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Abstract

Canine hemangiosarcoma (HSA) is a malignant tumor derived from endothelial cells.
No effective treatment has yet been developed because of the lack of understanding of its
pathogenesis. Histone acetylation, an epigenetic modification, is highly associated with
cancer pathogenesis. Manipulating histone acetylation by histone deacetylase inhibitors
(HDAC:) or bromodomain and extraterminal domain inhibitors (BET1i) is one approach to
treat various cancers. However, the role of histone acetylation in HSA remains unknown. This
study aimed to investigate how histone acetylation functions in HSA pathogenesis using two
HDACI, suberanilohydroxamic acid (SAHA) and valproic acid (VPA), and one BETi, JQ1, in
vitro and in vivo. Histone acetylation levels were high in cell lines and heterogeneous in
clinical cases. SAHA and JQ1 induced apoptosis in HSA cell lines. HSA cell lines treated
with SAHA and VPA upregulated inflammatory-related genes and attracted macrophage cell
line RAW264 cells, which suggests that SAHA and VPA can affect immune responses. JQ1
stimulated autophagy and inhibited the cell cycle in HSA cell lines. Finally, we demonstrated
that JQ1 suppressed HSA tumor cell proliferation in vivo although SAHA and VPA did not
affect tumor growth. These results suggest that BETi can be alternative drugs for HSA
treatment. Although further research is required, our study indicated that dysregulation of

histone acetylation is likely to be involved in HSA malignancy.

Keywords

BETi; HDACIi; hemangiosarcoma; histone acetylation
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1. INTRODUCTION

Canine hemangiosarcoma (HSA) is a malignant tumor derived from endothelial cells.
It is characterized by invasive growth and high metastatic rates, which causes high mortality
to patients.! Surgery and chemotherapy are conventional therapies for HSA, but the efficacy
of these treatments was limited.?> Angiosarcoma (AS), a counterpart of HSA in humans, has
similar clinicopathological features to HSA.** Somatic mutations in PIK3CA, TP53 or RASAI
were identified in both HSA and AS,’ but little is known about how these mutations relate to
HSA and AS pathogenesis.

Epigenetics such as DNA methylation and histone modifications regulates
transcription, and it is involved in various biological processes such as embryonic
development, metabolism, and diseases including cancer.® Acetylated histone can promote
transcription by binding to bromodomain and extraterminal (BET) proteins and loosening the
chromatin structure by neutralizing the electric charges.”!° In recent years, a growing number
of reports have highlighted that altered histone acetylation is involved in cancer
pathogenesis.' !> Histone deacetylase inhibitors (HDACi) and BET inhibitors (BETi) have
been used to investigate the function of histone acetylation and their treatment efficacy.
HDAC: increased histone acetylation levels by inhibiting histone deacetylase function.'®
BETi binds to the functional domain of BET proteins through which BET proteins cannot
recognize acetylated histones.!* Suberanilohydroxamic acid (SAHA) and valproic acid (VPA)
are HDAC:s that have been reported to induce apoptosis in vitro and suppress tumor
proliferation in vivo in human cancers.'>' SAHA and VPA can also improve tumor
immunity, and combination therapies with immune checkpoint inhibitors or
chemotherapeutics enhance their efficacy in human cancers.!*! BETi has also been broadly
investigated as cancer drugs, including JQ1, which causes apoptosis, cell cycle arrest, and

autophagy in vitro, and impede tumor growth in vivo.?** Regarding epigenetics in HSA,
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KDM2B—a histone demethylase—has recently been found to promote tumor viability.?
However, the role of histone acetylation in HSA remains unknown.

Immune cells in tumor tissues play important roles in tumor progression as major
components of the tumor microenvironment. Some immune cells such as natural killer cells,
cytotoxic T cells, and M 1-polarized macrophages attack tumor cells and inhibit tumor growth,
whereas other cells such as regulatory T cells and M2-polarized macrophages promote tumor
growth by secreting protumor cytokines or suppressing immune responses against tumor
cells.?**” Given that tumor cells dynamically interact with immune cells in tumor tissues,
investigating tumor pathogenesis in immunocompetent environments is crucial to develop
new therapeutics such as immunotherapy and metabolic therapy.?®3° A mouse-derived AS
cell line ISOS-1, which is transplantable in BALB/c mice, has recently been revealed to have
similar morphological and molecular characteristics to canine HSA cell lines.’!*? Identifying
pathological similarities between canine HSA cell-derived tumors and murine AS cell-derived
tumors in mice would be beneficial to find novel therapeutics involving the host immune
system by promoting syngeneic mouse model studies in HSA.

