend, 100236); FITC-conjugated CD4 antibody (BioLegend,
100510); PerCP-conjugated CD45 antibody (BioLegend, 103130);
PE-conjugated CD8 antibody (BioLegend, 100708). After 15 min-
utes incubation at room temperature, cells were washed three
times for 10 minutes each time with PBS, the cells were then
resuspended in PBS and analyzed by flow cytometry. Data were
analyzed with FlowJo.
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Tissue microarray and IHC
The tissue microarray (TMA) slides were provided by Avilabio

(DC-Pan01020). TheTMAslides were immunostainedwith respective
specific antibodies (cPLA2 1:50 and HDAC5 1:2,000). The staining
intensity was scored in blinded fashion: 1 ¼ weak staining; 2 ¼
medium staining; 3 ¼ strong staining. The positive percentage was
defined as follow: 0¼ 0%, 1¼ 1%–25%, 2¼ 26%–50%, 3¼ 51%–75%,
4 ¼ above 75%. The staining intensity was calculated by the function:
SI ¼ (positive cells% � the staining intensity). Then, the median value
of cPLA2 and HDAC5 scoring in all samples was chosen as the cut-off
value. Two independent pathologists who were not aware of the
experiments performed the assessment.

AA quantification by ELISA
The plasmid-transfected cells were cultured in DMEM without AA

in a 5% CO2 environment at 37�C for 24 hours, then the medium was
collected and stored at –80�C for further analysis. ELISA kit (CodeNo.
LE-H0939, Lai Er Bio-Tech) was performed according to the manu-
facturer’s protocol. Absorbance values were detected at 450 nmusing a
full-wavelength microplate reader (Thermo Fisher Scientific). Infor-
mation of chemicals and kits is provided in Supplementary Table S4.

Colony formation assay
For the colony formation assay, about 500 cells were seeded into

6-well plates and incubated and cultured in DMEM containing 10%
FBS in a 5%CO2 environment at 37�C for 14 days, they were fixed with
methanol and stained with 0.1% crystal violet.

GST pulldown assay
Cells transfected with GST-tag segments of HDAC5 plasmids

were lysed with IP lysis buffer (Code No. P0013, Beyotime Bio-
technology) on ice about 0.5 hour, followed by ultrasonication. GST
fusion proteins were purified using GST fushion protein purified
magnetic beads (Sorlabio Life Science). Then the purified proteins
beads were incubated along with cell lysates overnight at 4°C. The
beads were washed eight times on ice using ice-cold binding buffer
(20 mmol/L Tris, 100 mmol/L NaCl, 1 mmol/L EDTA, 5% Glycerol,
1 mmol/L DTT, 1 mmol/L PMSF, 1 mmol/L Benzamidine) and
proteins were eluted on ice using ice-cold IP lysis buffer and
analyzed by Western blotting.

Orthotopic implantation of pancreatic cancer model
In addition, a total of 5� 107 cells were suspended in 10 mL volume

with PBS and were orthotopically injected into the tail of the pancreas
in eachmouse fromdifferent groups (micewere randomly divided into
12 groups using random digital table). There are 120 mice in total and
10 for each group based on previous report (13). In vivo tumor growth
was monitored twice per week. Mice were sacrificed 4 weeks after
inoculation. The housing conditions were environmental tempera-
tures of 21°C–27°C with 40%–60% humidity and 12-hour light/dark
cycle. All animal studies were approved and performed by the animal
institute of Tongji Medical College of Huazhong University of Science
and Technology and the ethical code is IACUC 2584.

Nontargeted metabolomic
Analysis was performed using anUHPLC (1290 Infinity LC,Agilent

Technologies) coupled to a quadrupole time-of-flight (TOF; AB Sciex
TripleTOF 6600) in Shanghai Applied Protein Technology Co., Ltd.
For hydrophilic interaction liquid chromatography (HILIC) separa-
tion, samples were analyzed using a 2.1 mm � 100 mm ACQUIY
UPLCBEH1.7mmcolumn (Waters). In both ESI positive and negative

