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Genome-wide clustered regularly interspaced short palin-
dromic repeats (CRISPR)-CRISPR-associated 9 (Cas9)-medi-
ated loss-of-function screens are powerful tools for identifying
genes responsible for diverse phenotypes. Here, we perturbed
genes in melanoma cells to screen for genes involved in tumor
escape from T cell-mediated killing. Multiple interferon
gamma (IFNy) signaling-related genes were enriched in mela-
noma cells resistant to T cell killing. In addition, deletion of the
deubiquitinating protease ubiquitin specific peptidase 22
(USP22) in mouse melanoma (B16-OVA) cells decreased the ef-
ficacy of T cell-mediated killing, both in vitro and in vivo, while
overexpression enhanced tumor-cell sensitivity to T (OT-I)
cell-mediated killing. USP22 deficiency in both mouse and hu-
man melanoma cells showed impaired sensitivity to interferon
pathway and USP22 was positively correlated with key mole-
cules of interferon pathway in clinical melanoma samples.
Mechanistically, USP22 may directly interact with signal trans-
ducer and activator of transcription 1 (STAT1), deubiquitinate
it, and improve its stability in both human and mouse mela-
noma cells. Our findings identified a previously unknown func-
tion of USP22 and linked the loss of genes in tumor cells that
are essential for escaping the effector function of CDS8*
T cells during immunotherapy.

INTRODUCTION

Immune checkpoint-blocking antibodies against programmed death
1/programmed death-ligand 1 (PD-1/PD-L1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) are designed to reactivate
tumor-specific T cells, which have demonstrated effectiveness against
a large number of cancer types, including melanoma, non-small cell
lung cancer, and renal cancer.' * However, only 17%-26% of mela-
noma patients respond to anti-PD-L1 therapy,” and only 2%-6%
respond to anti-CTLA-4 therapy.” Recently, multiple genes and
pathways have been found to contribute to therapeutic resistance to
cancer immunotherapy. Several interferon-pathway-related mole-
cules have been identified involved in immunotherapy resistance. Tu-
mor cells deficient in Statl, Jakl, Ifngr2, Ifngrl, and Jak2, which are
required for sensing and signaling through the interferon gamma

2108

Molecular Therapy Vol. 29 No 6 June 2021 © 2021 The American Society of Gene and Cell Therapy.

(IFNY) pathway, were significantly enriched after anti-PD-1 treat-
ment.”” On the contrast, tumor cells deficient in Ptpn2, H2-T23,
Ripkl, and Stubl were significantly depleted, which are potential
negative regulators of the IFN pathway. Ptpn2 decreases IFNy
sensing by tumor cells through the dephosphorylation of Janus kinase
1 (JAK1) and signal transducer and activator of transcription 1
(STAT1).%*® These studies highlight the comprehensive immune-
escaping mechanisms utilized by tumor cells and the essential role
of IFN pathway in regulating cancer immunotherapy.

Ubiquitin-specific protease 22 (USP22) is a member of the USP fam-
ily, which is the subfamily of deubiquitinating proteases (DUBs).
USP22 is a human Spt-Ada-Gen5-acetyltransferase (SAGA) complex
subunit, which plays an important role in the histone acetylation
through GCN5 and deubiquitination of histones H2B and H2A
through USP22 and also takes part in regulating gene transcrip-
tion."'"1* USP22 is also reported to enhance sirtuin 1 (SIRT1) stability
through its deubiquitination and negatively regulate STAT3 acetyla-
tion."* Multiple genes can be indirectly regulated by USP22 through
SIRT1, such as c-MYC, p53, and Ga12.">1°"'7 Because USP22 is re-
ported to be one of the 11 “death of cancer” genes,'®'® much research
on USP22 has mainly focused on its role in tumor cells.”” ** USP22 is
able to deubiquitinate cyclin Bl (CCNBI) to promote cell prolifera-
tion and tumorigenesis in colon cancer’® and deubiquitinate lysine
(K)-specific demethylase 1A (KDMI1A) to promote tumorigenesis
in glioblastoma.”* High expression levels of USP22 are correlated
with poor prognosis in various cancer types.”’*>*>*° However,
whether USP22 is able to affect the interaction between tumor cells
and immune cells remains unclear.
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IFNYy transduces its activation signals through binding to the IFNy
receptor (IFNGR), which consists of the two subunits, IFNGRI and
IFNGR?2. Binding of IFNY to its receptor leads to the recruitment
and activation of JAK1 and JAK2 and the subsequent phosphoryla-
tion, dimerization, and activation of the transcription factor
STATI. STAT1 homodimers then translocate to the nucleus, where
they bind to specific promoter elements and modulate the transcrip-
tion of IFNy-regulated genes.’” IFNy is a key effector cytokine
released from activated T cells after recognition of their target tumor
cells. IFNYy exhibits multiple anti-tumor effects, including induction
of apoptosis in tumor cells, inhibition of angiogenesis, and activation
*Y IFNy-pathway-related gene deficiency has been
reported to cause resistance to immune checkpoint blockade
therapy.®”!