In this study, we aimed to investigate the role of histone acetylation and the effects of
HDACIi and BETi on HSA. We used canine HSA cell lines and ISOS-1, a mouse AS cell line,
to explore whether they have similar responses to HDACi and BETi treatments and to

research their effects in both immunodeficient and immunocompetent environments.

2. MATERIALS AND METHODS

Full materials and methods are available in the supporting information.

2.1 Histopathology and immunohistochemistry (IHC)
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Tumor samples were obtained from patients presenting to a veterinary hospital with
written informed consent (Table S1). The samples were stained with hematoxylin and eosin
staining. For IHC, antigens were retrieved in Tris-EDTA buffer (pH 9.0). Tissues were
stained with anti-acetylated histone H3 antibody (1:250; #39140, Active Motif, CA, USA)
overnight at 4°C and biotinylated goat anti-rabbit IgG (#426012, Nichirei biosciences) for 30
min at RT. The stained slides were scanned with NanoZoomer 2.0-RS (Hamamatsu

Photonics, Hamamatsu, Japan) and analyzed with QuPath ver.0.2.1.3

2.2 Cell culture

Canine aortic endothelial cells (CnAOEC: #Cn304-05, Cell Applications, CA, USA),
seven canine HSA cell lines (JuA1l, JuB2, JuB4, Rel2, Re21, Ud2, and Ud6),** ISOS-1
obtained from the Cell Resource Center for Biomedical Research Cell Bank (Tohoku
University),* and RAW264 obtained from RIKEN Bioresource Center, were cultured with
Dulbecco’s Modified Eagle Medium (DMEM; #044-29765, Fujifilm Wako Pure Chemical
Industries, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; #S1580-500,
Biowest, UT, USA) and penicillin—streptomycin (#168-23191, Fujifilm Wako) at 37°C with

5% CO:x.

2.3 Drug preparation

SAHA (#10009929, Cayman Chemical, MI, USA) was dissolved in dimethyl
sulfoxide (DMSO) to a stock solution of 150 mg/ml. For in vivo studies, the stock solution
was diluted with 30% polyethylene glycol 400 and 5% Tween 80. VPA (#227-01071,

Fujifilm Wako) was dissolved in PBS. JQ1 (#T117580, Toronto Research Chemicals,
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Toronto, Canada) was initially dissolved in DMSO to a stock solution of 50 mg/ml. For in
vivo studies, the stock solution was diluted with 5% Tween 80. Bafilomycin A1 (#554-29211,

Fujifilm Wako) was dissolved in DMSO to a stock solution of 1 mM.

2.4 Cell viability assay

Two thousand cells were treated with DMSO or five different concentrations of
SAHA or JQ1. Survival rates were analyzed using Cell Counting Kit-8 (CCK-8; #343-07623,
Dojindo) and calculated by setting that of DMSO-treated samples as 100%. KyPlot 5.0
software (KyensLab, Inc., Tokyo, Japan) was used to draw survival curves.*® For growth
inhibition curves, the absorbance at the time of treatment (Tz) was measured 24 hours after
seeding, and the absorbance at the end of treatment (Ti) was measured 60 hours after
treatment. DMSO-treated cells were used as the control (C). Growth inhibition rates were
calculated as: [(Ti-Tz)/(C-Tz)] x 100 for concentrations in which Ti>/=Tz, [(Ti-Tz)/Tz] x 100

for concentrations in which Ti < Tz.%’

2.5 Apoptosis assay

Apoptosis assay was performed using the FITC Annexin V Apoptosis Detection Kit I
(#556547, BD Biosciences, NJ, USA) according to the manufacturer’s instructions. Briefly,
JuB4 and Rel2 cells were treated with 10 uM SAHA or JQ1. One million cells were
suspended in the binding buffer and stained with annexin V. Cells were analyzed with a BD

FACSVerse flow cytometer (BD Biosciences, NJ, USA).



