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HDAC3 Inhibition Promotes Antitumor Immunity by

Enhancing CXCL10-Mediated Chemotaxis and Recruiting

of Immune Cells
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It is generally believed that histone deacetylase (HDAC) inhibi-
tors, which represent a new class of anticancer agents, exert their
antitumor activity by directly causing cell-cycle arrest and apoptosis
of tumor cells. However, in this study, we demonstrated that class I
HDAC inhibitors, such as Entinostat and Panobinostat, effectively
suppressed tumor growth in immunocompetent but not immuno-
deficient mice. Further studies with Hdacl, 2, or 3 knockout tumor
cells indicated that tumor-specific inactivation of HDAC3 sup-
pressed tumor growth by activating antitumor immunity. Specif-
ically, we found that HDAC3 could directly bind to promotor
regions and inhibit the expression of CXCL9, 10, and 11 chemo-

Introduction

Histone deacetylases (HDAC) regulate target gene expression by
removing acetyl groups from acetylated lysine residues of histone
and nonhistone proteins. The HDAC superfamily comprises 18
members that are characterized into four classes: class I (HDACsl,
2, 3, and 8), class II (HDACs 4, 5, 6, 7, 9, and 10), class III (sirtuin
family, sirt1-sirt7), and class IV (HDACI11; refs. 1, 2). Several studies
have highlighted HDAC aberrant expression in certain cancer cells,
and HDACs are considered as excellent targets for anticancer
therapy (3-5). HDAC inhibitors, Vorinostat, Romidepsin, Panobino-
stat, and Belinostat, have been approved by the FDA for cancer
therapy, and Tucidinostat also has been approved for clinical use
in China. With scientific research and clinical trials continuously
exploring new HDAC inhibitors that target specific HDAC proteins
and are suitable for various cancers (3, 6, 7), more research on the
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kines. Hdac3-deficient tumor cells expressed high levels of these
chemokines, which suppressed tumor growth in immunocompe-
tent mice by recruiting CXCR3" T cells into the tumor microen-
vironment (TME). Furthermore, the inverse correlation between
HDAC3 and CXCL10 expression in hepatocellular carcinoma
tumor tissues also suggested HDAC3 might be involved in antitu-
mor immune regulation and patient survival. Thus, our studies have
illustrated that HDAC3 inhibition suppresses tumor growth by
enhancing immune cell infiltration into the TME. This antitumor
mechanism may be helpful in guiding HDAC3 inhibitor-based
treatment.

detailed functions of individual HDAC proteins on carcinogenesis and
the mechanisms involved is needed.

HDACS3 belongs to the class T HDACs, which were first identified as
the components of the nuclear receptor corepressor (N-CoR) and
silencing mediator of retinoic and thyroid receptors (SMRT) core-
pressor complexes (8). Aberrant expression and/or the location of
HDACS3 correlates with carcinogenesis, and selective HDAC3 inhibi-
tors have been developed (9-11). HDAC3 is involved in carcinogenesis
by impacting cell-cycle progression or apoptosis of tumor cells,
chromatin structure, and epigenetic modification or regulation of
tumor-associated genes (12-16). Deletion or inhibition of HDAC3
leads to impaired DNA repair, reduced chromatin compaction and
heterochromatin content, and delay cell-cycle progression (12, 13). As
an epigenetic and transcriptional regulator, HDAC3 targets hyper-
acetylated H3K9 (H3K9ac)/trimethylation of H3K9 (H3K9me3) tran-
sition to regulate both DNA damage repair and transcription of many
tumor-related genes in hepatocellular carcinoma (HCC; ref. 10).
BCL6/SMRT/HDAC3 complexes mediate aberrant transcriptional
silencing of genes that regulate B-cell signaling and immune response
in CREBBP-mutated B-cell lymphoma, and selective inhibition of
HDACS3 is reported to be a novel mechanism-based immune epige-
netic therapy for CREBBP-mutant lymphomas (14, 15). HDAC3
directly regulates the expression of antitumor immunity-related genes,
such as stimulator of interferon genes, PD-L1, and B7x (17-19). These
studies shed light on the critical role and complex participation of
HDACS3 in carcinogenesis and antitumor immunity.

HDACS3 affects different tumor types and cell lines, and the function
of HDACS3 includes transcription regulation, metabolism regulation,
or deacetylation modification. The involvement of HDAC3 in anti-
tumor immunity has been extensively investigated, and the HDAC3-
selective inhibitors are currently considered as a potential therapeutic
strategy to combat various cancers (11, 20, 21). However, the impact of
HDACS3 proteins on T-cell recruitment, especially in the context of
CXCL9, 10, 11/CXCR3 chemotaxis into the tumor microenvironment
(TME), has not been investigated sufficiently.
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Infiltration of immune cells into the TME is controlled by chemo-
kines, which are small proteins that induce chemotaxis, promote
differentiation of immune cells, and cause tissue extravasation. They
play an important role in antitumor immune responses in the
TME (22-24). The CXCL9, 10, 11/CXCR3 axis can lead to tumor
suppression by regulating immune cell migration, differentiation, and
activation (25-27). CXCLD9, 10, 11 are mainly secreted by monocytes,
endothelial cells, fibroblasts, and cancer cells in response to IFNy and
IFNP (28, 29). These chemokines are selective ligands for CXCR3,
which is preferentially expressed on the surface of monocytes, T cells,
natural killer cells, dendritic cells (DC), and cancer cells (30). The
CXCL9, 10, 11/CXCR3 axis is involved in antitumor responses and
promotes metastasis through paracrine and autocrine axes. The
CXCL9, 10, 11/CXCR3 axis activates antitumor immune responses
by regulating immune cell migration, differentiation, and activation
(paracrine axis) (25). Zhang and colleagues report that the combina-
tion of plasmid-borne CXCL9 plus cisplatin augments colon and lung
cancer reduction and CTL activation (31). Intratumoral CXCL9 and
systemic IL2 reduces tumor growth and angiogenesis in a renal cell
carcinoma tumor model through tumor-infiltrating CXCR3" mono-
nuclear cells. The benefit of CXCL10 overexpression to inhibit tumor
growth has been reported in melanoma, sarcoma, and lung carcinoma
models (25). Although activation of the CXCL9, 10, 11/CXCR3 axisis a
promising approach for cancer treatment, some reports show that
suppression of this axis decreases tumor metastasis (autocrine axis),
and treatment with the CXCR3 antagonist AMG487 inhibits colorectal
cancer and osteosarcoma lung metastases (32, 33). These findings
indicate the complex involvement of the CXCL9, 10, 11/CXCR3 axis in
antitumor immunity.

In this work, we found that HDAC inhibitors effectively suppressed
tumor growth in C57BL/6 mice but not in nude mice. We also found
that Hdac3 ™/~ tumors grew at much slower rates than Hdac3"™"
tumors in C57BL/6 mice, although they grew at similar rates in nude
mice. These data demonstrated a novel role of HDACS3 in regulating
the TME and antitumor immunity. Our mechanistic research revealed
that HDAC3 suppressed Cxcl9, 10, 11 expression by directly binding to
and deacetylating proteins near their promotor regions. Taking
advantage of tissue microarray-IHC (TMA-IHC), we found that
HDACS3 expression in HCC tissues showed a modest but significant
inverse correlation with CXCL10 expression, CD8" T-cell infiltration,
and patient survival, indicating the possible regulatory relationship
between HDAC3 and CXCL10 in the human TME. Thus, our work not
only highlights the value of HDAC3 inhibition in cancer treatment, but
also provides a novel TME regulating mechanism mediated by
HDACS3.

Materials and Methods

Cell lines, antibodies, and reagents

The MCA205 fibrosarcoma cell line was generated and provided by
Dr. S. A. Rosenberg (NCI, Bethesda, MD) in 2015. MC38 murine colon
adenocarcinoma and human embryonic kidney 293T cell lines were
purchased from Cell Resource Center, Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences (Beijing, P.R. China)
in 2019. Authentication of tumor cell lines (MCA205, MC38, 293T)
with short tandem repeat DNA profiles was performed every year with
Procell Life Science & Technology Co., Ltd. Mycoplasma contamina-
tion was tested by PCR with cell culture supernatants (Beyotime,
catalog no. C0301S). Normocin (InvivoGen, catalog no. ant-nr-1) and
plasmocure (InvivoGen, catalog no. ant-pc) were used to clean the
contamination when Mycoplasma was detected. Only cell lines free of
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Mycoplasma were used in this study. MCA205 and MC38 cells were
cultured in DMEM (Thermo Fisher Scientific, catalog no. 11995040)
supplemented with 10% FBS (Thermo Fisher Scientific, catalog no.
10099141), 100 U/mL penicillin, and 50 pig/mL streptomycin (Thermo
Fisher Scientific, catalog no. 15140122). For subculturing MCA205,
MC38, and 293T cells: the spent culture medium was removed, and the
attached cells were washed using PBS (Gibco, catalog no.
C1001050013T) and incubated with prewarmed trypsin (Gibco, cat-
alog no. 25200-072) at room temperature for approximately 2 minutes.
The prewarmed culture medium was added to neutralize trypsin
activity, and the cells were transferred to a 15 mL conical tube,
centrifuged at 1,000 rpm for 3 minutes, resuspended with culture
medium, and the cell density was counted. The cell suspension was
then diluted to seeding density and the appropriate volume was added
into new cell culture vessels. All cells were incubated at 37°C in a
humidified air atmosphere with 5% CO,. Cells were plated at 2 x 10°
cells/well in 6-well plate for overexpression and deletion experiments
and at 8 x 10° cells/well for Western blot analysis and qQRT-PCR
experiments. Cells underwent about four passages in culture before
experiments. The cell harvesting was similar to the culture method
after resuspending the pellet with PBS, centrifugation and discarding
the PBS, and adding corresponding lysis reagents.

