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CELL BIOLOGY

USP15 suppresses tumor immunity via deubiquitylation

and inactivation of TET2

Lei-lei Chen', Matthew D. Smith’, Lei Lv'*, Tadashi Nakagawa'?, Zhijun Li', Shao-Cong Sun?,

Nicholas G. Brown'3, Yue Xiong"#, Yan-ping Xu'>*¥

TET2 DNA dioxygenase is frequently mutated in human hematopoietic malignancies and functionally inactivated
in many solid tumors through a nonmutational mechanism. We recently found that TET2 mediates the interferon-
JAK-STAT pathway to stimulate chemokine expression and tumor infiltration of lymphocytes (TILs). TET2 is mono-

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

ubiquitylated at K1299, which promotes its activity. Here, we report that USP15 is a TET2 deubiquitinase and
inhibitor. USP15 catalyzes the removal of K1299-linked monoubiquitin and negatively regulates TET2 activity.
Gene expression profiling demonstrates that TET2 and USP15 oppositely regulate genes involved in multiple in-
flammatory pathways, and TET2 is a major target of USP15 function. Deletion of Usp15 in melanoma stimulates
chemokine expression and TILs in a TET2-dependent manner, leading to increased response to immunotherapy
and extended life span of tumor-bearing mice. These results reveal a previously unknown regulator of TET2 activ-
ity and suggest USP15 as a potential therapeutic target forimmunotherapy of solid tumors.

INTRODUCTION

Deregulation of DNA methylation is now recognized as a critical
feature of most, if not all, cancer types and is an emerging target
of cancer therapy (I). DNA methylation is reversibly catalyzed by
DNA methyltransferase (DNMT) and the ten-eleven translocation (TET)
family of a-ketoglutarate (0-KG)- and Fe(II)-dependent DNA
dioxygenases (2, 3). TET enzymes catalyze three steps of iterative
oxidation—first converting 5-methylcytosine to 5-hydroxymethyl
cytosine (5hmC), then 5hmC to 5-formyl cytosine (5fC), and, lastly,
5{C to 5-carboxy cytosine (5caC). 5caC can be removed by DNA
glycosylase TDG, resulting in 5-unmodified cytosine and complet-
ing DNA demethylation (4, 5). Human cells express three TET
proteins—TET1, TET2, and TET3—which share the same catalytic
mechanism, a conserved C-terminal cysteine-rich dioxygenase (CD)
domain, and more divergent N-terminal sequences. Loss-of-function
mutations in TET2 occur frequently in hematopoietic malignancies
of both myeloid, in particular acute myeloid leukemia (AML; ~8 to
15%), and lymphoid lineages, such as angioimmunoblastic T cell
lymphoma (~30 to 40%) and diffused large B cell lymphoma (~6%)
(6, 7). In a subset of AML with wild-type (WT) TET2 gene, TET2
enzyme is catalytically inactivated by D-2-hydroxyglutarate (D-2-HG),
an oncometabolite produced by mutated isocitrate dehydrogenase
1 and 2 (IDH1 and IDH2) (8, 9), or functionally inactivated by the
mutations in WT1 transcription factor, which binds and recruits
TET2 to regulate target genes (10, 11). Mutations targeting TET2,
IDHI1, IDH2, and WTI occur in a mutually exclusive manner in
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about a third of AMLs (12). Deletion of Tet2 in mice resulted in in-
creased hematopoietic stem cell self-renewal and myeloid malignancy
(13-15) and accelerated leukemogenesis and lymphomagenesis when
combined with other oncogenic mutations (16-19). These genetic
studies indicate the critical importance of maintaining TET2 function
in suppressing hematopoietic malignancies.

TET genes are rarely mutated or significantly reduced in expres-
sion in solid tumors (20). However, the activity of TET enzymes,
as determined by its enzymatic product, 5hmC, is significantly
decreased in a wide range of solid tumors lacking mutation targeting
TET genes (21-28). These findings suggest a broad tumor suppression
function by the TET gene beyond hematopoietic malignancies.
We recently found that loss of TET activity in melanoma and colon
cancer diminished the expression of T helper 1 (Ty1)-type chemokines
and tumor infiltration of T cells, leading to decreased antitumor
immunity and resistance to anti-PD-L1 immunotherapy (20).
Functional inactivation of TET enzyme activity through a non-
mutational mechanism(s) raise(s) an intriguing possibility that
unlike other genomically mutated tumor suppressor genes, restoration
of TET function could potentially be exploited to inhibit tumor
growth. This possibility was supported by recent finding that ascorbate/
vitamin C, a cofactor for a-KG/Fe(II)-dependent dioxygenases,
stimulates DNA hypomethylation, reverses aberrant hematopoietic
stem and progenitor cell self-renewal, and suppresses leukemia
progression (29, 30). We found, along with others, that stimulation
of TET activity by systemic injection of vitamin C increased TET
activity, chemokine expression, and tumor infiltration of lympho-
cytes, resulting in enhanced antitumor immunity and increased
efficacy of anti-PD-L1 immunotherapy (20, 31, 32).