modes, the mobile phase contained A ¼ 25 mmol/L ammonium
acetate and 25 mmol/L ammonium hydroxide in water and B ¼
acetonitrile. The gradient was 85% B for 1 minute and was linearly
reduced to 65% in 11 minutes, and then was reduced to 40% in
0.1 minute and kept for 4 minutes, and then increased to 85% in
0.1 minute, with a 5-minute reequilibration period employed. For
reverse-phase liquid chromatography separation, a 2.1 mm� 100mm
ACQUIY UPLC HSS T3 1.8 mm column (Waters) was used. In ESI
positivemode, themobile phase containedA¼waterwith 0.1% formic
acid and B ¼ acetonitrile with 0.1% formic acid; and in ESI negative
mode, the mobile phase contained A ¼ 0.5 mmol/L ammonium
fluoride in water and B ¼ acetonitrile. The gradient was 1% B for
1.5minutes andwas linearly increased to 99% in 11.5minutes and kept
for 3.5 minutes. Then it was reduced to 1% in 0.1 minute and 3.4
minutes of reequilibration periodwas employed. The gradients were at
a flow rate of 0.3 mL/minute, and the column temperatures were kept
constant at 25°C. A 2 mL aliquot of each sample was injected. The ESI
source conditions were set as follows: Ion Source Gas1 (Gas1) as 60,
Ion Source Gas2 (Gas2) as 60, curtain gas (CUR) as 30, source
temperature: 600°C, Ion Spray Voltage Floating (ISVF) � 5,500 V.
In mass spectrometry (MS) only acquisition, the instrument was set to
acquire over them/z range 60–1,000Da, and the accumulation time for
TOF MS scan was set at 0.20 seconds/spectra. In auto MS-MS
acquisition, the instrument was set to acquire over the m/z range
25–1,000Da, and the accumulation time for product ion scanwas set at
0.05 seconds/spectra. The product ion scan is acquired using infor-
mation dependent acquisition with high-sensitivity mode selected.
The parameters were set as follows: the collision energy was fixed at
35 V with � 15 eV; decluttering potential, 60 V (þ) and �60 V (�);
exclude isotopes within 4 Da, candidate ions to monitor per cycle: 10.

Chromatin immunoprecipitation sequencing andbioinformatics
analyses

Chromatin immunoprecipitation (ChIP) DNA degradation and
contamination was monitored on agarose gels. DNA purity was
checked using the NanoPhotometer spectrophotometer (IMPLEN).
DNA concentration was measured using Qubit DNA Assay Kit in
Qubit 3.0 Flurometer (Life Technologies). Purified DNA was then
prepared for ChIP sequencing (ChIP-seq) library generation. The
library was constructed by Novogene Corporation. Subsequently,
pair-end sequencing of sample was performed on Illumina platform
(Illumina). Library quality was assessed on the Agilent Bioanalyzer
2100 system. Raw data (raw reads) of fastq format were firstly
processed using fastp (version 0.19.11, Chen and colleagues, 2018)
software. In this step, clean data (clean reads) were obtained by
removing reads containing adapter, reads containing ploy-N and low
quality reads from raw data. At the same time, Q20, Q30, and GC
content of the clean data were calculated. All the downstream analyses
were based on the clean data with high quality. Reference genome and
gene model annotation files were downloaded from genome website
directly. Index of the reference genome was built using Burrows-
Wheeler Aligner (BWA; v 0.7.12) and clean reads were aligned to the
reference genome using BWA (v 0.7.12). The position of peak summit
around transcript start sites of genes can predict the interaction sites
between protein and gene. ChIPseeker (Yu and colleagues, 2015) was
used to retrieve the nearest genes around the peak and annotate
genomic region of the peak. Peak-related genes were confirmed by
ChIPseeker, and then Gene Ontology (GO) enrichment analysis was
performed to identify the function enrichment results. GO enrichment
analysis was implemented by the GOseq R package, in which
gene length bias was corrected. GO terms with corrected P value less
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than 0.05 were considered significantly enriched by peak-related
genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) is a
database resource for understanding high-level functions and utilities
of the biological system, such as the cell, the organism and the
ecosystem, from molecular-level information, especially large-scale
molecular datasets generated by genome sequencing and other high-
throughput experimental technologies (http://www.genome.jp/kegg/).
We used KOBAS software to test the statistical enrichment of peak-
related genes in KEGG pathways. Different peak analysis was based
on the fold enrichment of peaks of different experiments. A peak
was determined as different peak when the OR between two groups
was more than 2. Using the same method, genes associated with
different peaks were identified and also do GO and KEGG enrich-
ment analysis.

ChIP and ChIP-qPCR
ChIP assays were performed in pancreatic cancer cells transfected

with shHDAC5 and Flag-HDAC5 using the Pierce Magnetic ChIP Kit
(Code No. 26157, Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Protein Gmagnetic beads and specific antibody
were used for IP of chromatin, about 5mg antibodies were used for
25mg chromatin. In addition, normal rabbit IgGwas served as negative
control. Finally, PCR Kit (Promega) was performed to purified input
and immunoprecipitated DNA. After purification, qPCR was used to
check the promoters and enhancers of the DNA samples. The
sequences of the primers were provided in Supplementary Table S1.
The antibodies used were provided in Supplementary Table S2.

MTS assay
All tumor cells’ proliferation ability was detected by3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium (MTS) assay according to the manufacturer’s
instructions. The absorbance was read at 490 nm by a Biotex Model
micro plate reader. Cell viability (%) was calculated using the
following formula: Cell viability (%) = (OD sample/OD control)
� 100 (3) where OD is the absorbance from the microplate reader.

Statistical analysis
Statistical computations were performed using SPSS version 22

software (SPSS Inc.). Spearman rank correlation was used to analyze
the relationship between two groups. The results are shown as the
means � SD. P values under 0.05 were considered as statistically
significant for all tests.

