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1. INTRODUCTION:
ARID1A encodes a subunit of the SWI/SNF chromatin-remodeling complex and functions as a
tumor suppressor. Notably, inactivating mutations in ARID1A occur frequently in ovarian clear cell
carcinomas (OCCC; >50%) and ovarian endometrioid carcinomas (OEC; >30%). There is an
unmet need for effective treatment modalities for ARID1A-mutated ovarian cancers. Our
preliminary data show that ARID1A mutation sensitizes ovarian cancer to anti-PD-L1 treatment.
Our recent studies also show that ARID1A-mutated ovarian cancer depends on HDACG6 activity.
Although most translational studies on HDACG inhibitors have focused on their effects on tumor
cells, emerging evidence suggests that HDACG inhibitors have immunomodulatory effects on
various immune cellular subsets. Indeed, our preliminary data suggests that the HDACG6 inhibitor
ACY 1215 enhances the activation of T cells and suppresses MDSCs in ARID1A-mutated OCCCs.
They suggest that HDACG6 inhibitors may enhance the anti-PD-L1 therapy in ARID1A-mutated
ovarian cancers. Our central hypothesis is that ARID1A-mutated ovarian cancer can be
therapeutically eradicated by a combination of clinically applicable HDACG inhibitor and anti-PD-L1
immune checkpoint blockade.

2. KEYWORDS:
Epithelial ovarian cancer, ovarian clear cell carcinoma, ARID1A, SWI/SNF, HDACG6, Immune
checkpoint blockade, anti-PD-L1.

3. ACCOMPLISHMENTS:

What were the major goals of the project?

The objective of this proposal is this application is to develop a novel therapeutic strategy for ARID1A-
mutated ovarian cancers by combining immune checkpoint anti-PD-L1 and a clinically applicable
HDACSG inhibitor.

Specific Aim 1: To investigate the effects of HDACG6 inhibition and ARID1A status on tumor immune
microenvironment.

Specific Aim 2: To develop a novel therapeutic approach for ARID1A-mutated ovarian cancer by
combining clinically applicable HDACG6 inhibitor and anti-PD-L1 antibody.

What was accomplished under these goals?

Since the starting of the award, substantial progress has been made toward achieving the goals as
outlined in the application.

1) major activities;
The major activities in the first two years are as following:
1.  We investigated the mechanism by which ARID1A regulates anti-PD-L1 response
2.  We determined the effects of the HDACG6 inhibitor on immune modulating cells in the tumor
microenvironment.
3. We determined whether HDACSG inhibitor and anti-PD-L1 are synergistic in suppressing the
growth of ARID1A-inactivated clear cell ovarian carcinoma.

2) specific objectives;
The major objectives in the first two years of funding are as following:
1. To elucidate how ARID1A may regulate expression of CD274 that encodes PD-L1.
2. To prolife how HDACSG inhibition modulates immune microenvironment in ARID1A
inactivated ovarian clear cell carcinomas.



3. To explore the synergy between HDACG6 inhibitor and immune checkpoint blockade in
ARID1A inactivated ovarian clear cell carcinomas.

3) significant results or key outcomes, including major findings, developments, or conclusions (both
positive and negative);

CD274 is a direct ARID1A target gene.

ARID1A chromatin immunoprecipitation followed by next generation sequencing (ChlP-seq)
analysis revealed that ARID1A was associated with the PD-L1 encoding CD274 gene promoter in
ARID1A wildtype OCCC cells [1] (Figure 1A). We validated the binding of ARID1A to the Cd274
gene promoter by ChIP in the mouse ovarian ID8-Defb29/Vegf cells (Figure 1B-C) in which PD-L1
is implicated [2]. As a negative control, ARID1A binding to the Cd274 promoter was reduced to a
level observed in IgG controls in ARID1A knockout ID8-Defb29/Vedf cells (Figure 1C). Notably,
SNF5, a core subunit of the SWI/SNF complex, was also associated with the Cd274 promoter and
its association was reduced by ARID1A knockout (Figure 1C). Expression of ARID1B, the
mutually exclusive subunit of the SWI/SNF complex with ARID1A, was upregulated in ARID1A
knockout ID8-Defb29/Vegf cells (Figure 1B) [3]. Although ARID1B was also associated with the
Cd274 promoter, ARID1A knockout did not affect the association of ARID1B with the Cd274
promoter (Figure 1C). This suggests that ARID1B is unable to compensate for ARID1A loss on
the Cd274 promoter. Similar observations were also made in the ARID1A wildtype human OCCC
cell lines OVCA429 and RMG1 cells (Figure 2), indicating that the association of ARID1A with the
CD274 promoter is not a cell line-specific effect. Together, we conclude that CD274 is a direct
ARID1A target gene.
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Figure 1. CD274 is a direct ARID1A target gene in mouse ovarian cancer cells.