While the catalytic mechanisms of TET dioxygenases are rela-
tively well established, how TET enzymes are regulated remains
poorly understood. The levels of TET mRNA change very little
between matched tumor and normal samples across different cancer
types (20). Instead, the availability of cofactors, including vitamin C
(33, 34), a-KG (35, 36), and oxygen (28), and posttranslation
modifications, such as phosphorylation (37), acetylation (38),
and ubiquitylation (39), are emerging to play an important role
in the regulation of TET activity. We previously found that the
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VprBP/DCAF1-DDB1-CUL4-ROCI E3 ubiquitin ligase (CRL4"“A")
catalyzes monoubiquitylation at a lysine residue that is conserved
in all three TET proteins from different species (K1299 in human
TET?2; Fig. 1A) (39). K1299 monoubiquitylation promotes TET2
binding to DNA and chromatin. K1299 and several additional
residues in TET2 involved in binding with DCAF1 are recurrently
mutated in AML, leading to functional inactivation of TET2. Unlike
K48- and K63-linked polyubiquitylation, which usually leads to
irreversible protein degradation, monoubiquitylation regulates the
function of substrate via a nonproteolytic mechanism and is often
reversibly regulated by a deubiquitinase (DUB) (40). A DUB
catalyzing the removal of TET monoubiquitylation is predicted to
negatively regulate the activity of TET enzymes and, when disrupted,
would stimulate TET activity and the response to immunotherapy.
This study was aimed at searching for and functionally characterizing
the TET DUB.

RESULTS

USP15 binds to TET2

To identify the DUB of TET2, we established human embryonic
kidney (HEK) 293T cells stably expressing a FLAG-tagged TET2
and then ectopically expressed WT DCAF1 to increase TET2
monoubiquitylation which, we reasoned, would increase the inter-
action of the DUB with TET2. As a control, we ectopically expressed
a mutant DCAF1, R1247A/R1283A, which disrupts its binding to
DDB1 and thus blocks the ability to ubiquitylate TET2. We then
performed immunoprecipitation (IP) followed by mass spectrometric
analyses of three Flag immune complexes to identify TET2-interacting
proteins. A large number of potential TET2-interacting proteins
were identified (Fig. 1B and fig. S1A), including OGT, which was
previously identified as a TET2 interacting protein (41, 42). Among
these potential TET2 binding proteins, one DUB, USP15, was identified.
To confirm the interaction of TET2 with USP15, we examined
the binding of their association in cells when both proteins were
ectopically expressed by IP-Western blot analysis. Ectopically ex-
pressed Myc-USP15 was readily detected in Flag-TET2 immune
complex (Fig. 1C). Using antibodies that recognize TET2 or USP15,
we detected endogenous interaction between USP15 and TET2 by
reciprocal IP-Western assay in both human U20S cells and mouse
Bl6-ovalbumin (OVA) cells (Fig. 1, D and E). Next, we mapped
the USP15 binding site to the C-terminal CD domain of TET2
(Fig. 1, Fand G). An in vitro pull-down assay using purified recom-
binant proteins demonstrated a direct interaction between human
USP15 and the CD domain of human TET?2 proteins (Fig. 1H and
fig. S1B). Collectively, these data demonstrate that USP15 and TET2
physically interact with each other, and the CD domain of TET2 is
responsible for their association.

USP15 deubiquitylates TET2 at K1299

To determine whether USP15 catalyzes TET2 deubiquitination, we
first ectopically expressed WT or catalytic dead mutant C269A
USP15 (43) together with Flag-TET?2 and performed in vivo ubiquityl-
ation assay. Overexpression of WT USP15, but not the catalytically
inactive mutant, decreased the monoubiquitylation of TET2 (Fig. 2A).
Next, we transfected WT or catalytic inactive USP15 into U20S
cells that stably express hemagglutinin (HA)-ubiquitin, followed by
IP-Western analysis of endogenous TET2. This experiment showed
that monoubiquitylation of endogenous TET2 was markedly reduced
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when USP15 was overexpressed (Fig. 2B). Conversely, depletion
of USP15 in both 293T and U20S cells significantly increased
monoubiquitylation of both ectopically expressed and endogenous
TET2 (Fig. 2, C and D). Together, these results demonstrate that
USP15isa TET2 DUB.

We previously found that all three TET proteins are monoubiq-
uitylated at a conserved lysine residue—K1589, K1299, and K859 in
human TET1, TET2, and TET3, respectively (39). To determine
whether USP15 specifically deubiquitylates TET2 at K1299, we
transfected Flag-tagged WT or K1299N mutant TET2 with USP15,
followed by an in vivo ubiquitylation assay. While USP15 decreased
WT TET2 monoubiquitylation levels, overexpression of USP15
could not further decrease K1299 monoubiquitylation (fig. S2A),
suggesting that USP15 specifically deubiquitylates TET2 at K1299.
Conversely, we demonstrated that depletion of USP15 increases the
ubiquitylation of WT, but not K1299N mutant TET2 (Fig. 2E). In
Uspl15-knockout (KO) and Usp15/Tet2 double-knockout (DKO)
B16-OVA cells (fig. S2, B and C), we found that deletion of UspI5
significantly increased monoubiquitylation of Tet2 at K1212 (K1299 in
human; Fig. 2F). Together, these results demonstrate that K1299
is the major site of TET2 monoubiquitylation, and USP15 is the
principle K1299 DUB of TET2.