126 2.6 RNA-Sequencing

127 ISOS-1 were treated with 1 pM SAHA for 24 h, 1 uM JQI for 36 h, or 2 mM VPA
128  for 36 h in triplicate. Total RNA was extracted with a NucleoSpin RNA isolation kit

129  (#740955.50, Macherey-Nagel GmbH & Co. Diiren, Germany) according to the

130  manufacturer's instructions. RNA samples were submitted to Kazusa DNA Research

131  Institution (Chiba, Japan) for further analyses. Sequencing reads were mapped to the mm39
132 mouse reference genome using STAR, and expression levels were estimated using RSEM. 3837
133 Differential expression and gene expression profiles were analyzed by edgeR and GSEA

134 v4.1.0, respectively.*042

135

136 2.7 SA-B-gal staining

137 SA-B-gal staining was performed using a Senescence -Galactosidase Staining Kit
138 (#9860, Cell Signaling Technology, MA, USA) according to the manufacturer’s instructions.
139  Briefly, ISOS-1 was treated with DMSO or 10 uM JQI1 for 24 h and fixed with 4%

140  paraformaldehyde (PFA) for 10 min at RT. Cells were stained with $-Galactosidase Staining
141  Solution containing 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-Gal: #16495,
142  Cayman Chemical) for 13 h at 37°C. Positive cells were counted manually using an inverted

143 microscope (BIOREVO BZ-9000; KEYENCE, Tokyo, Japan).

144

145 2.8 Cell cycle analysis

146 ISOS-1, JuB2, JuB4, and Rel2 cells were treated with DMSO or JQ1 for 24 hours.

147  ISOS-1 was treated with 10 uM JQ1, and other cell lines were treated with 5 uM JQ1. They
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were stained with 30 pM bromodeoxyuridine (BrdU) for 45 min at 37°C, fixed in 70%
ethanol overnight and washed with 0.5% Triton X-100 in PBS (PBST). They were
resuspended in 500 pL of 2N HCI-0.5% Triton X-100 for 30 min at RT and neutralized with
500 pL of 0.1 M sodium borate buffer (pH 8.5) for 30 min at RT. Then, cells were blocked
with 1% bovine serum albumin (BSA, #017-23294, Wako) in PBST for 1 hour. 1.2 x 10° cells
were incubated with/without anti-BrdU monoclonal antibody (1:100; MOBU-1 clone,
#B35128, Thermo Fisher Scientific) in PBST with 1% BSA for 1 hour at RT and then stained
with donkey anti-mouse IgG (H+L) conjugated with AlexaFluor 488 (1:1,000; #A32766,
Thermo Fisher Scientific). DNA was stained with 25 pg/ml propidium iodide (PI, #P378,
Dojindo). Cell cycle and proliferation were analyzed with BD FACSVerse flow cytometer.

Results were analyzed with FCS Express version 4.

2.9 Migration assay

JuB4 and Rel2 were treated with DMSO, 2 uM SAHA, or 2 mM VPA for 48 h in 6-
well plates. Then, after replacing the medium to the one without inhibitors, the cells were co-
cultured with RAW264 seeded on ThinCert Cell Culture Inserts (#657630, Greiner Bio-One)
for 24 h. RAW264 on the culture surface of the inserts were removed with a cotton swab.
Migrated RAW264 on the bottom side of the inserts were fixed with 4% PFA for 30 min at
RT and then stained with 0.01% crystal violet for 30 min at RT. The number of cells was
counted manually in 10 fields at 200% under a light microscope (BH-2; Olympus, Tokyo,

Japan).

2.10 Western blotting
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SDS lysis buffer {2% SDS, 50 mM Tris-HCI (pH6.8), | mM EDTA (pH 8.0)} was
added to cultured cells or minced tumor tissues after washing them with PBS twice. Cell
lysates and the supernatant of the minced tumor tissues were then sonicated using BRANSON
Sonifier 450 (Branson Ultrasonics Corporation, CT, USA) for 2 seconds at power 2. 2 ug
protein was used for analysis. Primary antibody and secondary antibody reactions were done
in Can Get Signal Solution 1 (#NKB-101, TOYOBO, Osaka, Japan) overnight at 4°C in Can
Get Signal Solution 2 (TOYOBO) for 1 h at RT. Data were processed using ImageJ.*’

Antibodies used in this study are listed in Table S2.