Data availability statement
The data used and/or analyzedduring the current study are available

from the corresponding author (Heshui Wu, heshuiwu@hust.edu.cn;
Yingke Zhou, zykwhuh@hust.edu.cn) on reasonable request. The
ChIP-seq and RNA sequencing (RNA-seq) data have been deposited
to the Gene Expression Omnibus database with the accession number
GSE185837.

Results
HDAC5 loss resulted in enhanced AA metabolism

To elucidate the function of HDAC5 in pancreatic cancer, we
analyzed data from TCGA PAAD dataset and found that HDAC5
expression was significantly associated with favorable overall sur-
vival and disease-free survival (Supplementary Fig. S1A and S1B).
IHC analysis of the samples in the cohort of paired normal and
tumor specimens from patients with PDAC revealed considerably

downregulated HDAC5 in PDAC tumor tissues (Supplementary
Fig. S1C and S1D).

To uncover the specialized function of HDAC5, we identified
differentially expressed genes between low HDAC5-expressing and
high HDAC5-expressing patients (Supplementary Fig. S2A). Low
HDAC5-expressing patients harbored 2439 upregulated genes (Sup-
plementary Fig. S2B). And, according to gene set enrichment analysis
(GSEA) of KEGG pathway, pathways including cell cycle and homol-
ogous recombination and AA metabolism were significantly activated
(Fig. 1A; Supplementary Fig. S2C and S2D).

The AA metabolism pathway plays a critical role in proinflamma-
tory responses in cancer (5), with the level of AA and its regulators
abnormally elevated in pancreatic cancer via unknown mechan-
isms (14, 15). To assess HDAC5’s impact on AA metabolism, we
examined relative HDAC5 mRNA expression and AA levels in the
same cohort of pancreatic cancer tissues as shown in Supplementary
Fig. S1C. Our results showed that HDAC5 mRNA expression was
negatively associated with AA levels (Spearman r ¼ �0.4985, P ¼
0.0013; Fig. 1B). More importantly, nontargeted metabolomics
revealed that HDAC5 knockdown resulted in a significant elevation
in the level of AA and its downstream metabolites, including eicosa-
noids and prostaglandin (Fig. 1C andD). Knocking down HDAC5 in
two pancreatic cancer cell lines using two independent shRNAs
resulted in the same outcome, a remarkable rise in AA levels in
PANC-1 and BxPC3 cells (Fig. 1E and F; Supplementary Fig. S2E).

Because HDAC5 is a deacetylase that targets histone or non-histone
substrates, we sought to know whether HDAC5 requires enzymatic
activity to regulate AA levels. To achieve our goal, we constructed a
catalytically inactivated mutant [HDAC5(H833A)] as described pre-
viously (16). Per our findings, only the ectopic expression of wildtype
(WT) HDAC5 repressed AA levels in PANC-1 and BxPC3 cells, with
the HDAC5(H833A) mutant expression exhibiting no significant
impact onAA levels in these cell lines (Fig. 1G andH). Taken together,
our results indicate that HDAC5 inhibits AA levels in pancreatic
cancer in a manner dependent on its enzymatic activity.

HDAC5 inhibits AA production by transcriptionally repressing
cPLA2

To determine howHDAC5 represses AAproduction, we performed
RNA-seq analysis in control and HDAC5 knockdown PANC-1 and
BxPC3 cells (Supplementary Fig. S3A–S3E). We found that genes
encoding key enzymes of the AA metabolism process, including
PLA2G4A and ALOX5 were significantly upregulated in HDAC5
knockdown cells (Fig. 2A). PLA2G4A encoded an enzyme (cPLA2)
responsible for the endogenous release of AA from phospholipids,
whileALOX5 encoded enzymes participating in the metabolism of the
downstream metabolites of AA, such as leukotrienes. Therefore, we
inferred that HDAC5 inhibited AA levels by repressing cPLA2 expres-
sion.We confirmed thatHDAC5knockdown increased cPLA2protein
and cPLA2 mRNA levels (Fig. 2B and C).

IHC analysis of TMAs in a cohort of tumor samples from patients
with pancreatic cancer established a negative correlation between
HDAC5’s expression and cPLA2 protein levels (Spearman r ¼
�0.3648, P ¼ 0.001, n ¼ 78; Fig. 2D and E). Similarly, HDAC5
mRNA levels correlated negatively with PLA2G4AmRNA levels in the
analyzed data from TCGA PAAD dataset (Spearman r ¼ �0.27, P ¼
8.376e-4, n ¼ 149; Fig. 2F). More importantly, HDAC5 knockdown
failed to trigger an increase in AA levels after cPLA2 knockdown or
ASB14780-targeted cPLA2 inhibition (Fig. 2G–I). Our results suggest
that HDAC5 repressed AA levels by inhibiting cPLA2 expression
(Fig. 2J).