of immune cells.

Considering the essential role of CD8" T cells in anti-tumor immu-
nity, we aimed to identify undiscovered mechanisms involved in
resistance to T cell-mediated killing. Using clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR-associated 9
(Cas9) based whole-genome editing technology, we developed an
in vitro and in vivo combined screening approach to identify genes
involved in resistance to T cell-mediated killing. Using this approach,
we determined that USP22 was able to deubiquitinate STATI to
enhance its stability, which in turn regulated the sensitivity of tumor
cells to T cells and IFNy. Manipulating the activity of USP22 may
open new directions into the design of combination therapies using
adoptive transfer therapy.

RESULTS

Identification of USP22 by genome-wide CRISPR-Cas9
screening as a potential candidate regulator of resistance to

T cell killing

T cells are one of the most important components of anti-tumor im-
munity; > however, evading immune responses is a hallmark of can-
cers.”**® To screen potential genes involved in T cell-killing resistance,
we established a pool of stable genome-wide gene knockouts in B16-
OVA cells, which are ovalbumin (OVA)-transfected clones derived
from the murine melanoma cell line B16.%° In this pool, the B16-
OVA cells were transfected with the lentiviral GeCKOv2 library,
which contains 130,209 unique single guide RNAs (sgRNAs) targeting
20,611 genes.”” To facilitate the screening of tumor-specific T cell
killing, OVA served as a specific model antigen. Overexpression
enhanced tumor-cell sensitivity to T (OT-I) CD8" T cells are able to
specifically recognize the OV A,s; 544 peptide/H2-K® complex.”® We
used OT-I T cells to screen for T cell-killing resistance-related genes
using both in vitro co-culture assays and in vivo killing assays (Fig-
ure 1A). The remaining tumor cells were considered to be T cell-killing
resistant clones. We quantified sgRNA abundance in these cells by
deep sequencing of the amplified sgRNA cassettes. Among the
sgRNAs, Jak I, which had been previously identified by other groups,™”
served as a positive control for our screening process. Among the
sgRNAs identified in our current study, USP22 ranked 1 and 7 in vivo
and 13 and 247 in vitro from 4 independent screenings (Table S1). This
suggested that USP22 may be a potential candidate gene related with

T cell-killing resistance. To confirm the T cell-killing resistance
phenotype mediated by USP22 deficiency, we established two B16-
OVA-USP22™" monoclonal cell lines using CRISPR-Cas9 targeting
a different genome locus. Disruption of the USP22 gene and protein
expressions was verified by cDNA Sanger sequencing, flow cytometry,
and whole-cell-lysate western blot analysis (Figure S1). The efficacy of
adoptively transferred OT-I T cells against parental B16-OVA tumor
cells and USP22-deficient B16-OVA-USP22™" tumor cells was then
tested in vivo. Both USP22-deficient clones demonstrated treatment-
resistant phenotype to OT-I T cell adoptive transfer; however, the
same treatment induced approximately 60%-80% tumor burden
reduction in the parental B16-OVA tumors (Figures 1B-1D). To
further investigate whether USP22 deficiency could directly induce
T cell-killing resistance, B16-OVA or B16-OVA-USP22™!! cells
were co-cultured with OT-I'T cells in vitro. Consistent with the in vivo
phenotype, B16-OVA-USP22™" cells were resistant to OT-1 T cell-
mediated killing in vitro (Figures 1E and S2). These data collectively
suggested that USP22 directly affected the efficiency of T cell-mediated
killing of tumor cells.