2.11 Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted with TriPure Isolation Reagent (#11667157001, Roche,
Basel, Switzerland). Reverse transcription was performed using Primescript II 1st strand
cDNA Synthesis Kit (#6210, Takara Bio, Kusatsu, Japan) for 1 pg total RNA of samples.
gPCR was performed using KAPA SYBR FAST qPCR Kit Master Mix (2x) ABI Prism
(KK4605, KAPA Biosystems, MA, USA). Primers are listed in Table S3. Results were
normalized using the geometric mean of reference genes (RPL32 and HPRT for canine genes,
and Hprt and Thp for murine genes), which were selected from potential internal controls by
geNorm (Fig. S1).** Primer efficiencies were between 90% and 110% for all primer sets (Fig.
S2). Relative expression levels were calculated by setting the expression levels in the DMSO-

treated samples as 1.

2.12 Animal studies

All mouse experiments were performed under the guidelines of an institute, which
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follows the ARRIVE guidelines. Five-week-old female Balb/c and KSN/Slc mice (Japan
SLC, Inc. Shizuoka, Japan) were used. A day before tumor cell inoculation, KSN/Slc mice
were treated with 100 puL 2.5 mg/ml anti-asialo GM1 (#014-09801, Fujifilm Wako) to
increase the success rate of JuB2 transplantation.*’ Five million cells were inoculated
subcutaneously in both flanks of Balb/c and KSN/Slc mice. Tumor volumes were calculated
using the formula: Volume = (Length x Width?)/2. When the tumor volume reached 100 mm?,
inhibitor treatment was started. Mice were intraperitoneally injected with SAHA (150 mg/kg)
daily,*® VPA (200 mg/kg) five times weekly,*” or JQ1 (50 mg/kg) daily.***° For preliminary
experiments, tumor tissues were collected from three mice for each inhibitor three days after
starting treatments and were subject to western blotting or IHC. Comparison in IHC was done
among the samples placed on the same slides. For treatment experiments, Balb/c mice were
euthanized with CO> when tumors reached 1,000 mm? in volume. KSN/Slc mice were
euthanized with CO; 11 or 12 days after treatment initiation. Survival times were defined as

the period from beginning of drug administration to euthanasia.

2.13 Statistical analysis

Statistical analyses were performed with R (version 4.1.0). Fisher’s exact test was
used to analyze the ratio of acetylated H3 staining levels. Student's #-test or Mann-Whitney
test were used to analyze the differences between two groups, whereas Tukey's test was used
to analyze differences among multiple groups. Survival curves were analyzed using the log-

rank test. Overall tumor growth was analyzed with two-way ANOVA.

3. Results
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3.1 Histone acetylation levels in HSA cells are high in vitro and heterogeneous in vivo
We first analyzed histone acetylation levels in HSA cell lines and CnAOEC. We
found that global acetylation of H2B, H3, and H4 was highly enriched in all HSA cell lines
compared with CnAOEC (Fig. 1A). Then, we examined global acetylated histone H3 levels in
10 clinical HSA cases. These cases were classified into three types according to their
histological pattern: solid, capillary, or cavernous.! Five cases had a single histological
pattern, while the other five possessed multiple proliferation patterns (Fig, 1B). We also
classified histone H3 acetylation levels into three groups based on the normalized values:
negative (< 0.5), weak (0.5-2.0), and strong (> 2.0) (Figs. 1C and 1D). The results showed
that the histone H3 acetylation levels of tumor cells were heterogeneous, and the ratio was
different depending on their histological pattern even in the same tumor tissue (Figs. 1E and
1F). Furthermore, the ratio of tumor cells classified as negative was the highest in the solid
pattern followed by the capillary pattern, and the lowest in the cavernous pattern (Fig. 1F).
These results suggest that histone H3 acetylation levels are heterogeneous in tumor cells and

are associated with their histopathological patterns.