HDAC5 Represses AA Generation via GATA1-cPLA2 Axis

AACRJournals.org Cancer Res; 82(24) December 15, 2022 4545

http://www.genome.jp/kegg/


HDAC5 modulates GATA1-dependent cPLA2 expression
To determine how HDAC5 suppresses cPLA2 expression, we

performed ChIP-qPCR analysis to test HDAC5’s ability to regulate
histone acetylation in the gene loci of PLA2G4A (Fig. 3A andB; ref. 3).
Consistent with our previous observation, the knockdown of
HDAC5 significantly increased the overall level of histone modifica-
tions that activate transcription, such as H3ac and H3K27ac (Supple-
mentary Fig. S4A). However, knockdownHDAC5 failed to alter H3ac,
H3K27ac or H4ac levels on the gene loci of PLA2G4A (Fig. 3B;
Supplementary Fig. S4B).

Because HDAC5 reportedly interacts with some non-histone TFs
and regulates their transcriptional activity (17, 18), we assessed
HDAC5’s ability to regulate cPLA2 expression via similar mechan-

isms.We identified 33TFs of cPLA2 by conducting a TF-bindingmotif
analysis of the promoter region of PLA2G4A (Fig. 3C). Our results
showed that only two proteins (GATA1 and HNF1A) of all the
identified TFs were apparent in the MS-based HDAC5 interactome
(Fig. 3C). Astonishingly, knocking down HDAC5 did not alter
PLA2G4A mRNA levels after GATA1 knockdown but did so post-
HNF1A silencing (Fig. 3D). Similarly, the ectopic overexpression of
HDAC5 only minimally impacted cPLA2 expression post-GATA1
knockdown (Fig. 3E). We further verified this phenomenon using
ChIP-qPCR and found that the binding of GATA1 to the promoter
region ofPLA2G4Awasmassively amplified post-HDAC5knockdown
(Fig. 3F). More importantly, the HDAC5 loss–induced increase in AA
level was almost entirely diminished by GATA1 silencing (Fig. 3G

Figure 1.

HDAC5 loss resulted in enhanced
arachidonic acid metabolism. A, GSEA
output of the significantly upregulated
pathways in HDAC5 loss patients.
B, Dot plot showing the correlation
between HDAC5 mRNA expression
and arachidonic acid level in a cohort
of pancreatic cancer patients’ sam-
ples. C, Volcano plot showing
the metabolites status in HDAC5
knockdown PANC-1 cells compared
with control cells via metabonomic
analysis. D, Heatmap depicting the
significantly altered metabolites
between HDAC5 knockdown cells
and control cells. E, Western blot
analysis showing the knockdown effi-
ciency of HDAC5 in indicated cell lines.
F, Relative AA intensity in indicated
cell lines. Data are shown as mean �
SD; n ¼ 5. G and H, Cells were trans-
fected with indicated plasmids for
48 hours and then were harvested
for Western blot analysis (G) and AA
intensity measurement via ELISA
assay (H). Data are shown as mean �
SD; n ¼ 5. n.s., not significant; �� , P <
0.01; ��� , P < 0.001.
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and H). In addition, HDAC5 overexpression failed to further repress
AA levels after GATA1 knockdown (Fig. 3I and J). Our findings
suggest that HDAC5 represses cPLA2 expression and AA generation
GATA1-dependently (Fig. 3K).

HDAC5 represses GATA1 chromatin occupancy via GATA1
deacetylation

HDAC5regulatesAAmetabolismvia theGATA1-cPLA2axis (Figs.2
and 3), and its ability to disrupt AA generation relies on its enzyme
activity (Fig. 1G and H). We sought to determine whether HDAC5
regulates GATA1’s transcriptional activity via GATA1 deacetylation.

The mass spectrometry analysis led to the identification of
GATA1 as a HDAC5 binding partner (Supplementary Table.S5),

which was furthermore confirmed by endogenous reciprocal co-
immunoprecipitation (co-IP; Fig. 4A), and we further established
that the DAC domain of HDAC5 and the C terminal of GATA1
account for the HDAC5-GATA1 interaction (Supplementary
Fig. S5A–S5D). More importantly, as expected, HDAC5 knockdown
significantly increased the acetylated lysine levels of the GATA1
protein (Fig. 4B) and GATA1 enrichment in the PLA2G4A promoter
region (Fig. 4C). Also, the overexpression of the WTHDAC5, but not
the enzymatic inactivated mutant, HDAC5(H833A), repressed the
lysine acetylation of GATA1 and GATA1’s binding to the promoter
region of PLA2G4A (Fig. 4D and E).

To further assess the impact of HDAC5 loss on the genomic
distribution of GATA1, we performed GATA1 ChIP-seq in control

Figure 2.