USP15 inactivates TET2 and inhibits TET2 binding

to substrate DNA

Monoubiquitylation of TET2 is important for its activity and is
required for TET2 binding to chromatin (39). To determine the
functional significance of USP15-TET2 interaction, we first per-
formed a dot blot experiment to determine 5hmC levels in cells
ectopically expressing USP15. We found that overexpression of WT,
but not C269A catalytic inactive mutant USP15, reduced TET activity
by 67% (Fig. 3A). Knocking down USP15 with two different small
interfering RNAs (siRNAs) increased 5hmC levels by 41 and 74%,
respectively (Fig. 3B). While knocking out Tet2 in B16-OVA cells
significantly decreased 5hmC levels by 75%, deletion of Usp15
increased 5hmC level by 63% in a Tet2-dependent manner (Fig. 3C).
Next, we used a more quantitative colorimetric assay to determine
the 5hmC in the genome and obtained the same result that depletion
of Uspl5 increased global 5hmC in a manner that is dependent
on Tet2 (Fig. 3D). Furthermore, quantitative fluorescence-activated
cell sorting (FACS) analyses also showed that KO of Usp15 increased
TET activity in B16-OVA cells expressing Tet2, but not when Tet2
is deleted (Fig. 3E). These results demonstrate that USP15 negatively
regulates TET2 activity in cells.

Next, we examined whether USP15 affects TET2 binding to its
substrate DNA. TET2 was coexpressed with USP15, immuno-
purified, and then incubated with biotinylated double-stranded DNA
oligonucleotides containing a single unmethylated CpG, followed
by pull-down using streptavidin-coupled beads. The result showed
that coexpression of TET2 with WT, but not the catalytic inactive
C269A mutant USP15, reduced TET2 DNA binding (Fig. 3F and
fig. S3A). Conversely, silencing USP15 enhanced TET2 DNA binding
(Fig. 3G and fig. S3B), demonstrating that USP15 impairs TET2
binding to DNA in vitro.

To support the function of USP15 as an inhibitor of TET in vivo,
we delivered three different siUsp15 oligos into WT and Tet2 KO
mice by hydrodynamic tail vein injection and determined the 5hmC
level in liver genomic DNA. We found that knockdown of Usp15
increased 5hmC levels in mouse liver (Fig. 3H and fig. S3C).
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Fig. 1. USP15 is a TET2 deubiquitinase. (A) Domain structure, critical residues, and expression vectors of human TET2. (B) Identification of TET2 binding proteins.
HEK293T cells were singularly transfected with Flag-TET2 or cotransfected with Flag-TET2 and Myc-DCAF1 or Myc-DCAF1(RARA) mutant. Flag complexes were immuno-
purified from each set of transfected cells, stained with Coomassie blue, and subjected to mass spectrometric analyses. Proteins identified by the mass spectrometry that
were hit by more than two unique peptides are shown in fig. S1A. (C) Ectopically expressed TET2 binds to USP15. HEK293T cells were transiently transfected with FLAG-
TET2 and Myc-USP15, and cell lysates were subjected to IP with a Flag antibody, followed by Western blot analysis. (D and E) Endogenous TET2-USP15 associations were
examined by reciprocal immunoprecipitation (IP)-Western analyses using indicated antibodies in mouse B16 ovalbumin (OVA) melanoma (D) and human U20S osteo-
sarcoma (E) cells. (F) Ectopically expressed USP15 binds to the TET2 CD domain. HEK293T cells were transiently transfected with indicated plasmids, cell lysates were
subjected to IP with a Myc antibody, followed by Western blot analysis. * indicates nonspecific band. (G) USP15 binds to the TET2 CD domain. HEK293T cells were
transiently transfected with the N-terminal or CD domain of TET2. Cell lysates were subjected to IP with HA antibody, followed by WB with indicated antibodies. (H) Purified
recombinant GST-USP15 and His-Flag-TET2(CD) were incubated in vitro, pulled down by nickel beads overnight, then eluted with imidazole, and subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). USP15-TET2(CD) binding was examined by Western blot.

Furthermore, we isolated liver and bone marrow from WT or Uspl5 Usp15 and Tet2 oppositely regulate genes involved

KO mice and determined the 5hmC levels by antibody-dependent  in multiple inflammatory process