(A) ARID1A ChIP-seq track on the CD274 gene locus in ARID1A wildtype RMG1 cells. (B)
Expression of ARID1A, ARID1B, SNF5 and [T-actin in the ARID1A wildtype control and ARID1A
knockout mouse ovarian ID8-Defb29/Vedf cells. (C) The indicated ID8-Defb29/Vedf cells were
subjected to ChIP analysis for the association of the indicated proteins with the Cd274 gene
promoter using the indicated antibodies against ARID1A, SNF5, ARID1B or an isotype-matched
IgG control. Error bars represent + S.E.M. n= 3 independent experiments.
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Figure 2. CD274 is a direct ARID1A target gene in human ovarian clear cell ovarian cancer
cells.
(A) Expression of ARID1A and SNF5 in the ARID1A wildtype control and ARID1A knockout human
OVCA429 OCCC cells. [-actin expression was used as a loading control. (B-D) ARID1A wildtype
control and ARID1A knockout OVCA429 OCCC cells were subjected to analysis for the association
of the indicated proteins with the CD274 gene promoter using the indicated antibodies against
ARID1A (B) (by CUT & RUN), SNF5 (C) or ARID1B (D) (by ChIP) (C). An isotype-matched IgG
was used as a negative control. (E-F) Endogenously FLAG-tagged ARID1A wildtype RMG1
OCCC cells were subjected to immunoblot analysis for expression of FLAG (E) or for the
association of FLAG-ARID1A with the CD274 gene promoter by ChIP analysis using an anti-FLAG
antibody (F). An isotype-matched IgG was used as a negative control. Error bars represent +
S.E.M. n= 3 independent experiments.

ARID1A represses CD274 gene transcription.

We next determined the effect of ARID1A status on changes in Cd274 mRNA and PD-L1
expression. Compared with ARID1A wildtype control ID8-Defb29/Vegf cells, Cd274 mRNA was
increased by ARID1A knockout (Figure 3A). Consistently, PD-L1 expression measured by both
immunoblot and fluorescence-activated cell sorting (FACS) analysis was upregulated upon
ARID1A knockout (Figure 3A). Interferon-gamma (IFNg) plays a major role in inducing PD-L1
expression [4]. Thus, we examined the effects of ARID1A knockout on IFNg-induced PD-L1
expression. ARID1A knockout significantly enhanced the upregulation of Cd274 mRNA and PD-L1
expression induced by IFNg treatment (Figure 3A). Similar findings were made in both ARID1A
wildtype mouse 1D8-Defb29/Vedf cells and human OVCA429 and RMG1 cells with or without
ARID1A knockout (Figure 4). We next examined the association of RNA polymerase Il (Pol Il) and
lysine 4 trimethylated histone H3 (H3K4me3), a transcription active promoter epigenetic mark, with
the Cd274 promoter. Consistent with changes observed in Cd274 mRNA and PD-L1 expression,
ARID1A knockout enhanced the association of Pol Il and H3K4me3 with the Cd274 promoter with
or without IFNg stimulation (Figure 3B). Together, we conclude that ARID1A represses CD274
gene transcription at both the basal levels and in response to IFNg stimulation.
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Figure 3. ARID1A transcriptionally represses Cd274 in mouse ovarian cancer cells.

(A) Expression of Cd274 mRNA and PD-L1 protein in ARID1A wildtype control and ARID1A
knockout mouse ovarian ID8-Defb29/Vegf cells treated with or without 20 ng/ml IFNy determined
by qRT-PCR (left) or immunoblot (middle). The cell surface expression of PD-L1 in these cells was
determined by flow cytometry analysis (right). (B) The indicated ID8-Defb29/Vedf cells treated with
or without 20 ng/ml IFNy cells were subjected to ChlP analysis for the Cd274 gene promoter using
the indicated antibodies or an isotype-matched IgG control. Error bars represent £+ S.E.M. n=3
independent experiments.
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Figure 4. ARID1A represses CD274 transcription in human ovarian clear cell cancer cells.