Hdacl™” -, Hdac2™” ~, Hdac3* / -, Hdac3~~ and overexpression
cell line generation

To generate Hdacl™'~, Hdac2™'~, Hdac3"’~ and Hdac3™/~
MCA205 and MC38 cell lines, single-guide RNA (sgRNA) se-
quences targeting Hdacl, 2, 3 were selected from a sgRNA library
(a gift from Dr. Feng Zhang), synthesized (by GENEWIZ in
Suzhou), and cloned into the lentiCRISPR V2 vector (a gift from
FengZhang, Addgene_52961). Lentivirus was produced in 293T
cells by cotransfection of pMD2.G (Addgene_12259), psPAX2
(Addgene_12260) and sgRNA plasmids or control vector plasmid.
Virus supernatant was collected 48 hours after transfection and
filtered with a 0.45 umol/L filter. MCA205 or MC38 cells were
infected with above viruses. After a 48-hour transfection, cells were
cultured in puromycin (4 pg/mL; InvivoGen, catalog no. ant-pr-1)
selection medium for 7 days. Monoclonal cells cultured in 96-well
plate were acquired by FACS Aria III cell sorter (BD). Gene
knockdown or knockout cells were selected and verified by Western
blot assay using the corresponding antibody. The sequences of the
sgRNAs used in this study were listed in Supplementary Fig. SI.

To generate wild-type (WT) and H134/135Q-mutant HDAC3-
overexpressing cells, WT and H134/135Q-mutant HDAC3 coding
sequences were cloned and inserted into VP64-GFP (Addgene_70228)
vector by standard molecular procedure. Lentiviruses were produced
in 293T cells by cotransfection of pMD2.G (Addgene_12259), psPAX2
(Addgene_12260), and VP64-GFP plasmids overexpressing WT or
H134/135Q-mutant HDACS3 or vector control. Virus supernatant was
collected 48 hours after transfection, Hdac3 ™~ cells were infected with
above viruses for 48 hours, then GFP™" cells were enriched by FACS
Aria III cell sorter (BD). Ovalbumin (OVA)-expressing WT and
Hdac3"~ MCA205 cells (OVA-MCA205 and OVA-Hdac3"~
MCA205) were established by transfection with pCI-neo-mOVA
plasmid (Addgene_25099) and selected with G418 (Thermo Fisher
Scientific, catalog no. 10131035). The gene overexpressing cell lines
were verified by Western blot analysis.

In vitro tumor cell treatment and assays

WT and Hdac3™~ MCA205 cells were seeded in 6-well plate and
cultured overnight. For IFN treatment assays, cells were treated with

CANCER IMMUNOLOGY RESEARCH



100 U/mL IFNo (Pblassay science, catalog no. 12105-1), 10 ng/mL
IFNB (R&D, catalog no. 8234-MB-010/CF), 100 U/mL IFNy (R&D,
catalog no. 485-MI-100/CF), or vehicle control (0.1% BSA, MCE,
catalog no. HY-D0842) for 6 hours. The culture supernatant was then
collected for ELISAs, and cells were lysed with TRIzol (Thermo Fisher
Scientific, catalog no. 15596026) for qRT-PCR. For HDAC inhibitor
treatment, cells were treated with 2.5 umol/L RGF966 (Selleck, catalog
no. $7229), 10 umol/L Entinostat (Selleck, catalog no. S1053), or
DMSO control for 6 hours. A total of 100 U/mL IFNo, 10 ng/mL
IFN, 100 U/mL IFNY, or vehicle control were then added to the cells.
A total of 6 hours after IFN treatment, cells were lysed with TRIzol for
qRT-PCR. For methotrexate (MTX) treatment, WT or Hdac3™/~
MCA205 cells were treated with 2 pmol/L MTX (MCE, catalog no.
HY-14519) for 3 hours. The cells were then counted and inoculated
into mice at 1 x 10 cell/mouse. For chromatin immunoprecipitation
sequencing (ChIP-seq) and ChIP-qPCR, WT, Hdac3"™~, Hdac3™/~
MCA205 cells and Hdac3™/~ MCA205 overexpressing WT, H134/
135Q-mutant HDACS3, or vector control cells were seeded in a 15 cm
dish at the density of 1 x 10 cells/dish and cultured overnight. Then
the cells were treated with PBS vehicle or 10 ng/mL IFN for 3 hours
until ChIP assay.

Cell proliferation and viability analyses

Cell proliferation of WT and Hdac3~/~ MCA205 and MC38 cells
was analyzed with a Cell Counting Kit-8 (Beyotime, catalog no.
C0038) according to supplier’s recommendations. The expression
of Ki67 in WT and Hdac3™'~ MCA205 and MC38 cells was
determined via staining with FITC-Ki67 (BioLegend, catalog no.
151211) or FITC-rat IgG isotype (BioLegend, catalog no. 401913)
using a standard flow cytometry staining protocol. The samples
were acquired with Attune NxT Flow Cytometer (Thermo Fisher
Scientific) and analyzed with FlowJo software (Tree Star, Inc.).
For single clone formation assays, WT and Hdac3™/~ MCA205
and MC38 cells were seeded in 6-well plate at the density of
200 cells/well. Seven days after culture, the plates were stained
with crystal violet staining solution (Solarbio, catalog no. G1062),
and the clones were counted.

Mouse experiments

The animal study was reviewed and approved by The Ethics
Committee of Suzhou Institute of Systems Medicine (ISM-IACUC-
0107-R). Female C57BL/6 and nude mice ages between 6 and
8 weeks were purchased from Beijing Vital River Laboratory Animal
Technology Co. Ltd. All animals were bred in our core animal
facility. Age- and sex-matched mice were randomly assigned to
different groups in the same experiment with the following strategy.
A total of 2 x 10°/mouse MC38 or 1 x 10%mouse MCA205 cells
were subcutaneously inoculated in C57BL/6 or nude mice. Seven
days after inoculation, mice were treated with Entinostat (30 mg/kg,
intragastrically), Panobinostat (Selleck, catalog no. $1030, 20 mg/kg,
intraperitoneally), or vehicle control (DMSO, Solarbio, catalog no.
D8371, intragastrically for Entinostat control and intraperitoneally
for Panobinostat control) three times per week, and tumor growth
was monitored.

For tumor growth comparisons, 2 x 10%/mouse MC38 (WT,
Hdacl™~, Hdac2™/~, Hdac3™'~, Hdac3"7) or 1 x 10°/mouse
MCA205 (WT, Hdac3"'~, Hdac3™'~ cell lines and Hdac3™/~ cell
lines overexpressed with WT, H134/135Q-mutant HDAC3 or vector
control) cells were subcutaneously inoculated in C57BL/6 or nude
mice for 28 days and tumor growth was monitored. For survival
experiments, 1 x 10° WT and Hdac3™~ MCA205 cells were inocu-
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lated in C57BL/6 mice by intravenous injection, and the overall
survival (OS) ratio of mice were monitored.

In addition, 1 x 10%/mouse WT and Hdac3"~ MCA205 cells were
inoculated in C57BL/6 mice. Mice with xenograft Hdac3"'~ MCA205
tumors were treated intravenously with anti-CXCR3 antibody (BioX-
cell, catalog no. BE0249), anti-TNFo. (BioXcell, catalog no. BE0058), or
IgG control (BioXcell, catalog no. BE0091) at 7, 9, and 11 days after
tumor inoculation (10 mg/kg), and tumor growth was monitored.

Moreover, 1 x 10°/mouse WT MCA205 cells were inoculated in the
left side of C57BL/6 mice. Seven days after inoculation, PBS (Gibco,
catalog no. 10010023) control or 1 x 10%/mouse MTX-treated (2
umol/L, 3 hours) WT, Hdac3"'~or Hdac3™~ MCA205 cells were
inoculated in the right side of mice. Tumor growth in the left side was
monitored. For anti-CXCR3 antibody treatment: after the MTX-
treated cells were inoculated, IgG control or anti-CXCR3 (10 mg/kg)
was intravenously administrated at 1, 3, 5 days after inoculation.
Tumor growth in the left side was monitored.

For all mouse experiments, the measurement or quantification of
primary tumor samples, investigators were blinded to group assign-
ments. Tumor growth was monitored two to three times per week
with an electronic caliper. Animals were sacrificed when the volume
of tumors reached 300 mm?. All mice were sacrificed by asphyx-
iation CO,.