3.2 SAHA and JQ1 induce apoptosis in HSA cell lines

To examine the roles of histone acetylation in HSA, we modified histone acetylation
levels using HDACi (SAHA and VPA) and BETi (JQ1) in canine and murine HSA cell lines.
First, we evaluated whether global histone acetylation levels were altered by these inhibitors.
SAHA and VPA treatments increased global histone acetylation levels in both canine and
murine HSA cell lines, whereas JQ1 decreased them in H2B, H3 and H4 of JuB2 and JuB4, in
H4 of Re21 and in H2B of ISOS-1 (Fig. 2A). Then, we examined the effects of HDACi and
BETi on HSA cell proliferation. SAHA and JQ1 treatment highly decreased the number of

cells, while VPA treatment did not affect their proliferation (Figs. 2B and S3A). ICso values
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of SAHA and JQI1 in HSA cell lines were almost or less than one-tenth of those in CnAOEC,
which indicated that HSA cell lines were more susceptible to these inhibitors than CnAOEC
(Fig. 2C). Then, we checked apoptosis markers and found that SAHA and JQ1 increased
cleaved caspase 3 expression levels and annexin V positivity in HSA cell lines except for
JQ1-treated ISOS-1 (Figs. 2D-F). Neither change was observed in VPA treatment (Figs. 2D,
S3B and S3C). Finally, we evaluated protein expression and phosphorylation levels of cell
survival proteins AKT and ERK. Although the results were different among the cell lines,
either total or phosphorylated AKT or ERK levels were downregulated by SAHA and JQI but
not by VPA (Fig. S4). These results suggest that SAHA and JQ1 induced apoptosis in HSA
cell lines except for ISOS-1 treated with JQ1, and that VPA did not induce cell death in all

HSA cell lines.

3.3 SAHA and VPA activate inflammatory responses in HSA cell lines

We further investigated the mechanisms of the effects of the inhibitors in HSA cells.
GSEA results indicated that inflammatory-related gene expression was positively correlated
in SAHA and VPA treatment in ISOS-1 (Fig. 3A). Consistent with this, 1/6, Cxcli, Ccl2,
Ccl7, and Oasla were upregulated more than two-fold following treatment with either SAHA
or VPA or both (Fig. 3B). We wanted to extrapolate these findings to canine HSA, but
CXCLI does not exist in the canine genome, CCL2 expression was not detected, and CCL7
expression was not increased by SAHA and VPA treatments. However, OA4S1, the orthologue
of murine Oasla, and other inflammatory-related genes were upregulated more than two-fold
in canine HSA cell lines treated with SAHA and/or VPA (Fig. 3C). Inflammatory responses
in tumor cells can induce immune cell migration, leading to host immune responses to tumor
tissues. Therefore, to corroborate whether SAHA and VPA treatment in HSA cell lines can

attract immune cells, a macrophage migration assay was performed using RAW264, a mouse
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macrophage-like cell line (Fig. 3D). RAW264 migrated when they were co-cultured with
SAHA-treated JuB4 or VPA-treated Rel2 (Fig. 3E) but not in ISOS-1 (Fig. S5). These results
suggest that SAHA and VPA can induce inflammatory responses in canine HSA cell lines.
This could attract macrophages, although it depends on the combination of cell lines and

HDAC:.

3.4 JQ1 induces autophagy and impedes the cell cycle in HSA cell lines

We also investigated the genome-wide gene expression changes in JQ1-treated ISOS-
1. GSEA showed that autophagy-related gene expression and cell cycle related-gene
expression were positively and negatively correlated, respectively (Figs 4A and 4B). These
expression changes were validated by RT-qPCR (Fig. 4C). LC3-II, an active autophagy
marker, was expressed at higher levels in all JQ1-treated HSA cell lines except for Rel2
compared with DMSO controls (Fig. 4D). Moreover, cotreatment of JQ1 and bafilomycin Al,
an inhibitor of autophagosome-lysosome fusion, further enhanced LC3-II expression (Fig.
4D). These results indicated that JQ1 activated initiation of autophagy in HSA cell lines but
not inhibited autophagosome degradation.