colorimetric assay. We found that KO of Usp15 increased TET =~ We next determined whether USP15 can change the expression of
activity in both liver (Fig. 3I) and bone marrow (fig. S3D). Together, TET?2 target genes. We previously reported the function of TET2 in
these results demonstrate that USP15 inhibits TET binding to DNA  mediating interferon-y (IFN-y) signaling (20). We therefore deter-
and TET activity in vivo. mined gene expression in WT, Tet2, and Usp15 KO B16 melanoma
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Fig. 2. USP15 deubiquitylates TET2 at K1299. (A) USP15 deubiquitylates TET2. HEK293T cells were transfected with plasmid expressing WT and catalytic mutant USP15
as indicated. Cells were lysed and subjected to IP with FLAG antibody under denaturing conditions (0.1% SDS), and then the precipitates were separated by SDS-PAGE
and blotted with indicated antibodies. (B) USP15 decreased TET2 endogenous monoubiquitylation. U20S cells stably expressing HA-ubiquitin (HA-Ub) were transfected
with indicated plasmids for 40 hours. Cells were lysed, and lysates were subjected to IP with TET2 antibody in a denaturing buffer containing 0.1% SDS. TET2 ubiquitylation
was detected by a-HA immunoblotting. (C) Knocking down USP15 increased TET2 monoubiquitylation. HEK293T cells were transfected with HA-ubiquitin along with
small interfering RNA (siRNA) targeting USP15 for 24 hours and then transfected with Flag-TET2 for another 48 hours. The efficiency of knockdown was verified by immuno-
blotting. TET2 ubiquitylation was determined by IP-Western blot analysis as described in (A). (D) Knocking down USP15 increased endogenous TET2 monoubiquitylation.
U20S cells stably expressing HA-ubiquitin (HA-Ub) were transfected with siRNA against USP15. TET2 ubiquitylation was determined by IP-Western blot analysis as
described in (B). (E) The effect of USP15 on the ubiquitylation of WT or mutant TET2 was determined in HEK293T cells after transfection with indicated plasmids and
siUSP15 oligo. Cells were lysed in 0.1% SDS buffer and subjected to IP with FLAG beads under denaturing condition. Precipitates were blotted with FLAG and UbTET2
(K1299) antibodies. (F) Knocking out Usp15 increased monoubiquitylation at K1212 of mouse Tet2 (equivalent to K1299 in human TET2). The indicated cells were lysed in
0.1% SDS buffer and then subjected to Western blot with indicated antibodies.
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Fig. 3. USP15 inactivates TET2 and impairs TET2 binding to DNA. (A and B) U20S cells were transfected with plasmid expressing indicated WT and mutant USP15 (A)
or siRNA targeting USP15 (B). Global 5hmC was determined by dot-blot. (C and D) Total genomic DNA was extracted from indicated cell lines, and 5hmC level was
determined by dot blot (C) and an antibody-dependent colorimetric assay using the MethylFlash Hydroxymethylated DNA Quantification Kit (Epigentek) (D), respectively.
(E) 5hmC levels by flow cytometry. Four B16-OVA cell lines were immune-stained with an anti-5hmC primary antibody and a fluorescein isothiocyanate (FITC)-labeled
secondary antibody. (F and G) Flag-TET2 was transfected in HEK293T cells expressed WT or catalytic mutant USP15 (F), or HEK293T cells with USP15 knocking down by
siRNA (G); the expression of individual proteins is shown in fig. S3 (A and B). TET2 was purified and incubated with biotinylated DNA oligonucleotides containing a
single unmethylated CpG. The binding of TET2 with DNA was determined by Western blot after pull-down using streptavidin-coated beads. (H) WT or Tet2-KO mice were
tail vein injected by three different siRNA targeting Usp15 mixed with Invivofectamine 3.0. After 72 hours, genomic DNA was isolated from mice livers, and the 5hmC
levels were determined by dot-blotting with anti-5hmC antibody. The knockdown efficiency was determined by quantitative polymerase chain reaction (qQPCR) shown in
fig. S3C. (1) Deletion of Usp15 in mice increases TET activity. Total genomic DNA was extracted from the liver of WT and Usp15-KO mice (n=3 each), and 5hmC levels were assessed
by antibody-dependent colorimetric assay. All data in this figure represent means + SD for triplicate experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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cells treated with IFN-y or untreated (table S1). A total of 1197 genes
were induced by 20% or more following IFN-y treatment. Of these
1197 genes, 394 (33%) were down-regulated by Tet2 KO (by 20%
or more), reinforcing the role of TET2 in mediating IFN signaling.
Five hundred forty-three (45%), on the other hand, were further
up-regulated by Uspl5 KO, supporting the important role of
USP15 in IFN signaling (44, 45). Notably, 181 IFN-y-induced genes
were oppositely regulated by Usp15 and Tet2 KO (Fig. 4A), which
accounts for 33 and 46% of Usp15 inhibited or Tet2-activated genes,
respectively. These results suggest that Usp15 is a major inhibitor of
Tet2, and Tet2 is a major target of Usp15 in the regulation of IFN-y
signaling. The KEGG (Kyoto Encyclopedia of Genes and Genomes)
signaling pathway analysis of these 181 genes revealed that they
were enriched in multiple inflammatory signaling pathways, including
tumor necrosis factor (ITNF), chemokine, Toll-like receptor, and
Janus kinase (JAK)-signal transducer and activator of transcription
(STAT) signaling pathways (Fig. 4B). Genes involved in the 15 pathways
whose expression is most significantly affected by either Tet2 or
Usp15 deletion are shown in Fig. 4C. Consistent with our previous
discovery (20), Cxcl9, Cxcl10, and Cxcl11 were also down-regulated
by Tet2 KO, but their expression was up-regulated by Usp15 KO in
B16 cells (Fig. 4, C and D). In addition, several genes whose expres-
sion was down-regulated by Tet2 deletion but up-regulated by
Usp15 deletion are also linked to the IFN-JAK-STAT signaling
pathway, including Oas3, Jak2, Jak3, Stat3, and Stat2, raising an
intriguing possibility that, besides chemokine genes, additional
genes on the IFN-JAK-STAT pathway may also be regulated by
TET2. Together, these results demonstrate that Uspl5 and Tet2
oppositely regulate the expression of genes involved in multiple
inflammatory signaling pathways.