Tissue dissociation

WT, Hdac3"~ or Hdac3™’~ MCA205 tumors were stripped with
surgical scissors and blade on day 7 postimplantation for flow cyto-
metry analysis, immunofluorescence staining, enzyme-linked immune
spot (ELISpot) assay, ELISA, and RNA sequencing (RNA-seq). For
flow cytometry analysis and ELISpot assays, freshly recovered WT and
Hdac3""~ MCA205 tumors were cut into small pieces with surgical
scissors in digestion buffer: serum-free RPMI1640 medium (Gibco,
catalog no. 11875119) containing 0.4 Wnsch units/mL Liberase TL
(Roche, catalog no. 05401020001), and 200 U/mL DNase I (Calbio-
chem, catalog no. 260913-10MUCN). The tumor tissues were incu-
bated at 37°C for 30 minutes, and the cell suspension was filtered
through 70 um cell strainers. The prepared single-cell suspensions
were then used for analysis. For immunofluorescence staining, freshly
collected WT and Hdac3"~ MCA205 tumors were treated with 4%
paraformaldehyde (PFA; Beyotime, catalog no. P0099) at room tem-
perature for 4 hours. PFA-fixed tumors were transferred into 30% (wt/
vol) sucrose solution for 24 hours. The tumors were embedded in
optimum cutting temperature compound (Solarbio, catalog no. 4583)
and then frozen at —80°C. Frozen tissue sections were obtained with
CM1950 Cryostats (Leica Biosystems) and stored at —80°C. For
ELISAs and RNA-seq, WT and Hdac3™~ MCA205 tumors were
dissociated by liquid nitrogen grounding and lysed with TRIzol
(Thermo Fisher Scientific, catalog no. 15596026) for RNA-seq and
PBS supplemented with protease inhibitors (Roche, catalog no.
12352200) for ELISAs.

Immunofluorescence staining

Frozen tissue sections were recovered to room temperature, fixed
with 2% PFA for 15 minutes, and permeabilized with 0.5% Triton-
X100 (Sigma, catalog no. T8787) for 5 minutes. Tissue sections were
then blocked with 20% FBS for 20 minutes and stained with anti-
mouse primary antibodies [CD4 (catalog no. ab133616), CD8 (catalog
no. ab217344), and IFNYy (clone XMG1.2; catalog no. ab23637) from
Abcam, dilution at 1:100] at room temperature for 2 hours. After
washing three times with 1x PBST (Solarbio, catalog no. P1033),
the tissue sections were stained with fluorescent dye-conjugated
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secondary antibodies [Goat anti-rabbit IgG conjugated with Alexa
Fluor 568 (for CD4 and CD8, Thermo Fisher scientific, catalog no. A-
11011), goat anti-rat IgG conjugated with FITC (for IFNYy, Thermo
Fisher scientific, catalog no. 31584), dilution at 1:1,000] at room
temperature for 1 hour. The tissue sections were then washed three
times, followed by nuclear counterstaining with 4, 6-Amidine-2-
phenylindoles (BBI Life Sciences, 1:1,000). After washing another
three times, slides were sealed with Fluoromount-G mounting
medium (Southern Biotech). Images were captured with a confocal
microscope (Leica TCS SP8).

ELISA

The concentration of mouse CXCL9, 10, 11 cytokines was
measured with ELISA kits (R&D, catalog nos. MCX900, DY466,
and DY572) according to the manufacturer’s instructions. Briefly,
plates were coated with 100 puL/well diluted capture antibodies and
incubated at 4°C overnight. After washing with 1x PBST for three
times, the plates were blocked with 200 uL/well blocking buffer (1%
BSA in PBS) and incubated at room temperature for 1 hour. After
three washes, 100 uL/well diluted cell culture supernatants or tumor
tissue lysis supernatants (1x, 2x, and 4x dilution with PBS) were
added into the plates, followed by a 2-hour incubation at room
temperature. After three washes, 100 pL/well diluted detection
antibody was added into the plates, followed by room temperature
incubation for 2 hours, and 100 puL/well diluted horseradish per-
oxidase (HRP)-Streptavidin was added into the plates, followed by
room temperature incubation for 15 to 20 minutes. After three
washes, 50 uL/well stop solution (2N H,SO,) was added into the
plates, and the plates were read at 450 nm by SpectraMax i3
(Molecular Devices) plate reader. The concentrations of cytokines
were calculated on the basis of the standard curve (with the kit).

ELISpot

The frequencies of IFNY-secreting T cells in WT and Hdac.
MCA205 tumors (7 days after inoculation) were quantified with
ELISpot assay kits from BD Biosciences (catalog no. 551881).
OVA-MCA205 and OVA-Hdac3"~ MCA205 tumor tissues were
enzymatically digested to single-cell suspensions as indicated above
and resuspended in DMEM containing 10% FBS. For each sample, 1 x
10° cells were seeded per microwell in ELISpot plates precoated with
anti-IFNYy capture antibody (BD Biosciences, catalog no. 51-2525KZ).
After 16 hours of culture at 37°C in a 5% CO, and humidified
incubator, the plates were washed with 1xPBST and incubated with
biotinylated detection antibody (BD Biosciences, catalog no. 51-
1818KA) for 1 hour. After washing and drying, the plates were
inspected by CTL ImmunoSpot S6 Analyzers (CTL and CTL Analy-
zers, LLC) and spot counts were recorded.

3+

Bulk RNA-seq on tumor-infiltrating CD4" and CD8™" T cells and
analysis

Tumor single-cell suspensions were prepared from 6 mice inocu-
lated with WT (1 = 3) or Hdac3"'~ (n = 3) MCA205 cells for 6 days as
described above. Dead cells were removed with vivid yellow staining
(Invitrogen, catalog no. L34960). Cells were then stained with FITC
anti-CD45 (30-F11; BioLegend, catalog no. 103107), PE anti-CD8a
(53-7.6; BioLegend, catalog no. 100707), and APC-Cy7 anti-CD4
(GK1.5; BioLegend, catalog no. 100413) for 30 minutes. Sorting via
FACS was performed on a FACS Aria III (BD Biosciences), and 1,000
CD457CD4" or CD45"CD8" T cells from every tumor were sorted
into separate tubes and resuspended in RNAlater (Thermo Fisher
scientific, catalog no. AM7020). Full-length cDNA synthesis and
amplification were prepared using SMART-Seq V4 Ultral Low Input
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RNA Kit (Takara, catalog no. R400752) for sequencing, which is based
on the SMART-seq2 method (34). The Nextera XT DNA Library
Preparation Kit (Illumina Inc., catalog no. 15032354) was then used to
make cDNA libraries suitable for Illumina sequencing. Briefly, cDNA
was fragmented, and an adapter was added using transposase, followed
by limited-cycle PCR to enrich and add index to the cDNA fragments.
The final library quality was assessed with an Agilent TapeStation.
These libraries were sequenced using the Novaseq 6000 system
(lumina Inc.) with 2*150 bp paired-end sequencing.

Tumor RNA-seq and analysis

Total RNA from WT or Hdac3"/~ MCA205 tumors (n = 3/
group) was extracted using TRIzol reagent according to the man-
ufacturer’s instructions. The concentration and quality of RNA
were measured by Agilent 2100 (Agilent Technologies) and an RNA
LabChIP 6000 Nano kit [Agilent Technologies, catalog no. 5067-
1511; RNA integrity numbers (RIN) of RNA samples used in this
study were 7-10]. Next-generation sequencing (GENEWIZ) was
performed after RNA-seq libraries were prepared with NEBNext
Ultra II Direcrional RNA library Prep Kit (NEB, catalog no.
E7760L) according to the manufacturer’s instructions. Final library
size distribution was 320 bp and sequenced on an Illumina Novaseq
6000 (Hiseq-PE150 sequencing strategy and paired end 2*150 bp
reads length).

Bulk RNA-seq and RNA-seq data analysis

Raw sequencing data were filtered with CLC Genomics Workbench
12 (QIAGEN Bioinformatics) to remove low-quality and adapter
bases. In CLC Trim tool, quality scores limit was 0.05 and maximum
number of ambiguous nucleotides was 2. For sequencing alignment,
filtered reads were mapped to Mus_musculus_en-sembl_80_sequence
and GEVE reference sequences (http://geve.med.u-tokai.ac.jp/annota
tion-datasheet/) on CLC. Differential gene expression was determined
using DESeq2, and genes were ranked according to the formation
metric = —log(p,10)/log(FC,2) for gene set enrichment analysis
(GSEA). We used the GSEA Preranked tool for GSEA and R studio
software (R Foundation for Statistical Computing) for heat map and
clusterProfiler analysis.