Although JQ1 treatment in ISOS-1 deceased cell viability, it did not increase
apoptosis marker expressions (Figs. 2C-F). These results led us to speculate that JQ1 retarded
cell proliferation but not actively induced cell death. To clarify this speculation, we generated
growth inhibition curves through which we could evaluate whether the cells actively died or
slowed their proliferation speed by JQ1 in ISOS-1. The results showed that growth inhibition
rates were positive even when the cells were treated with 10 uM JQ1, which indicated that
JQ1 mainly led to cell cycle delay in ISOS-1 (Fig. 5A). Then, we further evaluated cell cycle
status under JQ1 treatment in ISOS-1 and canine HSA cell lines. BrdU and propidium iodide

(PI) staining revealed that proliferating cells (BrdU+ cells) were significantly decreased in
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both murine and canine HSA cell lines by JQ1 (Fig. 5B). PI signals showed that the
percentage of dead cells was slightly increased by JQ1 in ISOS-1, but its extent was lower
than in canine HSA cell lines (Fig. 5C). We also examined cell senescence by performing SA-
-gal staining in ISOS-1 cells. The results indicated that JQ1-treated ISOS-1 showed a
significantly higher number of positive cells than DMSO-treated cells (Fig. 5SD).

These results suggest that autophagy activation and cell cycle downregulation are
induced by JQ1, and that cell cycle retardation and cell senescence are major effects of JQ1 in

ISOS-1.

3.5JQ1 suppresses HSA tumor growth in vivo

Finally, to evaluate the treatment effects of SAHA, VPA, and JQ1 in vivo, we treated
ISOS-1 tumor-bearing Balb/c mice with SAHA, VPA, or JQ1. Three days SAHA and VPA
treatment increased global acetylated H3 levels in tumor tissues (Fig. S6A). Quantitative IHC
analysis revealed that global acetylated histone H3 levels in tumor cells were slightly
increased in SAHA and VPA treatments, whereas they were decreased in JQ1 treatments
(Figs. S6B - S6D). VPA treatments altered staining patterns in the nuclei of tumor cells
compared with the DMSO control (Fig. S6C, insets). Long term treatment experiments
revealed that only JQI1 slowed tumor growth and extended median and mean survival times
by 6 days and 5.6 days, respectively (Fig. 6A and B). JQ1 treatment in JuB2 tumor-bearing
KSN/Slc mice also suppressed JuB2 tumor growth (Fig. 6C). These treatments did not cause
body weight loss in mice (Fig. S7). These results suggest that JQ1 has suppressive effects on

HSA tumor growth in vivo.

4. Discussion

HSA tumor cells in clinical cases showed various H3 acetylation levels even in the
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same tumor tissue. Moreover, this heterogeneity differed depending on the histological
pattern. These results can be explained by the differentiation status of the tumor cells. Global
histone acetylation levels have been reported to be increased as cells differentiate.>*>!
Furthermore, HSA tumor cells forming the solid pattern are considered to be
undifferentiated.>? Given that the percentage of tumor cells classified as H3 acetylation-
negative was high in the solid pattern, they could be more undifferentiated than other tumor
cells. Further research is required to clarify whether global histone acetylation levels reflect
the differentiation status of HSA tumor cells.

We demonstrated that SAHA and VPA upregulated inflammatory-related genes and
attracted RAW264 cells in JuB4 or Rel2 cells. OAS] and OAS?2, genes upregulated by SAHA
and VPA in canine HSA cells, are interferon-stimulated genes (ISGs).> Increased ISGs result
in tumor regression by turning immunologically cold tumors hot, thereby attracting anti-tumor
immune cells into tumor tissues. >**> Several reports indicated that HDACi activated immune
responses and enhanced immune cell functions.’* % According to these findings, HSA cells
could also gain anti-tumor effects by HDACI treatment. However, other upregulated genes in
our study, CXCL8 and CXCL12, have been reported to promote tumor progression by several
mechanisms such as inducing angiogenesis or polarizing macrophages to an M2 state.> !
Furthermore, given that a recent report demonstrated that a large numbers of M2-polarized
macrophages exist in HSA tumor tissues and HSA cells could induce M2 polarization in
macrophages,*> HDACi might promote HSA tumor progression by upregulating the
expression of tumor-promoting cytokines such as CXCL8 and CXCL12. Further research is
required to understand the effects of HDACi on tumor immunity.

In our study, SAHA and VPA did not either suppress or promote tumor growth of

ISOS-1 in an immunocompetent mouse model. This is explained by several possibilities.