USP22 overexpression sensitized B16-OVA to T cell-mediated
killing

The results described above demonstrated that USP22 loss-of-function
in tumor cells induced resistance to T cell-mediated killing. Accord-
ingly, we wondered whether USP22 gain-of-function would enhance
the sensitivity of tumor cells to T cell-mediated cytotoxicity. To inves-
tigate this, we established USP22-overexpressing B16-OVA mono-
clonal stable cell lines. Compared with the parental B16-OVA cell
line, the mRNA and protein expressional levels of USP22 were signif-
icantly higher in the two clones B16-OVA-USP22™¢" #1 and Bl6-
OVA-USP22"8" #16 (Figure S3). We then tested the efficacy of adop-
tively transferred OT-IT cells into B16-OV A and B16-OV A-USP22"i&"
tumor-bearing mice. The adoptive transfer of OT-IT cells significantly
repressed tumor growth under conditions of both wild-type (WT)
expression and overexpression of USP22 (Figures 2A-2C).

To further dissect whether USP22 overexpression could directly
induce T cell-killing resistance, B16-OVA and B16-OVA-USP22Mish
cells were co-cultured with OT-I T cells in vitro. Consistent with
the in vivo phenotype, B16-OVA-USP22M8" cells were more sensitive
to OT-I T cell-mediated killing in vitro compared to WT B16-OVA
(Figure 2D). These results demonstrated that USP22 expression in tu-
mor cells directly enhanced their sensitivity to T cell cytotoxicity.

Global RNA sequencing revealed that USP22 activity was
associated with the IFN signaling pathway

To assess the genetic mechanisms underlying the functional proper-
ties of USP22 knockout and overexpression in B16-OVA tumor cells,
we compared the gene expression profiles with that of WT B16-OVA
using whole-exome sequencing. We observed opposing gene expres-
sion patterns in the USP22 knockout and overexpressing B16-OVA
cells for the differentially expressed genes (Figure 3A; Table S2).
These differences correlated well with the distinct T cell-killing resis-
tance phenotypes of B16-OVA-USP22™" and B16-OVA-USP22"¢"
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Figure 1. Identification of USP22 as a potential candidate regulator of tumor cell resistance to T cell killing

(A) Workflow of CRISPR-Cas9-based screening of potential genes associated with B16-OVA resistance to T cell killing. (B and C) Wild-type (WT) C57BL/6 mice (n = 6/group)
were subcutaneously inoculated with B16-OVA, B16-OVA-USP22™" #1-8 (B), or B16-OVA-USP22™" #1-9 (C) cells; OT-I T cells were then administered on days 12 and 15
post-tumor-inoculation. Tumor size was measured twice a week. Data represent means + SEM. (D) The relative tumor volume (the ratio of tumor volumes of OT-I T cell-
treated groups compared to that of the control group) for engrafted B16-OVA cells, B16-OVA-USP22™" #1-8 cells, and B16-OVA-USP22™" #1-9 cells on day 27 post-
transplantation are shown. (E) B16-OVA or B16-OVA-USP22™!" #1-8 cells were cultured in vitro alone or with OT-I T cells for 3 days. The remaining tumor cells resistant to
OT-I killing were quantified by counting the trypan-blue-negative cells (left panel). The relative in vitro killing efficiency (ratio of remaining tumor cells in the presence of OT-|
T cells compared to that in the absence of OT-I T cells) is shown in the right panel. Data are shown as the mean + SEM (B and C) or mean + SD (D and E). *p < 0.05,

ek,

cells. Using volcano plot analyses, we determined that multiple IFN-
related genes were upregulated when USP22 was overexpressed
(Figure 3B; Table S2). To further confirm this finding, we analyzed
the gene expression levels of 11 representative IFN-related genes by
quantitative polymerase chain reaction (qQPCR). The expression level
of all the genes was increased in the B16-OVA-USP22"¢" cells and
decreased in the B16-OVA-USP22™" cells (Figure 3C). Furthermore,
we observed similar positive correlation between the expression of
USP22 and key molecules (IFNGR1, IFNGR2, JAK1, JAK2, and
STAT]1) of the IFN signaling pathway in primary human skin cuta-
neous melanoma patients (Figure 3D). These results suggested that
USP22 positively regulated the IFN-related pathway. To investigate
whether USP22 could enhance the activation strength of the IFN
signaling pathway, we compared the levels of phosphorylation of
STATTI, a key indicator of IFN-JAK-STAT activation.”® Following
IFNy stimulation, phosphorylation of STAT1 increased in B16-
OVA-USP22™€" cells and decreased in B16-OVA-USP22™" cells.
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p < 0.001. Representative results of one from two (B-D) or five (E) repeated experiments are shown.