AqRT-PCR

Total RNA from cultured IFN (o, B, ¥) or HDAC inhibitors
(RGF966 and Entinostat) treated WT and Hdac3™/~ MCA205 cells
and WT and Hdac3"™" tumor tissues from IgG and anti-CXCR3
antibody administrated mice were extracted using TRIzol reagent
according to the manufacturer’s instructions. RNA reverse transcrip-
tion and cDNA were obtained with PrimeScript RT Reagent Kit
(Takara, catalog no. RR037A). Gene expression assays were performed
with SYRB master mix (Takara, catalog no. RR420A) with 200 ng
cDNA as template in 20 pL reaction system in 96-well plate by
LightCycler480 II (Roche). All experiments were repeated at least
three times. Fold changes were calculated using the AAC; method and
Gapdh was set as normalizing gene. qRT-PCR primers for mouse
Cxcl9, 10, 11, Cxcr3, and Gapdh genes were obtained from PrimerBank
(https://pga.mgh.harvard.edu/primerbank/), and the sequences of
primers were as following:

Cxcl9-F: GGAGTTCGAGGAACCCTAGTG

Cxcl9-R: GGGATTTGTAGTGGATCGTGC

Cxcl10-F: CCAAGTGCTGCCGTCATTTTC

Cxcl10-R: GGCTCGCAGGGATGATTTCAA

Cxcl11-F: GGCTTCCTTATGTTCAAACAGGG

Cxcl11-R: GCCGTTACTCGGGTAAATTACA
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Cxcr3-F: TACCTTGAGGTTAGTGAACGTCA
Cxcr3-R: CGCTCTCGTTTTCCCCATAATC
Gapdh-F: TGGATTTGGACGCATTGGTC
Gapdh-R: TTTGCACTGGTACGTGTTGAT

ChIP-seq and ChIP-gPCR assay

ChIP assays were performed using SimpleChIP Plus Enzymatic
Chromatin IP Kit (Cell Signaling Technology, catalog no. 9005)
according to the manufacturer’s recommendations. Rabbit anti-
HDAC3 (Cell Signaling Technology, catalog no. 85057), rabbit
anti-H3K27ac (Cell Signaling Technology, catalog no. 8173), and
Rabbit IgG antibodies (Cell Signaling Technology, catalog no. 3900;
all antibodies were diluted at 1:40) were used to pull down the binding
DNA sequences (4°C, overnight). Immunoprecipitated DNA
sequences were purified and eluted for ChIP-seq (GENEWIZ) or
ChIP-qPCR assay. For ChIP-seq, libraries were prepared using KAPA
HyperPlus Kit (KAPA Biosystems, catalog no. KK8514) according
to manufacturer’s protocol. The libraries were then sequenced
by 2*150 bp paired-end sequencing on the Novaseq system (Illu-
mina Inc.). Data analysis was performed with CLC Genomics
Workbench 12 according to the ChIP-seq analysis manuals
(https://resources.qiagenbioinformatics.com/manuals/clcgenomics
workbench/750/index.php?manual=ChIP_Seq_Analysis.html). For
ChIP-qPCR, immunoprecipitated DNA samples were used as tem-
plates (2 puL in a 20 pL reaction system) and quantitative PCR
was performed. Primers used for Cxcl10 gene promotor detection
were forward: 5-TCTGCAAAGAGTTTCCCTCCC-3/, reverse: 5'-
ACAAGCAATGCCCTCGGTT-3'. Rabbit IgG group was used as
control for data normalization. Fold changes were calculated using
the AAC; method.

Flow cytometry

Single-cell suspensions were incubated with a CD16/32 (clone
2.4G2) antibody (BioLegend, catalog no. 101301, 1:200) to block
nonspecific staining on ice for 15 minutes, and the LIVE/DEAD
Fixable Yellow Dead Cell Stain Kit (Thermo Fisher Scientific, catalog
no. L34960) was used to exclude dead cells for further analyses. Then
surface staining was performed with 2 pug/mL of the following fluo-
rochrome-conjugated antibodies at 4°C for 30 minutes: PerCP/Cy5.5
anti-CD45 (30-F11, catalog no. 103131), PE/Cy7 anti-CD11c (N418,
catalog no. 117317), FITC anti-CD8a (53-7.6, catalog no. 100705),
APC/Cy7 anti-CD4 (GK1.5, catalog no. 100413), PerCP/Cy5.5 anti-
CD11b (M1/70, catalog no. 101227), APC anti-F4/80 (BM8, catalog
no. 123115), and APC anti-CXCR3 (CXCR3-173, catalog no. 126511)
from BioLegend. For detecting IFNY™ cells, phorbol 12-myristate 13-
acetate (Beyotime, catalog no. S1819) and Ionomycin (Beyotime,
catalog no. S1672) were used to stimulated cells. After stimulation,
cells were fixed and permeabilizated with fixation and permeabiliza-
tion solutions kit (BD, catalog no. 554714), and stained with PE/Cy7
anti-IFNy (XMG1.2, catalog no. 505825) at 4°C for 30 minutes. All the
samples were acquired with Attune NxT Flow Cytometer (Thermo
Fisher Scientific) and analyzed with Flow]Jo software (Tree Star, Inc.).

Western blot analysis

WT, Hda3"~, Hdac3™/~ MCA205 and MC38 cells, Hdacl /",
Hdac2™'~ MC38 cells, Hdac3 ™'~ MCA205 overexpressing WT, H134/
135Q-mutant HDAC3 or vector control and tumor samples from
Hdac3™'~ MCA205 overexpressing WT, H134/135Q-mutant HDAC3
or vector were lyzed with lysis buffer (Beyotime, catalog no. P0013C).
The cell extracts (20 g total protein/well) were immunoblotted [10%
PAGE gel (Vazyme, catalog no. E303-01)] with the indicated anti-
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bodies to measure the level of the expressed proteins. Primary anti-
bodies including mouse anti-B-actin (Cell Signaling Technology,
catalog no. 3700), rabbit anti-HDACI (Cell Signaling Technology,
catalog no. 34589), rabbit anti-HDAC2 (Cell Signaling Technology,
catalog no. 57156), and rabbit anti-HDAC3 (Cell Signaling Technol-
ogy, catalog no. 85057) antibodies were used for detection at the
dilution of 1:1,000. Then HRP-conjugated anti-mouse (Cell Signaling
Technology, catalog no. 7046) and anti-rabbit (Cell Signaling Tech-
nology, catalog no. 7074) secondary antibodies were used at the
dilution of 1:5,000 and the membranes were scanned with ChemiDoc
XRS+system (Bio-Rad).

Tumor tissues and clinical data

Clinical sample collection and usage were approved by the Ethical
Committee of the Human Research Ethics Committee of the Affiliated
Hospital of Nantong University (Nantong, P.R. China) and written
informed consent from the patients was obtained. This study recruited
129 human patients with HCC at the Affiliated Hospital of Nantong
University (Nantong, P.R. China), including malignant HCC samples
(n = 43) and benignant HCC samples (n = 86). Tumor tissues were
collected from patients with surgical tumor excision, fixed with for-
malin (Sigma, catalog no. 104003), embedded with paraffin (Solarbio,
catalog no. YA0012), stored at room temperature, and then examined
by at least two independent pathologists. All the patients had not
received chemotherapy, radiotherapy, or immunotherapy before their
surgeries. The clinical information of all patients was collected in
detail, including age, sex, Hepatitis B virus (HBV) infection, liver
cirrhosis, vascular invasion, tumor size, tumor differentiation, and
tumor-node-metastasis stage. The study was conducted according to
the principles of the Declaration of Helsinki and approved by the
Ethical Committee of the Human Research Ethics Committee of the
Affiliated Hospital of Nantong University (Nantong, P.R. China).

IHC measurement and analysis of TMA

TMA-THC was performed to measure the expression of HDACS3,
CD8a, CXCL10, and CXCR3 in tissue blocks. The core tissue biopsies
(2 mm in diameter) taken from individual paraffin-embedded sections
were rearrayed in recipient paraffin blocks by using a TMA system
(Quick-Ray, UT06, UNITMA; ref. 35). Sections from arrayed blocks
were sliced into 4 um and stained with a monoclonal rabbit anti-
human HDACS3 (Cell Signaling Technology, catalog no. 85057), anti-
human CD8 (Abcam, catalog no. ab199016), anti-human CXCR3
(Invitrogen, catalog no. PA5-23104), and anti-human CXCLI0
(Abcam, catalog no. ab8098; all antibodies used at the dilution of
1:100) at 4°C overnight, followed by incubation with a biotinylated
secondary antibody (Abcam, catalog no. 64256) at room temperature
for 30 minutes. HDAC3, CD8a, CXCL10, and CXCR3 scores were
calculated with the percentage of fluorescence-positive cells/CK stain-
ing cellsx100 (0%-100%). The Vectra 3.0 Automated Quantitative
Pathology Imaging System (PerkinElmer company) was used to
accurately calculate cell counts of different HDAC3, CD8, CXCR3,
and CXCL10 staining intensities in specific tissues. The expression of
HDACS3 protein was graded by one two-grade scoring system, and we
chose 50% as the cut-off point: a score of 0% to 50% was regarded as
no or low expression, whereas 50% to 100% was regarded as high
expression.

Dataset analysis for OS

To verify the prognostic value of Hdacl, 2, 3 genes, human datasets
from a total of 876 patients with gastric cancer were obtained from The
Cancer Genome Atlas (TCGA) database (https://www.cancer.gov/
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about-nci/organization/ccg/research/structural-genomics/tcga). The
entire database incorporates 876 gastric cancer samples, gene expres-
sion data [published in Gene Expression Omnibus (GEO) as
GSE22377, GSE14210, and GSE51105]. These patients were divided
into different groups according to the expression of Hdacl, 2, 3 genes,
with the best performing threshold to separate the low and high
quartiles as the cutoff. OS rates were analyzed with a Kaplan-Meier
plotter (https://kmplot.com/analysis/). The HR with 95% confidence
intervals and log-rank P value were calculated with GraphPad Prism
8.0 software (GraphPad Software).