First, histone deacetylases functioning in ISOS-1, which can be targeted by HDACi, might
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differ from in vitro to in vivo conditions. Thus, HDACi effects might differ depending on the
experimental conditions. Second, the plasma concentrations of the drugs might be decreased
too fast to induce anti-tumor effects. In our experiment, global histone H3 acetylation levels
were only slightly increased by SAHA and VPA, although we referred to previous reports to
determine the dose (Fig. $6).%6%*° SAHA has been noted for its fast reduction in plasma
concentration in in vivo models.®? Third, the conditions we tested did not induce anti-tumor
immune responses. Co-treatment with other drugs such as doxorubicin or immune checkpoint
inhibitors would be beneficial for HSA treatment by stimulating immune responses. >~
Further research is required to investigate whether SAHA and VPA can be used as alternative
therapeutics in HSA.

In our study, JQ1 induced apoptosis, autophagy initiation, and tumor growth
suppression in canine HSA cells. Apoptosis is probably related to tumor growth suppression,
but no clear answer about whether autophagy had anti- or pro-tumor effects was obtained
from our study. This is because autophagy has two opposite roles in tumor cells:
cytoprotective and cytotoxic.®” In ovarian cancer and acute myeloid leukemia in humans,

JQI-induced autophagy had a cytoprotective role and an autophagy inhibitor enhanced the

anti-tumor effect of JQ1. ®% Conversely, in human bladder cancer cell lines, the proliferation

suppression capacity of JQ1 was attenuated by autophagy inhibitors, which suggested that
JQ1-induced autophagy had a cytotoxic role.?? Further experiments are needed to elucidate
which roles JQ1-induced autophagy has in HSA.

Although the autophagy effects induced by JQ1 were not clear in our study, JQ1
suppressed tumor growth in both canine and murine HSA cell lines in vivo. JQ1 treatment did
not alter global histone H3 acetylation levels in tumor tissues, but those in tumor cells were
moderately decreased (Fig. S5). Several reports indicated that JQ1 induced minor changes in

histone marks but inhibited BET proteins, reader proteins for histone acetylation.”>”’* To
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further understand how JQ1 affects tumor growth in vivo, local histone acetylation levels must
be investigated by chromatin immunoprecipitation (ChIP) or by the cleavage under targets
and release using nuclease (CUT&RUN) technique using tumor tissues treated with JQ1.
Several reports revealed that JQ1 or other BETis had anti-tumor effects, and clinical trials
were conducted in lymphoma, prostate cancer, and solid tumors.>*”> Moreover, oral BETis
molibresib and INCB054329 induced tumor suppression in clinical and in vivo studies.’®”’
Although further research is required, our results suggest that BETis could be an alternative
therapeutic for canine HSA.

In conclusion, we demonstrated that BETis can be used for HSA treatment. Although

further research is required, our results suggest that dysregulation of histone acetylation is

likely to be involved in HSA malignancy.
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Figure legends

Fig 1. Histone acetylation levels in HSA cells are high in vitro and heterogenous in vivo.
(A) Western blot analysis of acetylated histone H2B, H3, and H4. (B) Representative images
of HE and IHC staining in clinical HSA cases. Scale bars = 50 pm. (C) Box plots for
normalized nucleus DAB OD mean values in 10 clinical HSA cases. (D) Representative IHC
images of the classifications according to normalized acetylated H3 intensities in each
histological pattern. Arrowheads indicate the nuclei of tumor cells. (E) Stacked bar graphs
indicating the ratio of each staining level in 10 clinical cases. (F) Stacked bar graphs
comparing the ratio of each staining level according to the histological patterns in all cases or

within each case. *P < 0.05, **P < 0.01. Fisher’s exact test.

Fig 2. SAHA and JQ1 induce apoptosis in HSA cell lines.
(A) Western blot analysis of acetylated H2B, H3, and H4 in canine HSA cell lines (JuB2,

JuB4, Rel12) and a murine HSA cell line (ISOS-1) treated with DMSO, SAHA, JQ1, or VPA.
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(B) Phase contrast images of canine and murine HSA cell lines 48 h after treatment with
DMSO, SAHA, VPA, or JQI. Scale bars = 100 um. (C) Survival curves (top) and ICso values
(bottom) of canine and murine HSA cell lines treated with SAHA or JQ1 for 60 h. All
samples were analyzed in triplicate. Data are plotted as average percentages + SD. (D)
Western blot analysis of cleaved caspase 3 in canine and murine HSA cells treated with
DMSO, SAHA, VPA, or JQI. (E) Annexin V staining of canine and murine HSA cells treated
with DMSO, SAHA, or JQ1. (F) Percentages of apoptotic cells (annexin V-positive) in canine
and murine HSA cells treated with DMSO, SAHA, or JQ1. All samples were analyzed in

triplicate. Data are plotted as average percentages + SD. *P < 0.05, **P < 0.01. Tukey's test.