HDAC5 inhibits AA production via
transcriptionally repressing cPLA2.
A, Venn diagram shows the result of
analysis of RNA-seq data in PANC-1
and BxPC3 cells, indicating the AA
metabolism genes that were signifi-
cantly repressed by HDAC5. B and C,
PANC-1 and BxPC3 cells were infected
with indicated lentivirus for 48 hours;
after puromycin selection for 48 hours,
cellswere harvested for qRT-PCR anal-
ysis (B) and Western blot analysis (C).
Data are shown as mean � SD; n ¼ 3.
D and E, Images of IHC analysis for
HDAC5 and cPLA2 on TMA containing
a cohort of pancreatic cancer samples
(n¼ 78;D) and the correlation analysis
of IHC staining index of HDAC5
and cPLA2 (E). F, Correlation analysis
of the mRNA level of HDAC5 and
PLA2G4A in TCGA PAAD dataset.
G andH, PANC-1 cellswere transfected
with indicated plasmids for 48 hours,
and then were harvested for Western
blot analysis (G) and AA intensity
measurement (H). Data are shown as
mean � SD; n ¼ 5. I, Cells were trans-
fected with indicated plasmids for
48 hours and then were treated with
indicated reagent for 24 hours, and
were harvested for AA intensity mea-
surement. Data are shown as mean �
SD; n ¼ 5. J, Model depicting the
mechanism that HDAC5 inhibits
phospholipid-derived arachidonic acid
via the repression of cPLA2, the key
enzyme in this process. n.s., not signif-
icant; �� , P < 0.01; ��� , P < 0.001.
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andHDAC5knockdownPANC-1 cells (Fig. 4F andG).We found that
HDAC5 knockdown resulted in a prominent increase in global
GATA1 chromatin binding (Fig. 4F and G). And consistently, the
GATA1 binding at the locus of PLA2G4A was significantly increased
after the knockdown of HDAC5 in ChIP-seq (Fig. 4H).

Reports show that acetylated lysine residues (310SGKGKKKRGS319)
in the GATA1 C-terminal are essential for its chromatin occupan-
cy (19). Therefore, we examined HDAC5’s propensity to converge on
these residues to regulate the chromatin occupancy of GATA1. To do
this, we generated an acetylation-resistant construct by substituting

Figure 3.

HDAC5modulates GATA1-dependent cPLA2 expression.A, UCSC Genome Browser screen shot of H3K27ac ChIP-seq tracks at the gene loci of PLA2G4A. B, PANC-1
cellswere infectedwith indicated lentivirus for 48 hours. After a 48 hour puromycin selection, cellswere harvested for ChIP-qPCR analysis. Data are shown asmean�
SD, n ¼ 3. C, Venn diagram showing the predicted HDAC5-regulated transcription factors of PLA2G4A. D and E, PANC-1 cells were transfected with indicated
plasmids for 48 hours and thenwere harvested for qRT-PCR anlysis. Data are shown asmean� SD; n¼ 3. F–H, PANC-1 cellswere transfectedwith indicated plasmids
for 48 hours and then were harvested for ChIP-qPCR analysis (F; data are shown as mean � SD; n ¼ 3), Western blot analysis (G), and AA intensity measurement
(H; data are shown as mean � SD; n ¼ 5). I and J, PANC-1 cells were transfected with indicated plasmids for 48 hours, and then were harvested for Western blot
analysis (I) and AA intensity measurement (J). Data are shown asmean� SD; n¼ 5. K,Model depicting themechanism that HDAC5 represses cPLA2 expression and
AA production in a GATA1-dependent manner. n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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lysine residues with arginine (KR) and an acetylation-mimicking
construct by mutating lysine residues into glutamine (KQ; Supple-
mentary Fig. S5E). Per co-IP, manipulating HDAC5 did not affect the
levels of the acetylated lysine residues of the GATA1 KR mutant
(Supplementary Fig. S5F).However, as expected, KRmutation severely
decreased GATA1 enrichment at the promoter region of PLA2G4A
(Supplementary Fig. S5G), and knocking down HDAC5 increased the
enrichment of the WT GATA1, but not that of the KR mutant, at the
gene loci of PLA2G4A (Supplementary Fig. S5G). Furthermore, West-
ern blot, qRT-PCR, andChIP-qPCR analyses revealed that theGATA1
KQ mutant steadily promoted the expression of cPLA2 regardless of
the status of HDAC5 (Fig. 4I–K). In addition, we performed all TF
targets analysis for the downregulated HDAC5 genes identified by
RNA-seq using GSEA (tft_legacy.v.7.1) and found that either one of

GATA1 or GATA was identifiable as one of the most significantly
suppressed TFs by HDAC5 (Fig. 4L). Taken together, these results
indicate that HDAC5 represses GATA1 chromatin occupancy via
GATA1 deacetylation.

AsHDAC5was thought to have a very limited catalytic activity (20),
and tend to work as scaffold for other HDACmembers such as class I
HDACs to complete the process of deacetylation (21). We sought to
determine whether any class I HDAC members is responsible for
HDAC5-mediated GATA1 deacetylation. However, co-IP indicated
that knockdown of any one of HDAC1, 2, or 3 had an insignificant
effect on GATA1’s acetylation (Supplementary Fig. S6A). While the
treatment of HDAC I selectively inhibitor, CHR-3996, significantly
elevated the acetylation level of GATA1 as theHDAC5 knockdowndid
(Supplementary Fig. S6B).More importantly, CHR-3996 fail to further

Figure 4.