Statistical analysis

In mouse experiments, mice with the same age and sex were
randomly assigned to different groups in the same experiment.
Statistical analyses were performed with GraphPad Prism 8 software
and R Studio version 3.6.3. All results are presented as means + SD.
Tumor progression curves were compared by calculating the AUC of
individual mice, and statistics were done with a two-tailed Mann-
Whitney U test. The strength of association between two variables and
the direction of the relationship were explored with nonparametric
correction coefficient analysis (Spearman), and the one-tailed P value
was calculated. In qRT-PCR, ChIP-PCR, ELISA, and FACS experi-
ments, all results are presented as means & SD. For the human HCC
TMA-IHC, scatter plots are shown as means £+ SEM. Statistical
differences were analyzed by one-way ANOVA or unpaired two-
tailed Student ¢ tests. P values were indicated by ns, not significant;
*, P <0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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Data availability

Raw data for tumor RNA-seq, ChIP-seq, and bulk RNA-seq are
deposited at the NCBI BioProject database (accession nos.:
PRJNA893757 and PRJNA893856). Further information and requests
for resources and regents should be directed to the corresponding
authors. All requests for raw data, analyzed data, and materials will be
promptly reviewed by the corresponding author to verify whether the
request is subject to any intellectual property or confidentially obliga-
tions. Any data and materials that can be shared will be released via a
Materials Transfer Agreement.

Results

HDAC inhibitors suppress tumor growth in an immune-
dependent manner

HDAC inhibitors have been extensively explored for cancer ther-
apy. Among them, Panobinostat (also known as LBH589, a pan HDAC
inhibitor) and Entinostat (also known as MS275, HDACI and 3
selective inhibitor) are under phase III clinical trials. We first checked
the effect of Entinostat and Panobinostat on the growth of MC38
murine colon adenocarcinoma and MCA205 fibrosarcoma tumors.
We found that Entinostat and Panobinostat effectively suppressed the
growth of MC38 and MCA205 tumors in immunocompetent C57BL/6
mice (Fig. 1A-D), but not inimmunodeficient nude mice (Fig. 1E-H).
These results indicate that the class I HDAC inhibitors Entinostat
and Panobinostat inhibit MCA205 and MC38 tumor growth in an
immune-dependent manner.
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HDAC inhibitors suppress tumor growth in animmune-dependent manner. MC38 (A, C, E, and G) and MCA205 cells (B, D, F, and H) were inoculated in C57BL/6 (A-D)
or nude mice (E-H) subcutaneously. Seven days after inoculation, tumor-bearing mice were treated with HDAC inhibitors Entinostat (30 mg/kg, intragastrically; A, B,
E, and F), Panobinostat (20 mg/kg, intraperitoneally; C, D, G, H), or vehicle control (intragastrically for Entinostat control and intraperitoneally for Panobinostat
control) three times per week, and tumor growth was monitored (n = 5/group). Experiments (A-H) were repeated three times, and the dot plots are shown as mean +
SD. Significance calculated with nonparametric Mann-Whitney U test. ns, not significant; ***, P < 0.001.
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Hdac3 deficiency suppresses tumor growth, which is dependent
on host immune responses

Panobinostat and Entinostat both suppressed the growth of
MCA205 and MC38 tumors, suggesting that inhibition of one or
more class I HDACs may suppress tumor growth. To explore the role
of Hdacl, 2, 3 genes on tumor growth, we knocked out Hdacl, 2, 3
genes in MC38 cells by CRISPR/Cas9 technology (Supplementary

A B
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Fig. S1IA-S1C) and injected the cells into C57BL/6 mice. Comparing
the tumor growth of Hdacl ~/=, Hdac2~'~, and Hdac3™'~ cells with
their corresponding WT MC38 tumors, we found that Hdac3 defi-
ciency significantly suppressed MC38 tumor growth, whereas Hdacl
and Hdac2 deficiency showed no obvious impact on the growth of
MC38 tumors (Fig. 2A). To confirm the involvement of the Hdac3
gene in tumor growth, we further knocked down (Hdac3™~) and
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Figure 2.

Hdac3 deficiency suppresses tumor growth and is dependent on host immune responses. A, WT, HdacT /= Hdac2 / ,and Hdac3 /= MC38 cells were inoculated in
C57BL/6 mice subcutaneously, and tumor growth was monitored (n = 5/group). WT, Hdac3*/~, and Hdac3 ™~ MC38 and MCA205 cells were inoculated in C57BL/6
(B and C) and nude mice (D and E) subcutaneously, and tumor growth was monitored (n = 5/group). Hdac3 knockdown and knockout was confirmed via Western
blot analysis (top, Band C).F, WT and Hdac3 ™~ MCA205 cells were injected into C57BL/6 mice intravenously, and the OS of mice was monitored (n = 8/group). G-I,
The OS of patients with gastric cancer was compared between individuals bearing tumors with high or low Hdacl, 2, 3 mRNA transcription. HR, 95% confidence
interval, and P value from the log-rank test are shown. Western blot images (B and C) are presentative results from three independent experiments. Experiments (A=
F) were repeated two times, and the dot plots (A-E) are shown as mean + SD. Significance was calculated with nonparametric Mann-Whitney U test. ns, not

significant; **, P < 0.01; ***, P < 0.001.
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knocked out (Hdac3™'~) the Hdac3 gene in MC38 and MCA205 cells.
Comparing the tumor growth of Hdac3™~ and Hdac3™~~ MC38 and
MCA205 tumors with their corresponding WT tumors in C57BL/6
and nude mice, we found that both Hdac3 knockdown and knockout
prominently suppressed MC38 and MCA205 tumor growth in C57BL/
6 mice (Fig. 2B and C), but not in nude mice (Fig. 2D and E). These
results indicate that HDAC3 promotes tumor growth and is dependent
on host immune responses.

After intravenous injection of MCA205 cells into the mice, tumors
will develop and metastasize to multiple organs, leading to the death of
mice. We then compared the survival rates of C57BL/6 mice intrave-
nously injected with WT or Hdac3 ™/~ MCA205 cells. Mice xeno-
grafted with WT MCA205 cells did not survive beyond 17 days after
transplantation, whereas all mice xenografted with Hdac3 ™/~
MCA205 cells survived (Fig. 2F), suggesting that Hdac3 deletion
reduced metastasis and protected mice from metastasis-related death.
We then also analyzed the correlation of Hdacl, 2, 3 gene expression
with the OS of 876 patients with gastric cancer in GEO and TCGA
databases. Higher expression of Hdac3 gene correlated with lower OS
of gastric patients, whereas higher expression of Hdacl and Hdac2
genes correlated with higher OS of gastric patients (Fig. 2G-I). In
addition, higher mRNA expression of HDAC3 was found in various
cancers tissues compared with their corresponding normal tissues,
including in cholangiocarcinoma, cervical squamous cell carcinoma
and endocervical adenocarcinoma, lung adenocarcinoma, lung squa-
mous cell carcinoma (Supplementary Fig. S2). These results suggest
that specific inhibition of Hdac3 may suppress tumor growth through
antitumor immunity.

Enhanced local immune responses in Hdac3-deficient tumors
CCK-8 (Supplementary Fig. S3A and S3B), Ki-67 staining (Sup-
plementary Fig. S3C and S3D), and single clone formation (Supple-
mentary Fig. S3E and S3F) assays showed that Hdac3 deficiency had no
impact on the viability and proliferation of MC38 and MCA205 cells.
To explore whether HDACS3 played a role in regulating the local TME,
we analyzed the tumor-infiltrating lymphocytes (TIL) in WT and
Hdac3"~ MCA205 tumors by flow cytometry because Hdac3 ™'~ cells
did not form large enough tumors for flow cytometry analysis. Indeed,
we observed increased number of tumor-infiltrating CD4", CD8',
CD1l1c", CD11b*F4/80", CD4'IFNy™, and CD8'IFNy*" immune
cells in Hdac3"/~ MCA205 tumors (Fig. 3A; Supplementary Fig. $4).
The results indicate that more antigen-presenting DCs and tumor-
killing T cells are recruited into MCA205 TME when Hdac3 is deficient
specifically in tumor cells. To better enumerate the magnitude and
distribution of tumor-infiltrating T cells, immunofluorescence stain-
ingof WT, Hdac3"™~, and Hdac3~/~ MCA205 tumors was performed.
A higher number of CD4", CD8", and IFN’YJr cells infiltrating
Hdac3™~ and Hdac3™~ MCA205 tumors compared with WT
MCA205 tumors (Fig. 3B and C; Supplementary Fig. S5A and
S5B). ELISpot assays were also performed to evaluate frequencies of
OV A-specific IFNY-secreting T cells in WT and Hdac3™~ MCA205
tumors stably expressing chicken OVA. The results showed that there

HDACS3 Inhibition Enhances Antitumor Immunity

were more IFNy-secreting T cells in Hdac3™~ MCA205 tumors than
that in WT tumors (Fig. 3D and E). These results indicate that the
quantity and characterization of tumor-infiltrating T cells in Hdac3-
deficient tumors are significantly different from that in WT tumors.