Fig 3. SAHA and VPA activate inflammatory responses in HSA cell lines.

(A) (Left) GSEA results in ISOS-1 treated with SAHA (top) or VPA (bottom). Inflammatory-
related gene sets are highlighted in red. The number of genes in each gene set is shown next
to each bar. (Right) Representative GSEA plots of enriched gene sets in ISOS-1 treated with
SAHA (top) or VPA (bottom). (B) RT-qPCR results of genes related to inflammatory
responses in ISOS-1 treated with SAHA or VPA. (C) RT-qPCR results of inflammatory-
related genes in JuB4 and Rel2 treated with SAHA or VPA. (D) Graphical images of
migration assay. (E) Quantitative analysis of migrated RAW264 cells co-cultured with SAHA
or VPA-treated Rel2. Data are plotted as average percentages = SD. *P < (.05, **P < 0.01.

Tukey's test.

Fig 4. JQ1 treatment induces autophagy in canine and murine HSA cell lines.
(A) Positively (top) or negatively (bottom) enriched gene sets by GSEA in ISOS-1 treated
with JQ1 compared with DMSO-treated cells. The number of genes in each gene set is shown

next to each bar. (B) Representative GSEA plots of positively (top) and negatively (bottom)



617  enriched gene sets. (C) RT-qPCR of genes related to autophagy (top) and cell cycle (bottom)
618  in ISOS-1 treated with DMSO or JQ1. (D) Western blot analysis for LC3 expression in
619  canine and murine HSA cell lines treated with DMSO, JQI1 (10 uM, 24 hours) and/or

620  bafilomycin A1(100 nM, 3 hours). Data are plotted as average percentages + SD.

621

622  Fig. 5. JQ1 treatment impedes the cell cycle in canine and murine HSA cell lines.

623  (A) A growth inhibition curve of ISOS-1 treated with JQ1. All samples were analyzed in
624  triplicate. Data are plotted as average percentages + SD. (B) Density plots (left) and

625  quantitative analysis (right) of BrdU-positive cells in canine and murine HSA cell lines

626  treated with DMSO or JQI1. All samples were analyzed in triplicate. (C) Histograms of PI-
627  positive cells (left) and quantitative analysis of dead cells (right) in canine and murine HSA
628  cell lines treated with DMSO and JQ1. All samples were analyzed in triplicate. (D) (Left)
629  Representative images of SA-B-gal staining in ISOS-1 treated with DMSO or JQ1.

630  Arrowheads indicate positive cells. (Right) Quantitative analysis of SA-B-gal-positive cells.
631  Positive cells were counted in 10 fields under 200x magnification with a light microscope.
632  The average numbers were plotted with = SD. Scale bars = 100 pm. *P < 0.05, **P < 0.01.
633  Student's #-test.

634

635  Fig 6. JQ1 suppresses HSA tumor growth in vivo.

636  (A) Kaplan—Meier survival curves of ISOS-1-inoculated Balb/c mice treated with DMSO
637 (n=5), SAHA (n=5), VPA (n=4), or JQ1 (n=5). Days were counted after initiating drug

638 treatment. P-values were calculated using the log-rank test. (B) Individual growth curves of
639  ISOS-1 tumors in Balb/c mice treated with DMSO, SAHA, VPA, or JQ1 after treatment
640 initiation. (C) (Left) Individual tumor growth curves of JuB2 tumors in KSN/Slc mice treated

641  with DMSO or JQI. The day when the treatment began was defined as day 1. ***P < 0.001.



642  Two-way ANOVA. (Right) Box plots of relative tumor volumes on the last day in KSN/Slc
643  mice treated with DMSO or JQI. Relative tumor volumes were calculated by dividing the

644  tumor volume on the last day by that at day 1. *P < 0.05, Mann-whitney U test.
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