(A-B) Expression of CD274 mRNA (A) and PD-L1 protein (B) in ARID1A wildtype control and
ARID1A knockout OVCA429 OCCC cells treated with or without 20 ng/ml IFNT] determined by
gRT-PCR or immunoblot, respectively. (C) The cell surface expression of PD-L1 in these cells was
determined by flow cytometry analysis. (E-G) Validation of ARID1A knockout by immunoblot in
RMG1 OCCC cells (E). Expression of CD274 mRNA (F) and PD-L1 protein (G) in ARID1A
wildtype control and ARID1A knockout RMG1 OCCC cells treated with or without 20 ng/ml IFNT
determined by gqRT-PCR or immunoblot, respectively. Error bars represent + S.E.M. n=3
independent experiments.

HDACSG inhibitor boosts antitumor immunity.

Given HDACSG inhibitors’ role in immune modulation [5-7], we examined the effects of HDAC6
inhibitor ACY1215 in a conditional genetic ARID1A™"*/PIK3CAH1%"R OCCC mouse model [8, 9]
(Figure 5A). Notably, HDACES inhibitor ACY 1215 significantly increased the CD69" activated CD4
and CD8 T cells in the peritoneal wash (Figure 5B). Consistently, IFNg® CD4 and CD8 T cells
were also significantly increased by ACY1215 treatment (Figure 5A). In contrast, ACY1215 did
not significantly affect Granzyme B* CD8 T cells or Foxp3™ regulatory T cells (Figure 5C-D).

These findings suggest that HDACG6 inhibition may boost antitumor immunity.
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Figure 5. ACY1215 boosts antitumor immunity.

ARID1A™ox/pIK3CAH14"R OCCCs were induced by intrabursal adenovirus-encoded Cre injection
and allowed to establish for four weeks (A). The mice were randomized to treat with vehicle control
or ACY1215 (50 mg/kg daily by i.p.) for an additional three weeks. At the end of treatment,
percentage of CD69 or IFN[] positive CD8 and CD4 T cells (B), Granzyme B* CD8 T cells (C), or
Foxp3™ regulatory CD4 T cells (D) was assessed by flow cytometry in the peritoneal wash.



Combination of HDACG6 inhibitor and anti-PD-L1 in the ARID1Affox/p|K3CAH'**’R OCCC
mouse model.

Since ARID1A directly represses PD-L1 and HDACS inhibition increases T cell activation and
activity, we sought to determine the effects of HDACG6 inhibitor ACY1215 and anti-PD-L1
combination in ARID1A-inactivated OCCCs. Toward this goal, we first established OCCCs in 6-8
week old ARID1A™1o/PIK3CAH1%7R female mice by intrabursally injecting adenovirus-Cre [8].
Four weeks after the adenovirus-Cre injection, the mice were randomized into four treatment
groups: 1) vehicle and IgG control; 2) ACY1215 (50 mg/kg daily by i.p.) and IgG control; 3) vehicle
control and anti-PD-L1 antibody (10 mg/kg twice weekly by i.p.); and 4) ACY1215 and anti-PD-L1
antibody combination for an additional three weeks. At the end of treatment, orthotopic tumors
were surgically removed (Figure 6A). The tumor weight was measured as a surrogate for tumor
burden. As previously reported [8, 10], both anti-PD-L1 antibody and ACY 1215 significantly
reduced the tumor weight in the OCCC model (Figure 6A). We also examined effects of the
ACY1215 and anti-PD-L1 combination in reducing ascites produced in the Arid1a""/Pik3ca™'%’R
OCCC model. Both ACY1215 and anti-PD-L1 single treatment significantly reduced the amount of
ascites produced in this model (Figure 6B). The reduction in tumor weight and ascites production
by ACY1215 or anti-PD-L1 single treatment correlated with an improvement of survival (Figure
6C). The HDACSG inhibitor ACY1215 and anti-PD-L1 combination was synergistic in reducing the
tumor burden and improving the survival of tumor-bearing mice (Figure 6A and C). Notably, the
combination completely eliminated the ascites production (Figure 6D). The doses of ACY1215
and anti-PD-L1 used in this study did not significantly affect the body weight of treated mice
(Figure 6E), suggesting that effective combination doses can be achieved without gross toxicity.
Together, we conclude that HDACG6 inhibitor ACY1215 and anti-PD-L1 are synergistic in reducing
tumor burden, which correlates with an improvement of survival of mice bearing ARID1A-
inactivated OCCCs.
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Figure 6. ACY1215 and anti-PD-L1 are synergistic in limiting tumor progression in vivo.