To characterize the signature of infiltrating T cells in TME,
we isolated CD45"CD4" and CD45"CD8" T cells from WT and
Hdac3""~ MCA205 tumors by FACS and performed bulk RNA-seq to
detect gene expression. T cells isolated from Hdac3"~ tumors
expressed higher levels of transcription factors such as Eomes and
Tcf712; cell surface receptors such as Sell, Vsir, and Cd28; effector
molecules such as Gzmb, Ifng, Prfl, and Tnf; and tolerance-related
genes such as Nr4a2 and Egr2 than WT cells (Fig. 3F). The results
above suggest that specific Hdac3 deficiency in tumor cells triggers
differential infiltration of immune cells and stronger local immune
responses in TME than that in WT tumors.

Hdac3 deficiency upregulates chemokine signaling and T-cell
receptor signaling pathways

Bulk RNA-seq results (Fig. 3F) showed that HDAC3 may impact
tumor growth by regulating infiltration and signature of immune cells
(especially T cells) in TME. To explore the mechanism responsible for
HDACS3 regulating T-cell infiltration and the TME, we performed
RNA-seq with WT and Hdac3™~ MCA205 tumor tissues. Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotated classification
analysis comparing differential expression between Hdac3™~ and WT
tumors showed that Hdac3 deficiency significantly upregulated genes
in the chemokine signaling pathway, T-cell receptor (TCR) signaling
pathway, and cytokine—cytokine receptor interaction process (Fig. 4A
and B). GSEA also showed that chemokine signaling (Fig. 4C),
cytokine-cytokine receptor interaction (Fig. 4D), and TCR signaling
pathways (Fig. 4E) were significantly enriched in Hdac3-deficient
MCA205 tumors. These results suggest that TCR signaling and
chemokine signaling pathways, in relation to T-cell recruitment, may
contribute to the tumor growth suppression of Hdac3-deficient
MCA205 cells. We then selected genes associated with T cells and
T-cell recruitment and assessed their relative expression in WT and
Hdac3"'~ MCA205 tumors. Abundant T-cell markers (Cd3d, Cd3e,
Cd3g, Cd4, Cd8a, Ctlad, Zap70, and Cxcr3) and T cell recruitment-
related genes (Cxcl9, 10, 11) were significantly upregulated in Hdac3-
deficient tumors (Fig. 4F). To confirm the RNA-seq results, gene
expression in Hdac3™'~ MCA205 tumors was compared with WT
tumors via qRT-PCR. We confirmed that Hdac3 deficiency led to
upregulated T-cell marker- and T-cell recruitment-related genes
(Supplementary Fig. S5C). These results led us to hypothesize that
HDACS3 may suppress T-cell recruitment into TME by reducing the
expression of chemokines such as Cxcl9, 10, 11.

HDAC3 downregulates the expression of IFN-induced
chemokines Cxc/9, 10, 11

Chemokines Cxcl9, 10, 11 are IFN-inducible genes, and the IFN
signaling pathway plays an important role in antitumor immune
responses. We therefore quantitated the mRNA expression of Cxcl9,

Figure 3.

Enhanced local immune response in Hdac3-deficient tumors. A and B, Flow cytometric analysis of immune cell infiltration in WT and Hdac3"~ MCA205 tumors. WT
and Hdac3"~ MCA205 cells were inoculated in C57BL/6 mice subcutaneously (n = 5/group). Seven days after inoculation, tumor tissues were harvested, and
immune cellinfiltration in the tumors was analyzed by flow cytometry (A) and immunofluorescence staining with CD4, CD8, and IFNy antibodies (B). Scale bar, 50 um.
Red box indicates area in zoomed image (10 x magnification). C, Cumulative data and statistical analysis of B. ELISpot analysis of IFNy secretion by tumor-infiltrating
T lymphocytes in OVA-MCA205 and OVA-Hdac3"~ MCA205 tumors (D) and cumulative quantitative data (E). F, Expression of genes associated with the indicated
classifications in CD45+CD4" and CD457CD8™" T cells isolated from WT and Hdac3 ™~ MCA205 tumors (n = 3/group) as analyzed by bulk RNA-seq. Flow cytometric
(A), immunofluorescence staining (B and C), and ELISpot (D and E) assays were repeated three times, and statistical data (A, C, and E) are shown as mean =+ SD and
statistically analyzed by Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.

AACRJournals.org

Cancer Immunol Res; 11(5) May 2023

665



Li et al.

Chemokine signaling pathway

Axon guidance

Hematopoietic cell lineage

Osteoclast differentiation

T cell receptor signaling pathway
Natural killer cell mediated cytotoxicity
Th17 cell differentiation

Leukocyte transendothelial migration
C-type lectin receptor signaling pathway
Complement and coagulation cascades
Intestinal immune network for IgA production
C5-Branched dibasic acid metabolism
Pathways in cancer

% Rheumatoid arthritis
2 Chagas disease (American trypanosomiasis)
= Type | diabetes mellitus
& Amoebiasis

Malaria

Allograft rejection
Graft-vesus-host disease
Staphylococcus aureus infection
Leishmaniasis

Inflammatory bowel disease (IBD)
Primary immunodeficiency
African trypanosomiasis

PI3K-Akt signaling pathway
Cytokine-cytokine receptor interaction
Cell adhesion moleculars (CAM)
MAPK signaling pathway
ECM-receptor interaction

B Organismal systems

. Metabolism
[l Human disease

. Environmental information

Number of genes

m

Cell adhesion molecules

Phagosome

Cytokine—cytokine receptor interaction
T-cell receptor signaling pathway
Th17 cell differentiation

Natural killer cell mediated cytotoxicity
Osteoclast differentiation

Tuberculosis

Chemokine signaling pathway

Chagas disease

C-type lectin receptor signaling pathway

Measles { »

Gene number
® 40
® 60
® =0

0.2

Figure 4.

0.3
Gene Ratio

0.4

0.5

Chemokine signaling pathway

ES = 0.4751
NES = 1.8667
P =0.0015

4 |'Hdac3* (Positively correlated) !

Zero cross at 9487
'

-4

(Preranked)
o

'
:‘WT' (Negatively correlated)

5,000 10,000 15,000
Rank in ordered dataset

Ranked list metric  Enrichment score (ES)
|

—— Enrichment profile —— Hits —— Ranking metric scores

Cytokine—cytokine receptor interaction

ES = 0.5343
04 NES = 2.1797
0.2 P =0.0014
0.0

et
0 0 0

‘Hdac3* (Positively correlated) :

o &

Zero cross at 9487
|

|
IS

(Preranked)

FWT (Negatively correlated)

5,000 10,000 15,000
Rank in ordered dataset

Ranked list metric  Enrichment score (ES)

—— Enrichment profile —— Hits ——— Ranking metric scores

T-cell receptor signaling pathway

ES = 0.5484
NES = 1.9883
P =0.0017

RULAE L O£ |I|I||I|IIWITIN|“L|I

1
lac3”’ (Positively correlated) '
‘Hdac3" (Positively I d'
Zero cross at 9487
'

I
~

o
N

o
o

o

|
I

(Preranked)

'
:‘WT’ (Negatively correlated)

5,000 10,000 15,000
Rank in ordered dataset

Ranked list metric  Enrichment score (ES)

—— Enrichment profile —— Hits

F

—— Ranking metric scores

15

0.5

Hdac3"

Hdac3 deficiency upregulates chemokine signaling and TCR signaling pathways. A=F, Total RNA from WT or Hdac3/~ MCA205 tumors (n = 3/group) was extracted
and sequenced by RNA-seq. Expression changes in Hdac3™~ versus WT MCA205 whole tumors were compared by KEGG analysis (A and B). Significantly enriched

KEGG annotated classification bar chart (A) and distribution point map (B) are shown. Expression changes in Hdac3

+/~ versus WT MCA205 tumors were compared

by GSEA (C-E). Chemokine signaling (C), cytokine-cytokine receptor interaction (D), and TCR signaling pathways (E) are shown. Heat map shows differentially
expressed genes associated with the chemokine signaling pathway and T cells in WT and Hdac3*/~ MCA205 tumors (F). The RNA-seq was performed once.

666 Cancer Immunol Res; 11(5) May 2023

CANCER IMMUNOLOGY RESEARCH



10, 11 in IFNoL-, IFNB-, and IFNy-treated WT and Hdac3 ™'~ MCA205
cells. qRT-PCR results showed that Cxcl9, 10, 11 mRNAs were much
higher in IFN-treated Hdac3™'~ cells than in WT cells (Fig. 5A).
Next, we quantitated the concentration of CXCL9, 10, 11 in IFNo.-,
IFNB-, and IFNy-treated WT and Hdac3™'~ MCA205 cell culture
supernatants by ELISA. Similar to the mRNA expression, the
protein concentrations of CXCL9, 10, 11 were also higher in
Hdac3™~ MCA205 cell culture supernatants than those from WT
cells (Fig. 5B). To confirm the upregulated expression of Cxcl9, 10,
11 in Hdac3™~ MCA205 tumors in vivo, we measured the con-
centrations of CXCL9, 10, 11 in tumors tissues by ELISA and found
CXCL9, 10, 11 in Hdac3™’~ MCA205 tumors were also higher than
that in WT MCA205 tumors (Fig. 5C). These results indicate that
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Hdac3 deficiency upregulates the expression of Cxcl9, 10, 11 in
tumor cells.