Deletion of Usp15 promotes IFN-y-induced

chemokine expression

To confirm that Usp15 negatively regulates IFN-y-induced chemo-
kine expression, we treated B16-OV A cells of different genotypes
with IFN-y and examined transcription and promoter methylation.
We found that deletion of Usp15 substantially increased the mRNA
levels of three Tyl-type chemokine genes, Cxcl9, Cxcl10, and
Cxcl11, and these increases were substantially reduced when Tet2 is
deleted (Fig. 5A), suggesting a Usp1l5-mediated repression of these
genes through Tet2. We confirmed this finding by showing that
Uspl5 deletion increased protein levels of Cxcl9 and Cxcl10 in
response to IFN-y treatment by enzyme-linked immunosorbent assay
(ELISA) analysis in a Tet2-dependent manner (Fig. 5B). We then
conducted Transwell assay that measures the capacity of cell motility
to assess the function of Uspl5 to regulate T cell migration in re-
sponse to the levels of these chemokines via the process of chemo-
taxis. We found that migration of CD8" T cells toward conditional
media (CM) derived from IFN-y-treated Uspl5 KO culture was
accelerated compared with that observed in WT B16-OV A-derived
CM (Fig. 5C). This increased T cell migration was largely abolished
when the CM was derived from IFN-y-treated Usp15/Tet2 DKO
cell culture, indicating a functional dependency of Usp15 in regu-
lating T cell migration on Tet2. Antibody-mediated blockade of
CXCR3 inhibited T cell migration toward WT and Usp15 KO B16-
OVA-derived CM. Furthermore, the addition of recombinant
murine CXCL10 to CM from Tet2-KO and Tet2/Usp15-DKO cell
cultures restored T cell migration. These results demonstrate that
Usp15 deletion increased IFN-y-induced chemokine production
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through Tet2, which directly leads to the increased migration of
CD8" T cells. Furthermore, we found that ectopic expression of WT
TET2, but not the K1299N mutant, largely restored the induction of
Cxcl9, Cxcl10, and Cxcl11 by IFN-y (Fig. 5D and fig. S4). These re-
sults suggest that USP15-mediated K1299 deubiquitination of TET2
is important for IFN-y-induced chemokine expression.

Next, we performed chromatin IP (ChIP)-quantitative polymerase
chain reaction (QPCR) analysis to determine whether Usp15 affects
Tet2’s binding to the promoter of Cxcl10. We confirmed that IFN-y
stimulated Tet2’s binding to the promoter of Cxcl10 in B16-OVA
cells and found that deletion of Usp15 increased Tet2’s binding to
the Cxcl10 promoter (Fig. 5E). 5hmC levels of the Cxcl10 promoters
were increased by 17-fold in Tet2-WT B16-OVA cells after IFN-y
treatment, and deletion of Usp15 further increased 5ShmC at the
Cxcl10 promoter 29-fold (Fig. 5F). Deletion of Tet2 nearly com-
pletely abolished the effects of Uspl5 deletion in stimulating
5hmC. Together, these results demonstrate that Uspl5 deletion
increases Tet2 binding to chemokine genes’ promoter, leading to
increased demethylation and expression of chemokine genes.

Deletion of Usp15 enhances tumor-infiltrating lymphocytes
and antitumor immunotherapy

We recently reported that TET activity is important for tumor
immunity and response to immunotherapy (20). Negative regulation
of Tet activity by Usp15 led us to determine whether deletion of
Uspl5 could enhance antitumor immunity and immunotherapy
efficacy. Tet2-KO B16-OVA cells showed similar rates of prolifera-
tion compared with the parental WT B16-OVA cells (fig. S5A), and
Usp15 KO increased cell proliferation, but this increase is independent
of Tet2. This result indicates that Tet2 does not play a significant
intrinsic role in B16-OVA cell proliferation and that Usp15 plays an
important role in cell proliferation in vitro through regulating addi-
tional substrate(s). Next, we subcutaneously transplanted equal
numbers of WT, Tet2-KO, Usp15-KO, or Tet2/Usp15 DKO B16-
OVA melanoma cells into C57BL/6] mice, followed by intravenous
injection of OT-I cells that recognize the OV A antigen expressed by
the B16-OVA cells (46). Consistent with what we previously report-
ed, deletion of Tet2 significantly (P = 0.0009) reduced mean life
span of mice transplanted with WT B16-OV A cells from 28 to 20 days
[a 28% decrease, group 1 (G1) versus G2; Fig. 6A]. In contrast, dele-
tion of Usp15 significantly (P = 0.0031) extended mean life span of
mice transplanted with WT B16-OVA cells from 28 days to more
than 35 days (a 25% increase, G1 versus group 3 (G3); Fig. 6A). Com-
paring mice transplanted with Tet2-KO and Tet2/Usp15 DKO tumor
cells, Usp15 deletion still displayed significant (P = 0.029) benefit
and extended the mean life span from 20 to 23 days (a 15% increase,
G2 versus G4; Fig. 6A), presumably due to the stimulation of TET1
and/or TET3 activity or additional Usp15 substrate(s) that might be
involved in tumor immunity.

Next, we determined the effect of Usp15 deletion for anti-PD-L1
immunotherapy. The mean life span of mice transplanted with
Usp15-KO B16-OVA cells (>54 days) was significantly (P = 0.0046)
longer by 86.2% than that of mice transplanted with WT cells
(29 days, G1 versus G3; Fig. 6B). Mice transplanted with Tet2/Usp15
DKO cells (24.5 days) also had a 16.3% increased mean life span
compared with mice transplanted with Tet2-KO cells (20.5 days, G2
versus G4), but the benefits on the life span conferred by Uspl5
deletion were much more pronounced in the presence of Tet2
than without it. Associated with these life-span extensions are the