(A) ARID1A™ox/PIK3CAH4"R OCCCs were induced by intrabursal adenovirus-encoded Cre
injection and allowed to establish for four weeks. The mice were randomized into 4 indicated
treatment groups and treated for an additional three weeks. At the end of treatment, 6 mice from
each of the indicated groups were euthanized. Images of dissected reproductive tracks with
tumors were shown. (B) The weights of the dissected tumors were quantified as a surrogate for
tumor burden. (C) Same as (B), but quantified for the ascites produced. (D) After completing
treatment, the mice were followed for survival and shown are the Kaplan—Meier survival curves for
each of the indicated groups. (E) The body weight of mice in the indicated treatment groups during
3 weeks of treatment. Error bars represent + S.E.M.

We next sought to determine the effects of combination on immune infiltration. Notably, HDAC6

inhibitor ACY 1215 significantly increased the CD69" activated CD4 and CD8 T cells in the
peritoneal wash (Figure 7A). Consistently, IFNCJ* CD4 and CD8 T cells were also significantly

10



increased by ACY 1215 treatment (Figure 7B). In contrast, ACY1215 did not significantly affect
Granzyme B* CD8 T cells or Foxp3™ regulatory T cells (Figure 7C). However, a combination of
ACY1215 and anti-PD-L1 treatment only increased IFN1* CD8, but not CD4 T cells (Figure 7B).
This suggests the implication of CD8 T cells in the combination treatment.
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Figure 7. ACY1215 and anti-PD-L1 are synergistic in limiting tumor progression in vivo.

(A) ARID1A™ox/PIK3CAH4"R OCCCs were induced by intrabursal adenovirus-encoded Cre
injection and allowed to establish for four weeks. The mice were randomized into 4 indicated
treatment groups and treated for an additional three weeks. At the end of treatment, percentage of
CD69+ CD8 and CD4 T cells (A), IFNTI positive CD8 and CD4 T cells (B), and Granzyme B
positive CD8 cells and intracellular FOXP3 positively stained regulatory CD4 T cells (Treg) (C)
were assessed by flow cytometry in the peritoneal wash. Error bars represent £ S.E.M.

and/or 4) other achievements.
Nothing to report

What opportunities for training and professional development has the project provided?
Nothing to report

How were the results disseminated to communities of interest?
Nothing to report

What do you plan to do during the next reporting period to accomplish the goals?
We plan to do the following during the next reporting period to accomplish the goals:
1. To perform functional studies to characterize the identified changes in the immune
modulating cells.
2. To perform loss of function studies to establish whether immune modulating cells contribute
to the observed tumor suppressive effects in combination treatment.

IMPACT:

What was the impact on the development of the principal discipline(s) of the project?
Nothing to report

What was the impact on other disciplines?
Nothing to report

What was the impact on technology transfer?
Nothing to report

What was the impact on society beyond science and technology?
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Nothing to report

. CHANGES/PROBLEMS:

Nothing to report

Changes in approach and reasons for change
Nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report

Changes that had a significant impact on expenditures
Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents
Nothing to report

Significant changes in use or care of human subjects
Nothing to report

Significant changes in use or care of vertebrate animals
Nothing to report

Significant changes in use of biohazards and/or select agents
Nothing to report

6. PRODUCTS:
Publications, conference papers, and presentations
Journal publications.
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Kossenkov AV, Liu P, Zhang R. ADAR1 downregulation contributes to p16™¥** upregulation
independent of RNA editing during cellular senescence and tissue aging. Nature Cell Biology,
under revision.

3. Zundell J, Fukumoto T, Lin J, Fatkhudinov N, Nacarelli T, Kossenkov AV, Liu Q, Cassel J, Hu
CC, Wu S, Zhang R. Targeting the IRE1a/XBP1 endoplasmic reticulum stress response
pathway in ARID1A-mutant ovarian cancers. Cancer Research, in press.

4. LinJ, Fukumoto T, Zundell J, Liu H, Yan Q, Tang CHA, Wu S, Zhou W, Karakashev S, Hu
CCA, Sarma K, Kossenkov AV, Zhang R (2021). CARM1 determines endoplasmic reticulum
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