To further confirm the role of deacetylation enzyme activity
of HDAC3 on Cxcl9, 10, 11 expression, class I HDAC inhibitor
Entinostat and HDAC3-specific inhibitor RGF966 were added into
IFN-treated MCA205 cells and the mRNA expression of Cxcl9, 10,
11 were measured by qRT-PCR. The HDAC inhibitors Entinostat
and RGF966 also induced upregulation of Cxcl9, 10, 11 mRNA
expression (Fig. 5D). Correspondingly, we also detected upregu-
lated expression of the CXCL9, 10, 11 receptor gene, Cxcr3, in
Hdac3™~ MCA205 tumors (Fig. 5E). These results suggest that
HDACS3 regulates Cxcl9, 10, 11 mRNA expression and is dependent
on its deacetylation enzyme activity.
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HDAC3 downregulates the expression of IFN-induced chemokines Cxc/9, 10, 71. A, The mRNA expression of Cxc/9, 10, 77in WT and Hdac3”~ MCA205 cells treated
with IFNo. (100 U/mL), IFNB (10 ng/mL), and IFNy (100 U/mL) for 6 hours analyzed by gRT-PCR. B, CXCL9, 10, 11 concentrations from WT and Hdac3™~ MCA205 cell
culture supernatants were measured by ELISA. C, CXCL9, 10, 11 concentrations in WT (n > 6) and Hdac3"~ (n = 6) MCA205 tumors were measured by ELISA.
D, The mRNA expression of Cxcl9, 10, 77in WT and Hdac3 ™~ MCA205 cells treated with RGF966 (10 umol/L), Entinostat (10 umol/L), or DMSO control for 6 hours
analyzed by gRT-PCR. E, The mRNA expression of Cxcr3in WT and Hdac3/~ MCA205 tumors analyzed by gRT-PCR (n = 5/group). gRT-PCR (A, D, and E) and ELISA
(B and C) assays were repeated three times, and data are shown as mean = SD. Significance was calculated with nonparametric Mann-Whitney U test. ns, not
significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. NC; negative control.
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HDACS3 directly binds and deacetylates the Cxc/70 gene
promotor

We next tried to explore the mechanism by which HDAC3 regu-
lated the expression of Cxcl9, 10, 11. First, we compared the relative
expression of Cxcl9, 10, 11 mRNA in IFNo.-, IFNf-, and IFNYy-treated
versus untreated MCA205 cells. The expression of Cxcl10 was higher
than Cxcl9 and Cxcl11 in MCA205 cells (Supplementary Fig. S6A and
S6B), suggesting that CXCL10 is the main chemokine responsible for
CXCR3" T-cell recruitment in MCA205 tumors. HDAC3 is an
epigenetic regulator that can mediate the deacetylation modification
of histones. We next performed ChIP-seq and ChIP-qPCR assays to
examine the enrichment of HDAC3 and H3K27 acetylation
(H3K27ac) on the Cxcl10 promotor. HDAC3 was enriched at Cxcl10
promotor region, and the H3K27ac levels were low in untreated and
IFNB-stimulated WT MCA205 cells. However, the enrichment of
HDACS3 on Cxcl10 promotor was reduced in Hdac3™~ and Hdac3 ™/~
MCA205 cells, and the H3K27ac levels were increased after IFNf3
stimulation (Fig. 6A-D). These results suggest that HDAC3 can bind
to and suppress H3K27ac of the Cxcl10 promotor. To further deter-
mine the effects of the HDAC3 deacetylation enzyme activity on
Cxcl10 transcription, we reconstituted Hdac3™'~ MCA205 cells with
WT and deacetylation inactive mutant HDAC3 (H134/135Q; Sup-
plementary Fig. S7A and S7B). CCK-8 (Supplementary Fig. S7C), Ki-
67 staining (Supplementary Fig. S7D), and single clone formation
assay (Supplementary Fig. S7E and S7F) showed that Hdac3 over-
expression had no impact on the viability and proliferation of
MCA205 cells. Furthermore, ChIP-qPCR and ChIP-seq results
showed that WT HDAC3 but not HDAC3 H134/135Q mutant
could bind to and suppress the acetylation of the Cxcl10 promotor
(Fig. 6E-H). Further analysis on CxclI0 mRNA expression in
Hdac3™'~ MCA205 cells reconstituted with WT and mutant
HDACS3 also showed that WT HDAC3 suppressed CxclI0 mRNA
expression, whereas H134/135Q-mutant HDAC3 had no impact on
Cxcl10 mRNA expression (Fig. 6I). Furthermore, we then inocu-
lated Hdac3™~'~ MCA205 cells reconstituted with vector, WT, or
H134/135Q-mutant HDAC3 in C57BL/6 and nude mice. Tumor
growth monitoring showed that WT, but not H134/135Q mutant,
HDACS3 rescued tumor growth in Hdac3™/~ cells in C57BL/6 mice,
but not in nude mice (Fig. 6] and K). These results suggest that
HDACS3 suppresses Cxcl10 gene expression by binding the Cxcl10
promotor and deacetylating nearby histones.

CXCR3 antibody blocking rescues Hdac3-deficient MCA205
tumor growth in an immune-dependent manner

To further test the hypothesis that Hdac3 deficiency promoted the
recruitment of CXCR3" T cells to mediate antitumor immune
responses, we used a CXCR3 antibody to block the CXCL9, 10, 11/
CXCR3 chemokine signaling pathway in WT and Hdac3""~ MCA205
tumors. Although the TNFa. antibody and IgG had no effects on the
slow growth of Hdac3*/~ MCA205 tumors, CXCR3 antibody restored
the growth of Hdac3™~ MCA205 tumors to a similar rate as WT
MCA205 tumors (Fig. 7A). Further analysis of the TILs in WT, IgG-
treated, or CXCR3 antibody-treated Hdac3™~ MCA205 tumors by
flow cytometry showed that CD4", CD8", CXCR3 ", CD4*CXCR3™,
and CD8"CXCR3™" infiltrating immune cells were decreased in
Hdac3™~ MCA205 tumors after CXCR3 antibody administration
(Fig. 7B). Similarly, decreased CD4*, CD8", and IFNy™ cell numbers
were observed in immunofluorescence staining of Hdac3™~ MCA205
tumors with CXCR3 antibody administration compared with IgG
administration group (Fig. 7C and D). Cxcr3 mRNA was also
decreased in CXCR3 antibody-treated Hdac3"~ MCA205 tumors,
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which was likely due to reduced infiltration of Cxcr3-expressing T cells
(Fig. 7E). These results suggest that reduced growth of Hdac3-deficient
tumors is likely due to enhanced antitumor activity mediated by
CXCR3™" T cells infiltrating into the TME. Overall, our studies suggest
HDACS3 is involved in antitumor immunity by regulating the expres-
sion of Cxcl9, 10, 11 genes and CXCL9, 10, 11-CXCR3 axis-mediated
T-cell recruitment in TME, providing a vital anti-tumor mechanism of
HDACS3 inhibition (Fig. 7F).

We additionally inoculated MTX-treated WT, Hdac3*’~ or
Hdac3™'~ MCA205 cells into the right side of mice with WT
MCA205 tumors on the left side for 7 days, we found that MTX-
treated Hdac3™ ™~ and Hdac3™’~ MCA205 cells inoculation on one
side suppress the tumor growth of WT MCA205 tumors on the
other side (Supplementary Fig. S8A and S8B), indicating that
Hdac3-deficient MCA205 cells have distal antitumor activity
in vivo. To determine the contribution of the CXCL10/CXCR3
axis in the antitumor activity of Hdac3-deficient MCA205 cells,
we inoculated WT, Hdac3"~ or Hdac3™'~ MCA205 fibrosarcoma
cells into the right side of mice xenografted with WT MCA205
tumors on the left side for 7 days, and then intravenously admin-
istrated these mice with CXCR3 antibody or IgG control. CXCR3
antibody restored MCA205 tumor growth (Supplementary Fig. S8C),
suggesting that the antitumor activity of Hdac3 deficient cells in vivo
is dependent on the CXCL10 and CXCR3 pathway.

HDAC3 expression inversely correlates with CXCL10 in the TME
of human HCC

To validate the regulation relationship between HDAC3 and
CXCL10 in human samples, we collected malignant (n = 86) and
benign tissues (n = 41) of patients with HCC and performed TMA-
IHC to evaluate the protein expression of HDAC3, CD8a, CXCL10,
and CXCR3 (Supplementary Tables S1 and S2). HDAC3 expression
was elevated in cancerous tissues compared with benign tissues,
whereas CXCL10 was lower in cancerous tissues than in benign tissues
(Supplementary Fig. S9A and S9B). Furthermore, when the clinical
outcomes of different subgroups classed by HDAC3 and CXCL10
levels were analyzed by Kaplan-Meier analysis, the results indicated
that patients with HCC with higher HDAC3 or lower CXCL10
expression (cutoff = 50%) showed worse prognosis than patients
with HCC with lower HDAC3 or higher CXCL10 expression
(Supplementary Fig. S9C). To observe the relationship between
HDAC3, CXCL10, CD8a, and CXCR3 in HCC samples, we then
further analyzed the correlation between HDAC3, CD8a, CXCLL10,
and CXCR3 levels. Protein levels of HDAC3 were modest but
exhibited a significant inverse correlation with the expression of
CD8a and CXCL10, and the expression of CD8a positively corre-
lated with the protein levels of CXCR3 (Supplementary Fig. S9D).
These results from clinical samples indicate that HDAC3 may
regulate the expression of CXCL10 and further affect the infiltration
of CD8" T cells in TME of HCC.