60f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

A B TNF signaling pathway - e
Herpes simplex infection - .
Measles - @
Hepatitis C - @
Chemokine signaling pathway - .
JAK-STAT signaling pathway - ®
Toll-like receptor signaling pathway - ®
362 Toxoplasmosis - D
NOD-like receptor signaling pathway - & ~Log (P value)
Infl A -
Up-regulated by niuenza ® N
Usp15 deletion Cytokine-cytokine receptor interaction - . -
Prolactin signaling pathway - @ i
Gene number
Pertussis - @ ® :
@
FoxO signaling pathway - @ o
IFN-y—induced genes (1197) - ) ) o
Signaling pathways regulating pluripotency of stem cells - @ . 5
15 20 25 30 3¢
C D ~Logo(P value)
B16-OVA
WT Tet2 KO Usp15 KO 250 2000
IFN-y - e - + - + Cxcl9 Cxel1t0
200
Id3 g 1500 L
Ccng2
b= -
1d2 E 150 E
Tnfrsf9 w 2 1000 xesr
Jak2 100
Jak3
Bnip3 od T 5004 )
Cxcl11 n.s.
N —i [l
Ripk1 H
Cxcl9 o{ao!- . qpEm...ap 0§ il
Bcl6 ——
Ccls Tetz  WT Ko wT Tet2 WT Ko wT
1115 Usp15 WT wT KO Usp15  WT wT KO
Nod1
25
Clcf1 Cxelt1
Junb 0 -IFN-y
Oas3 2.0
H2-_TZ3 O +HFN-y
Birc3 154
Ripk2
Socs1
Fas 1.0  rerx
Stat3 r
Gadd45g 054 ns.
Irf1 i
Tir3 2
Stat2 1 o4 Rl ok &
C4b 0 T T T
Ifi47 -1 Tetz  WT KO wT
Usp15 WT WT KO

Fig. 4. Usp15 and Tet2 oppositely regulate genes involved in multiple inflammatory processes. (A) Overlap between IFN-y-induced genes down-regulated by Tet2

deletion and up-regulated by Usp15 deletion in B16 cells is displayed by a Venn diag
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increases in tumor infiltrating CD8" and CD3" T cells by the Usp15
deletion, and their increases are dependent on the expression of
Tet2 in both models, either with injection of OT-I cells (Fig. 6C and
fig. S5B) or anti-PD-L1 antibody (Fig. 6D and fig. S5C). Last, we
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examined the intratumoral chemokine expression and found that
while Cxcl9, Cxcl10, and Cxcll1 expressions were significantly
decreased in Tet2-KO B16-OVA tumors, their expressions were
increased in Usp15-KO tumors in a Tet2-dependent manner (Fig. 6E).
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Together, these results demonstrate that deletion of Usp15 in tumor
stimulates chemokine expression and lymphocyte infiltration and
enhances the effect of antitumor immunity and efficacy of anti-PD-L1
immunotherapy.

DISCUSSION

While the catalytic mechanism and genetic function of TET en-
zymes are relatively well characterized, how TET enzymes are regu-
lated remains poorly understood. The levels of TET mRNA
change very little between matched tumor and normal samples
across different cancer types (20). Instead, the availability of co-
factors (28, 33-36) and posttranslation modifications (37-39) are
emerging as significant factors in the regulation of TET activity (see
Introduction). One modification is CRL4"“A*-catalyzed monoubiq-
uitylation, which promotes TET binding to chromatin and TET
activity (39). Four lines of evidence presented in this study support
USP15 as a major TET DUB and a previously unidentified TET
regulator. First, USP15 directly interacts with TET2 (Fig. 1) and
catalyzes the TET2 deubiquitylation. We showed that overexpression
reduces and depletion of USP15 increases TET2 monoubiquityla-
tion, respectively, and this activity is specific to K1299-linked
ubiquitin (Fig. 2). Second, deletion or depletion of Usp15 resulted
in increased 5hmC in cultured B16 cells and in mouse liver in a
manner that is dependent on Tet2 (Fig. 3). Third, Uspl5 and Tet2
oppositely regulate the expression of as many as 181 IFN-y-induced
genes, which counts for 33 and 46% of Usp15-inhibited or Tet2-
activated genes, respectively (Fig. 4). This result suggests that Usp15
is a major inhibitor of Tet2 and Tet2 is a major target of Uspl5 in
the regulation of IFN-vy signaling. Last, deletion of Usp15 in mela-
noma cells stimulated chemokine expression and tumor infiltra-
tion of lymphocytes, resulting in increased response to T cell and
immunotherapy and extended life span of tumor-bearing mice.
Each of these phenotypes was previously found to be reduced by
TET2 deletion in tumor cells or stimulated by the systematic injec-
tion of ascorbic acid/vitamin C, a cofactor of TET enzymes (20).
Collectively, these results identify USP15 as a bona fide regulator of
TET enzymes. TET2, and possibly other TET proteins, is also regu-
lated by p300-mediated acetylation, which promotes TET2 cat-
alytic activity, protein stability, and binding with other partners and
is counted by HDCA1/2-mediated deacetylation (38). TET2 was also
found to be phosphorylated by AMP (adenosine 5'-monophosphate)-
activated protein kinase (AMPK), which promotes TET2 binding
to 14-3-3 and TET2 protein stability and is counted by protein
phosphatase 2A (PP2A) (37, 47, 48). Our findings provide further
evidence supporting the regulation of TET enzyme by reversible
posttranslational modifications. Disruptions of these three modifi-
cations were linked to various human pathological conditions such
as oxidative stress (38), diabetes (37), and cancer (37, 39). It will be
important to determine what physiological conditions regulate each
of these modifications and whether they cross-talk to integrate
different cellular conditions.