HDAC5 represses GATA1 chromatin
occupancy via GATA1 deacetylation.
A, PANC-1 cells were harvested for
endogenous reciprocal co-IP of HDAC5
and GATA1. B, PANC-1 cells were
infected with indicated lentivirus for
48 hours. After a 48-hour puromycin
selection, cells were harvested for co-IP
analysis. C, PANC-1 cells were infected
with lentivirus-expressing shControl
(shNC) or HDAC5-specific shRNAs
(sh1 and sh2) for 48 hours; after
48 hours puromycin selection, cells
were harvested for ChIP-qPCR analysis.
Data are shown as mean � SD; n ¼ 3.
D, PANC-1 cells were transfected with
indicated plasmids for 48 hours and
then were harvested for co-IP assay.
E, PANC-1 cells were transfected with
plasmids containing empty control
(EV), WT HDAC5 (WT), and HDAC5
H833A mutant (H833A) for 48 hours,
and then were harvested for ChIP-
qPCR analysis. Data are shown as
mean � SD; n ¼ 3. F, The heatmap view
for GATA1 ChIP-seq signal intensity in
control PANC-1 cells and HDAC5
knockeddownPANC-1cells.G,Themean
of GATA1 ChIP-seq signals at its binding
sites in indicated groups. H, The GATA1
ChIP-seq tracks at the locus of PLA2G4A
in indicated groups. I–K, PANC-1 cells
were infectedwith lentivirus expressing
indicated shRNAs for 48 hours and
received a puromycin selection for
48 hours. Then cells were transfected
with plasmids containing WT GATA1
(WT), GATA1 KR mutant (KR), and
GATA1 KQ mutant (KQ) for another
48 hours and were harvested for
Western blot analysis (I), qRT-PCR
analysis (J), and ChIP-qPCR analysis
(K). Data are shown as mean � SD;
n ¼ 3. L, Column plot of normalized
enriched score (NES) of pathways
significantly altered in GSEA of the
RNA-seq data of HDAC5 knockdown
cells. n.s., not significant; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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increase GATA1 acetylation when HDAC5 is knocked down (Sup-
plementary Fig. S6B). And co-IP analysis of endogenous HDAC5 in
PANC-1 cells also indicated the valid binding status ofHDAC5 and the
members of class I HDACs (Supplementary Fig. S6C). Thus, our data
infer that HDAC5 might work with class I HDACs to complete the
process of GATA1 deacetylation.

HDAC5 loss in pancreatic cancer confers sensitivity to cPLA2-
targeted inhibition

If abnormally elevated AA levels in non–HDAC5-expressing pan-
creatic cancer contribute to tumorigenicity, targeting cPLA2 could be a
promising therapeutic strategy. Here, HDAC5 knockdown sensitized
pancreatic cancer cells to treatment with the cPLA2 inhibitor,
ASB14780 (Fig. 5A). Cell culture under exogenous fatty acid–free

conditions, which blocked other compensatory mechanism-derived
AAs, amplified this phenomenon (Fig. 5B). Furthermore, ASB14780
treatment considerably inhibited the clonogenicity of HDAC5 knock-
down cells, while rescue experiment with the reexpression of HDAC5
abolished this sensitivity (Fig. 5C andD; Supplementary Fig. S7A and
S7B). However, exogenous supplementation with AA almost entirely
diminished the inhibitory effect of ASB14780 on the viability and
clonogenicity of pancreatic cancer cells (Fig. 5B–D; Supplementary
Fig. S5A and S5B), indicating that ASB14780’s inhibitory effect on
non–HDAC5-expressing cells is contingent on the suppression of
lipid-derived AA production.

To further confirm the importance ofAA to tumor progression after
HDAC5 loss, we genetically inhibited cPLA2 in pancreatic cancer
patient-derived cells (PDC). Genetically silencing cPLA2 suppressed

Figure 5.

HDAC5 loss in pancreatic cancer con-
fers sensitivity to cPLA2-targeted
inhibition. A, PANC-1 and BxPC3
cells were infected with lentivirus-
expressing control (shNC) or HDAC5-
specific shRNAs (sh1 and sh2) for
48 hours. After puromycin selection
for 48 hours, cells were treated with
different doses of ASB14780 for
48 hours and cell viability was mea-
sured by MTS assay. B–D, After
the infection of indicated lentivirus
and puromycin selection, PANC-1 and
BxPC3 cells were cultured in medium
containing 1% fatty acid–free BSA and
were treated with different doses
of ASB14780 under the condition with
orwithout arachidonic acid (25mmol/L)
for 48 hours. Cell viability was mea-
sured by MTS assay (B) and the clono-
genicity was measured 10 days after
plate operation (C andD).E–G,Patient-
derived cancer cells were infected with
indicated shRNA or siRNA, 48 hours
after infection, cells were harvested for
Western blot analysis (E), arachidonic
acid measurement by ELISA (F), and
cell proliferation assessment by MTS
assay (G). H and I, PDCs were infected
with indicated shRNAor siRNA, and the
clonogenicity of cells was measured
10 days after plate operation. n.s., not
significant; � , P < 0.05; �� , P < 0.01;
���, P < 0.001.
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the HDAC5 loss-induced rise in AA levels (Fig. 5E and F) and
drastically hindered the proliferation rate and clonogenicity of PDCs,
which was, in turn, restored by AA supplementation (Fig. 5G–I). And
we also got consistent data by genetically manipulate cPLA2 in
HDAC5 loss PANC-1 and BxPC3 cells (Supplementary Fig. S7C–
S7H). These data suggest that HDAC5 loss in pancreatic cancers
confers sensitivity to cPLA2-targeted inhibition.