Discussion

HDAC inhibitors have been increasingly used as therapeutic drugs
to treat many kinds of cancers and other diseases. However, the
mechanisms responsible for their chemotherapeutic actions are not
fully understood. Commonly, HDAC inhibitors are thought to exert
antitumor activity by causing cell-cycle arrest, inhibiting DNA repair,
inducing apoptosis, and altering gene expression by acetylating non-
histone proteins (4, 5, 24). In this study, we found that class I HDAC
inhibitors, Entinostat and Panobinostat, suppressed MCA205 and
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MC38 tumors in immunocompetent but not in immunodeficient nude
mice, suggesting that they conduct antitumor activity in an immune-
dependent manner. However, it is worth noting that the immune-
dependent effects of HDAC inhibitors we observed may depend upon
the specific cell lines we used and the experimental setting within our
models. Some research shows that HDAC inhibitors suppress tumor
growth in immunodeficient mice (36, 37). This inconsistency with our
results may result from different cell line usage and inhibitor
administration (including dosages, times, and manners). The
immune-dependent tumor suppression of HDAC inhibitors in this
study may not represent the antitumor effects of other HDAC
inhibitors and other tumor types. By comparing the tumor growth
rates of Hdacl, 2, 3 knockout cells in syngeneic C57BL/6 mice and
nude mice, we found HDAC3 was specifically involved in regulating
antitumor immunity. Hdac3 deficiency resulted in significantly
more cytotoxic and tumor-killing immune cells infiltrating into
the TME than WT tumors, causing enhanced antitumor immune
responses. Our studies therefore uncovered the function of HDAC3
in promoting tumor growth by suppressing tumor-killing immune
cell infiltration into the TME.

Immune cell infiltration into the TME influences tumorigenesis and
clinical outcome. The CXCL9, 10, 11/CXCR3 axis regulates immune
responses in TME by controlling immune cell recruitment and pro-
moting Th1 polarization (25, 38). The current work found more robust
antitumor immune reactions in Hdac3-deficient tumors. More CTLs
and CXCR3" immune cells were distributed in Hdac3-deficient
tumors because of upregulation of the CXCL9, 10, 11/CXCR3 axis.
Because CXCR3 blocking antibody restored Hdac3™ ™ tumor growth
to a similar rate as Hdac3"™" tumors, we hypothesize that the growth
inhibition of Hadc3™ ™ tumors was caused by increased expression of
Cxcl9, 10, 11 chemokines and enhanced recruitment of CXCR3" T
cells into the TME, which is consistent with previous studies that
indicate CXCL9, 10, 11/CXCR3 paracrine axis as a therapeutic target in
cancer (39-41).

As a member of class I HDACs, HDAC3 protein is extensively
expressed in various cell types and modifies different kinds of target
proteins. HDAC3 interacts with NcoR1/2 and deacetylates histone and
non-histone proteins, which is dependent on its deacetylation enzyme
activity (8,12, 42). A recent study shows that HDAC3 activity in the gut
is upregulated by microbiota-derived inositol-1,4,5-trisphosphate to
promote epithelial repair, indicating that HDAC3 acts as convergent
epigenetic sensor of distinct metabolites that calibrates host responses
to diverse microbial signals (43). HDACS3 is also reported to be involve
in carcinogenesis of various cancer types as an epigenetic and tran-
scriptional regulator, and HDAC3 inhibitors are effective in the
treatment of many cancers (4, 11, 44, 45). HDAC3 possesses deace-
tylation activity—dependent and deacetylation activity—-independent
functions, which play different roles in physiologic processes. Nguyen

HDACS3 Inhibition Enhances Antitumor Immunity

and colleagues report selective enzymatic engagement of HDAC3 as a
function of its differential association with NCoR1/2, selectively
coordinated by either ATF3 or ATF2 during lipopolysaccharide (LPS)
activation in macrophages. Deletion of HDAC3 in macrophages
safeguards mice from lethal exposure to LPS, but this protection is
not conferred by genetic or pharmacologic abolition of HDAC3
enzyme activity, indicating the dichotomous transcriptional activator
and repressor role of HDAC3 whose noncanonical deacetylation-
independent functions are vital for the innate immune system (46).
HDACS3 deletion in liver upregulates lipogenic genes and results
in severe hepatosteatosis (47, 48). Sun and colleagues found that
pharmacologic HDAC inhibition in primary hepatocytes causes his-
tone hyperacetylation but does not upregulate HDAC3 target
gene expression. Moreover, deacetylation-dead HDAC3 mutants can
rescue hepatosteatosis and repress lipogenic gene expression in
HDAC3-depleted mouse liver, suggesting the deacetylation activity-
independent role of HDAC3 in regulating gene transcription (49).
Here, we identified the deacetylation activity—dependent epigenetic
modification role of HDAC3 on CxclI0 gene is vital for MCA205
tumor growth.

Successful transcription of specific genes involves the orchestrated
effort of transcription factors and specific enzyme protein complexes
that modify chromatin structure. HDAC3 regulated Cxcl10 gene
expression by directly binding to and deacetylating the promotor of
Cxcl10 gene. These results indicate that the deacetylase activity of
HDACS3 is extremely important for its function in current study.
Indeed, HDAC3 enzyme activity defective mutant HDAC3 H134/
135Q can neither bind to Cxcl10 promotor nor deacetylate it. A
previous report shows that H134/135 mutation leads to modest
but significant reduction in most HDAC3-occupied chromatin
sites (49). HDAC3 binding to different gene promotors needs not
only SMRT/NcoR, but also other transcription-related factors like
ATF2, ATF3, FoxO3, and Geminin (46, 50). Mutation at H134/135
sites may affect interaction of HDAC3 with other recruitment-
related factors, which thus disable HDAC3 from binding to the
promotor of the Cxcl10 gene. When the deacetylase activity of
HDAC3 was mutated, it cannot bind to Cxcl10 promotor, suggest-
ing that the deacetylase activity of HDAC3 is also engaged in the
selection of chromatin sites or target proteins.

By TMA-THC staining, we also demonstrated the inverse corre-
lation between HDAC3 and CXCL10 protein levels in human HCC,
suggesting the possible regulation relationship between HDAC3
and CXCL10 in human tumors. However, no patients with HCC
treated with HDAC3 inhibitors were recruited and compared in this
study. Whether HDACS3 inhibition supports antitumor immunity
in human patients still remains to be investigated. In summary, we
have demonstrated that HDAC3 inhibition suppresses tumor
growth by promoting Cxcl9, 10, 11 expression to recruit T-cell

Figure 7.

CXCR3 antibody blocking rescues Hdac3-deficient MCA205 tumor growth in an immune-dependent manner. A, Effect of CXCR3 or TNFa. blocking on the growth of
Hdac3*~ MCA205 tumors (n = 6 mice/group). Top: Schematic of experimental setup. Bottom: Tumor size was monitored. Red arrows indicate the timepoint of Ab
injection. Tumor growth was monitored two to three times per week. B and C, Flow cytometric and immunofluorescence staining analysis of immune cell infiltration in
WT and CXCR3 antibody-and IgG control-treated Hdac3"~ MCA205 tumors. WT and Hdac3 "~ MCA205 cells were inoculated in C57BL/6 mice subcutaneously.
Tumor-bearing mice were treated with CXCR3 antibody, TNFo antibody, or IgG control (10 mg/kg) by intravenous injection at 1, 3, and 5 days after inoculation. Seven
days after inoculation, tumors were stripped and immune cell infiltration in tumors was analyzed by flow cytometric (B) and immunofluorescence staining (C). Scale
bar, 50 um. Red box indicates area in zoomed image (10 x magnification). D, Statistical data of C. E, The mRNA expression of Cxcr3in WT and CXCR3 antibody and I19G
control treated Hdac3™~ MCA205 tumor was analyzed by gRT-PCR (n = 5/group). F, Proposed HDAC3 pathway schematic. In tumor cells, HDAC3 deacetylated
Cxcl9/10/11 promoters and inhibited their expression. Low levels of CXCL9/10/11 cannot recruit enough CXCR3" CTL to mediate tumor killing. In Hdac3-deficient
tumor cells, deficiency of HDAC3 resulted in the acetylation modification of Cxc/9/70/11 promoters and gene expression. CXCL9/10/11induced infiltration of CXCR3™ T
cells into the TME and tumor killing. All arrows indicated promotion or induction; Red “X” on arrow and red blunted line indicated inhibition. The dot plot (A), flow
cytometry (B), immunofluorescence staining (D), and gRT-PCR (E) were repeated two times, and data are shown as mean + SD. Significance was calculated with
nonparametric Mann-Whitney U test. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
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infiltration into TME. This work may help guide future cancer
therapy by applying HDAC3-specific inhibitors in tumor cells.
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