An oncogenic activity of USP15 was previously suggested by its
function to deubiquitylate and stabilize the transforming growth
factor-P receptor and MDM2 and by its amplification and associa-
tion with poor prognosis in glioblastoma (49). Analysis of a
pan-cancer project showed that USP15 was amplified in about 4%
of human cancers of different types (glioblastoma, breast, lung,
kidney, liver). The mechanism underlying the oncogenic activity of
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USP15 is not clear. Several studies have previously linked the
function of USP15 to IFN signaling during T cell activation (50, 51),
viral infection, and neuroinflammation (44). Several cellular
substrates of USP15 have been reported that are directly involved
in immune response and IFN signaling, including IxBo and TRIM25
E3 ligase, both of which play critical roles in innate immune and
inflammation response (52-54), and MDM2 E3 ligase, which pro-
motes the degradation of NFATc2 during T cell activation (50).
We found that the expression of 545 of 1197 IFN-y-induced genes
(45%) was up-regulated by Usp15 KO (Fig. 4A), providing further
support for the function of USP15 in IFN signaling. Among these
IFN-y-induced genes whose expression was also down-regulated
by Tet2 KO are Cxcl9, Cxcl10, and Cxcl11, which are often referred
to as Tyl-type chemokines and are consistent with our previous
discovery (20). In addition to DNA demethylation, several other
epigenetic modification enzymes have also been previously linked
to the regulation of Ty1-type chemokine expression and tumor im-
munity, including PRC2 complex (e.g., EZH2), DNMTs, and SWI/SNF
(switching defective/sucrose non-fermenting) complex (e.g., ARID1A)
(55, 56). Together, these findings raise an interesting possibility
that these immune response genes, which are not needed during
normal growth or homeostasis, are stably suppressed by epigenetic
modifications. Our findings also provide a previously unidentified
mechanism for the negative regulation of IFN signaling by USP15
by placing USP15 directly onto the JAK-STAT-TET2 axis in me-
diating the IFN signaling pathway.

The findings presented here also bear important therapeutic im-
plications. Deletion of Usp15 in tumor cells promotes intratumoral
chemokine production and tumor infiltration of T cells (Fig. 5), and
enhanced response to T cell immunity and anti-PD-L1 therapy, re-
sulting in extended life span of tumor-bearing mice (Fig. 6). These
findings present USP15, an enzyme, as a potential therapeutic target
for enhancing antitumor immunity and immunotherapy efficacy
for solid tumors. DUBs are a newly emerging class of drug targets,
and potent and selective DUB inhibitors are being developed (57).
Mice lacking Usp15 develop normally and have no obvious tumor
phenotype. Furthermore, Usp15 deficiency promotes T cell activa-
tion and enhances T cell responses to tumor challenge in vivo.
Compared with WT mice, Usp15~'~ mice had significantly reduced
tumor size and extended life span in the B16 syngeneic tumor model
(50). Together with the findings presented here, we suggest that
USP15 inhibitors, if developed, could be specific and effective in
promoting immunotherapy through enhancing tumor-intrinsic
TET activity and chemokine production and T cell-intrinsic activity
and IFN-y production, and with limited toxicity.

MATERIALS AND METHODS

Plasmids

Expression constructs for TET2 and ubiquitin were previously
described (39). USP15 was cloned to pcDNA3-3Myc vector.
Point mutations for USP15 were generated by site-directed
mutagenesis.

Cell cultures and cell transfection

HEK293T and B16-OVA (B16F10 cells expressing OVA) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; CORNING)
supplemented with 10% fetal bovine serum (FBS) (CORNING)
and 1% penicillin/streptomycin antibiotics (CORNING). U20S
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cells were maintained in McCoy’s 5A medium (CORNING)
containing 10% FBS and 1% penicillin/streptomycin antibiotics.
Cell transfection was carried out by Lipofectamine 2000 according
to the manufacturer’s protocol (Life Technologies).

Cell lysis, IP, immunoblotting, and antibodies
Cells were washed with ice-cold phosphate-buffered saline and
lysed in NP-40 lysis buffer at 4°C for 30 min. Cell lysates were incu-
bated with anti-Flag beads (Sigma-Aldrich) or protein A/G-agarose
(Thermo Fisher Scientific) and antibodies (indicated in the figures)
for 3 hours at 4°C. The beads were washed three times with NP-40
buffer and then subjected to SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) or eluted by Flag peptides for TET2-DNA binding assay.
Western blotting was performed according to standard protocol.
Antibodies to Flag (Clone M2, Sigma-Aldrich), HA (Clone 3F10,
Roche), Myc (Clone 9E10, Roche), TET2 (Millipore, catalog no.
MABE462; Cell Signaling, 18950), USP15 (Abcam, catalog no.
ab71713), STAT1 (Santa Cruz, catalog no. sc-345), and tubulin
(Santa Cruz, catalog no. sc-23948) were purchased commercially.

siRNA transfection and RNA interference

All siRNA oligonucleotides were synthesized with 3" dTdT overhangs
by Sigma-Aldrich in a purified and annealed duplex form. The
target gene used two effective sequences as follows: human USP15-1,
5'-GGUUGGAAUAAACUUGUCA-3'; USP15-2, 5'-GCACCU-
UGGAAGUUUACUU-3'. For transfection of siRNA, OPTI-MEM
medium (250 pl) was mixed with 10 pl of Lipofectamine 2000 for
5 min and then incubated with another 250 pl of OPTI-MEM medium
containing 10 ul of siRNA (20 mM) for 20 min at room tempera-
ture. The mixtures were added to cells cultured on a 60-mm plate at
30 to 40% confluence. The knocking down efficiency was deter-
mined by Western blot 72 hours after transfection.