COX2, one of the key enzymes for the metabolism of AA, was also
thought to be a therapeutic target in certain cancers (5). We were
interested whether HDAC5 loss pancreatic cancer models were sen-
sitive to COX2 inhibition. As expected, the knockdown of COX2 did
not alter the regulation of HDAC5 on AA (Supplementary Fig. S8A
and S8B). And COX2 knockdown only exhibited moderate inhibitory

effect on the growth of HDAC5 loss BxPC3 cells. It has no significant
effect in PANC-1 cells regardless of the expression of HDAC5 (Sup-
plementary Fig. S8C and S8D).

cPLA2 inhibition and diet restriction reduce HDAC5 loss–
induced tumorigenicity and rebuild tumor immune
microenvironment in pancreatic cancer

Because cPLA2 inhibition and fat-free conditions selectively
reduced the tumorigenicity of non–HDAC5-expressing cancer
cells, we evaluated dietary fat content’s ability to affect this response
in vivo. To do so, we generated control, Hdac5 knockdown and Hdac5
reexpressed orthotopic tumor models using KPC (KrasG12D/þ;
LSLTrp53R172H/þ; Pdx-1-Cre) mouse-derived pancreatic cancer cells.

Figure 6.

cPLA2 inhibition and diet restriction reduce
HDAC5 loss–induced tumorgenicity and
rebuild tumor immune microenvironment in
pancreatic cancer. A, Diagram depicting the
major steps of mouse work. B–E, KPC mouse–
derived pancreatic cancer cells were injected
orthotopically in the pancreas. The tumors
were excised 24 days after injection for weigh-
ing (B), arachidonic acid intensitymeasurement
(C), immunofluorescence staining analysis (D),
and quantification (E). n.s., not significant;
��� , P < 0.001.
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We treated tumor-bearing mice with a mock treatment or ASB14780,
combining the treatmentmodalities with an isodynamic fat-free diet or
a normal fat-containing diet (Fig. 6A). As expected, dietary restriction
resulted in a moderate reduction in tumor weight (Fig. 6B; Supple-
mentary Fig. S9A). And, consistentwith our earlier observation,Hdac5
knockdown caused a significant increase in tumor weight (Fig. 6B;
Supplementary Fig. S9A). Similar to the pharmacologic and genetic
inhibition of cPLA2 in vitro, treatment with ASB14780 only
markedly reduced tumor weight in the Hdac5 knockdown allografts
in mice undergoing fat-free rearing; mice raised with the “AA-rich”
fat-containing diet displayed a contradictory outcome (Fig. 6B;
Supplementary Fig. S9A). ELISA analyses of resected tumors
revealed that combining ASB14780 treatment with the fat-free diet
completely eradicated Hdac5 loss-induced AA level increase, while
dietary supplementation with fatty acids almost entirely abolished
the effect (Fig. 6C).

AA and its downstream metabolites, such as prostaglandins, are
highly involved in the metabolic remodeling of tumor immunologic
microenvironments and contribute to immune evasion and tumor
progression (22–24). Therefore, we investigated whether Hdac5 loss–
inducedAA level increase and cPLA2 inhibition could affect the tumor
immune microenvironment. Tumor tissue immunofluorescence
showed that Hdac5 loss resulted in a moderate decline in tumor-
infiltrating lymphocytes (TIL). TILs, however, increased considerably
in the ASB14780 and fat free diet–treated Hdac5 loss allografts
(Fig. 6D and E; Supplementary Fig. S9B), but supplementation with
the fat-containing diet, regardless of the presence or not of the cPLA2
inhibitor, suppressed this upsurge (Fig. 6D and E; Supplementary

Fig. S9B). We further confirmed this phenomenon by conducting a
FACS analysis of tumor samples (Supplementary Fig. S9C). Our
findings indicate that HDAC5 loss–induced AA level rise repressed
pancreatic cancer tumor immunogenicity, whereas combining cPLA2
inhibition with dietary fat restriction restored tumor immunity by
manipulating the AA metabolism.

Discussion
The interplay between genotype and specific metabolic subtype

plays a novel role in the development and progression of pancreatic
cancer (25). A thorough investigation of the process enables a better
understanding of the pathogenesis and effective therapeutic strategies
for the treatment of the dismal disease. In this study, we identified
HDAC5 as an important repressor of phospholipid-derived AA,
showed that HDAC5 loss in pancreatic cancer induces the overpro-
duction ofAAand itsmetabolites via the overactivatedGATA1-cPLA2
axis, linked the poor genotype and HDAC5 loss to a deregulated AA
metabolism, and established a newmechanism ofHDAC5’s regulation
of AA production and cancer progression.