Gene deletion by CRISPR-Cas9 system

Tet2 and Usp15 KO B16-OVA cells were generated through the
CRISPR (clustered regularly interspaced short palindromic re-
peats)—Cas9 system by transient CRISPR strategy (58). Cells were
transiently transfected with a Cas9 and single-guide RNA (sgRNA)
plasmid with enhanced green fluorescent protein (EGFP) expres-
sion (PX458; Addgene plasmid no. 48138). The gRNA sequence
used for targeting Tet2 was AAAGTGCCAACAGATATCC, and
the gRNA sequence used for targeting Usp15 was TGGCGACGCG-
CAGTCACTT. Following transfection for 2 days, single cells were
sorted by FACS based on EGFP expression into 96-well plates. KO
clones were validated by Western blot and DNA sequencing.

In vivo ubiquitylation assay

For the in vivo ubiquitylation assay in cells, HEK293T cells or U20S
cells were transfected with plasmid DNA or siRNA as indicated in
the figures. Lysates were prepared with NP-40 lysis buffer containing
0.1% SDS. FLAG-TET2 or endogenous TET2 was immunoprecipi-
tated with anti-FLAG (M2) antibody or anti-TET2 antibody, re-
spectively. Then, immunoprecipitates were subsequently subjected
to SDS-PAGE. Ubiquitylated TET2 was detected with HA antibody
or K1299 site specific antibody.

In vitro pull-down assay
Biotin-labeled single-stranded oligonucleotides used for pull-
down assay were synthesized at Sigma-Aldrich as follows: unmeth-
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ylated CpG probe, 5'-GTATGCCTCATGCCGGACTTAACTG-
CAGTG-3’ (forward) and 3'-CATACGGAGTACGGCCTGAAT
TGACGTCAC-5’ (reverse). DNA annealing was performed
as described before (39). Two nanomoles of complementary
single-stranded oligonucleotides was mixed in annealing buffer
[10 mM tris (pH 8.0), 50 mM NaCl, 1 mM EDTA], boiled for
5 min, transferred to a water preheated to 90°C, and gradually
cooled overnight.

Flag-TET?2 was singly or cotransfected with other plasmids indi-
cated in the figures and immunopurified from HEK293T cells with
anti-FLAG M2 agarose beads for 3 hours in a NP-40 lysis buffer
[0.3% NP-40, 50 mM tris (pH 7.5), 150 mM NaCl]. Immobilized
Flag-tagged proteins were washed three times in the same lysis buf-
fer and eluted with an excess of Flag peptide (Sigma-Aldrich). The
annealed DNA was immobilized to streptavidin beads by incuba-
tion together at 4°C for 2 hours and washed three times. Flag-TET2
was incubated with immobilized DNA at 4°C for 3 hours and
washed three times. The binding efficiency of TET2-DNA was
determined by Western blot.

In vivo tumor progression and immunotherapy models

All animal studies were approved by the UNC-CH Institutional An-
imal Care and Use Committee (IACUC). B16-OVA cells (2 x 10°)
were subcutaneously transplanted into the back flanks of 5- to
6-week-old C57BL/6] mice (the Jackson laboratory) or nude mice.
Tumor size was measured with a caliper every 2 to 3 days, and tu-
mor volume was calculated by width” x length x 0.523. Mice were
euthanized when tumors reached maximum allowed size (20 mm in
diameter).

For the adoptive T cell immunotherapy model, OT-I cells were
isolated from 6- to 8-week-old C57BL/6-Tg (TcraTcrb)1100Mjb/]
mice (the Jackson laboratory, stock no. 003831) using CD8a
microbeads (Miltenyi Biotec) according to the manual. OT-I
CDS8* T cells (5 x 10°) were intravenously transfused into tumor-
bearing mice at day 12. For anti-PD-L1 immunotherapy model,
mice were intraperitoneally injected with 200 pg of anti-PD-L1
(clone 10F.9G2, BP0101, Bio X Cell) three times per week for
2 weeks after tumor implantation. Mice were monitored for tumor
growth every 3 days and euthanized when tumors reached 20 mm
in diameter.

ChIP-qPCR assay

ChIP assay was performed as described previously (59). DNA was
sheared by sonication using a Covaris sonicator for 12 min at
4°C. ChIP-enriched DNA was analyzed by qPCR with SYBR Green
Master Mix. Cxcl10 Primers used for qPCR analysis were as follows:
5'-CGCCGAGTCAGAGCTGCG-3’ (forward) and 5'- GCTTTCT-
GAGAAACGAAAGCTC-3’ (reverse).

Statistical analyses

Data analysis was performed using GraphPad Prism software.
Normally distributed data were analyzed using an unpaired,
two-tailed Student’s ¢ test; multiple comparisons used one-way
analysis of variance (ANOVA) and corrected by Tukey multiple-
comparisons test or Dunnett’s multiple-comparisons test. A log-rank
(Mantel-Cox) test was used for the mouse survival assay. Statistical
significance was defined as a P value of less than 0.05. Levels of sig-
nificance were indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and
¥*¥*¥P < 0.0001.
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