Importantly, we also determined the unrevealed transcription
suppressor role of HDAC5 via GATA1 deacetylation. HDAC5’s role
differs in various cancer types (26, 27). Analyses of data from TCGA
database indicate that HDAC5 expression is downregulated in most
solid tumors (3) andHDAC5 is deleted at the genomic level inmultiple
cancer types, including pancreatic cancer (28, 29). The prognoses
of patients in pan-cancer analyses also suggest that low HDAC5
expression is significantly associated with poor prognosis (29). In

Figure 7.

HDAC5 loss in pancreatic cancer induces enhanced phospholipid-derived arachidonic acid via overactivated GATA1-cPLA2 axis. Deficient HDAC5 induces enhanced
phospholipid-derived arachidonic acid via deacetylating GATA1 and repressing cPLA2.
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addition to the classic corepressor function in the process of chromatin
modification regulation (30), HDAC5 regulates gene expression via
the deacetylation of many non-histone TFs (16–18). In our current
study, we identified GATA1 as a substrate of HDAC5. HDAC5
mediated deacetylation on lysine residues in the C-terminal of the
zinc finger region of GATA1 to repress the chromatin occupancy of
GATA1 and inhibit GATA1-dependent transcriptional activation.
HDAC5 is known as an enzyme-inactivated HDAC member owing
to the amino acid exchange in the catalytic center (20).However, itmay
act as a reader to recognize acetylated lysine residues and recruit other
enzymatically active regulators, such as class I HDACs (HDAC1, 2,
and 3) to complete the whole process (21). We demonstrated that
GATA1’s acetylation and chromatin occupancy can be significantly
altered bymanipulatingHDAC5 alone. AndHDAC5might work with
multiple class I HDACs or other proteins with deacetylase activity to
complete the process of deacetylation; however, this inference war-
rants further scrutiny. Nevertheless, we identified HDAC5 as an
important regulator in the process of GATA1 deacetylation.

GATA1 is a master regulator that controls erythroid and mega-
karyocyte commitment and differentiation (31). Its dysfunction is
intimately linked to leukemogenesis in human Down syndrome cases
and mice (7). It is also alleged to be activated and implicated in
tumorigenesis and antiapoptosis in pancreatic cancer (9, 32). One
proteomic study on kidney fibroblasts established a correlation
between GATA1 and fatty acid metabolism; however, the mechanism
remains unknown (11). Here, we identified GATA1 as a crucial
transcriptional regulator of PLA2G4A, the gene that encodes cPLA2,
the key enzyme in the conversion of phospholipids to AA (33).

Acetylation is an important posttranslational modification of
GATA1 that regulates its transcriptional activity (34). The histone
acetyltransferase CREB-binding protein and p300 (CBP/p300) were
the first described regulators to promote GATA1 DNA binding or
chromatin occupancy via acetylation of lysine residues near the finger
domain of GATA1 and further facilitate the recruitment of bromo-
domain proteins to the chromatin (19, 35, 36). In this study, we found
that HDAC5 performed a contrasting role to CBP/p300 in the regu-
lation ofGATA1’s activity by converging onGATA1 lysine acetylation.

Regulators of the AA metabolism pathway, including phospholi-
pases, lipoxygenases, and cyclooxygenases, are abnormally activated in
pancreatic cancer; however, the mechanisms of these actions remain
unknown (14, 15). Our current research provided a plausible expla-
nation, one that indicates thatHDAC5 loss in pancreatic cancer results
in an overactivated GATA1-cPLA2 axis. Of note, our results suggest
that HDAC5 loss could also promote the downstream metabolism of

AA, as genes, like ALOX5, was also increased significantly upon
knocking down HDAC5 (Fig. 3B). However, we also noticed that
part of the HDAC5-high patients in TCGA dataset also has a relatively
high AA pathway activity (Supplementary Fig. S2D), indicating there
might exist unrevealed mechanism that neutralized the effect of
HDAC5. And all these findings point to the existence of multiple
layers and complexity of this process.

Conclusively, we have established that HDAC5 represses AA
overproduction via GATA1 deacetylation and cPLA2 inhibition and
shown that cPLA2 inhibition plus dietary fat restriction effectively
suppresses HDAC5 loss–induced tumorigenesis and rebuilds the
tumor immune microenvironment. Our findings that HDAC5 loss
triggers the overactivation of the GATA1-cPLA2 axis, the overpro-
duction of AA, and susceptibility to cPLA2 inhibition plus fat restric-
tion provide an ingenious therapeutic strategy for the treatment of
payients with non–HDAC5-expressing pancreatic cancer and high-
lights the importance of dietary management in the treatment of
pancreatic cancer (Fig. 7).
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