We also observed a background level of STAT1 phosphorylation
in B16-OVA cells overexpressing USP22 (Figure 3E). These data
demonstrated that USP22 was able to regulate the IFN-related
pathway, which might have further impaired the sensitivity of the
tumor cells to T cell-mediated killing.

T cell-killing resistance mediated by USP22 deficiency was
dependent on JAK1

We showed above that USP22 could sufficiently enhance the sensitivity
of the IFN signaling pathway. However, it remained unclear whether
this regulation was necessary for USP22-mediated resistance to T cell
killing. To investigate this, we disrupted the IFN pathway by knocking
out JAK1 expression in USP22-deficient and -overexpressing B16-
OVA cells. The Jakl deficiency was confirmed by non-induced PD-
L1 expression after IFNvy stimulation (Figure S4), similar to previous
studies.” These cell lines were then co-cultured with OT-I T cells,
and the efficiency of T cell killing was compared. B16-OVA-JAK1™",
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Figure 2. USP22 overexpression sensitized B16-
OVA to T cell-mediated killing

(A and B) C57BL/6 mice (n = 6/group) were subcutane-
ously inoculated with B16-OVA, B16-OVA-USP22"" #1
(A), or B16-OVA-USP22"9" #16 (B) cells followed by OT-
T cells being administered on days 7 and 10 post-tumor-
inoculation. Tumor sizes were measured twice a week.
Data represent means + SEM. (C) The relative tumor vol-
ume for engrafted B16-OVA cells, B16-OVA-USP22"9M41
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B16-OVA-USP22™! and B16-OVA-JAK1™MUSP22™" cells exhibited
a similar resistant phenotype to OT-I T cell-mediated killing (Fig-
ure 4A). When the Jakl knockout was introduced into B16-OVA-
USP22"8" cells, the enhanced sensitivity to OT-I T cell-mediated
killing caused by USP22 was abolished (Figure 4A).

We also compared the sensitivity of these cell lines to IFNy treatment
in vitro. We observed that B16-OVA-JAK1™, B16-OVA-USP22™!,
and B16-OVA-JAK1™ USP22™ cells exhibited similar resistant
phenotype to IFNy-mediated killing (Figure 4B), while Jak1 knockout
abolished the sensitivity to IFNy in B16-OVA-USP22"" cells. (Fig-
ure 4B). To determine whether JAK1 could affect downstream signal
activation following IFNy stimulation, we analyzed major histocom-
patibility complex (MHC)-I expression by flow cytometry and the
expression of representative downstream genes by qPCR (Figures
4C and 4D). Overexpression of USP22 resulted in upregulated expres-
sion of these genes, while Jakl knockout abolished this expression
enhancement (Figures 4C and 4D). Furthermore, we observed similar
positive correlation between the expression of USP22 and the compo-
nents of the MHC-I complex, such as B2 m, human leukocyte antigen
(HLA) -A, HLA-B, HLA-C, HLA-E, HLA-F, and HLA-G in primary
human skin cutaneous melanoma patients (Figure S5). Consistent
with the in vitro observations, B16-OVA-USP22"¢" JAK1™! tumor
cells were resistant to treatment by the adoptive transfer of OT-I
T cells, while B16-OVA-USP22M8" tumor cells were sensitive to the
same treatment (Figures 4E and S6). Taken together, these data
demonstrated that the regulation of USP22 on T cell-killing sensi-
tivity was dependent on a JAKI-related signaling pathway.

Days after tumor inoculation

cells, and B16-OVA-USP22"9" #16 cells on day 17 (A) and
19 (B) post-transplantation are shown. (D) B16-OVA or
B16-OVA-USP22"9" cells were cultured in vitro alone or
with OT-I T cells for 2 days. The remaining tumor cells
resistant to OT-I killing were quantified by counting trypan-
blue-negative cells (left panel). The relative in vitro killing
efficiency (ratio of remaining tumor cells in the presence of
OT-IT cells compared to that in the absence of OT-I T cells
is shown in the right panel. Data are shown as the
mean + SEM (A and B) or mean + SD (Cand D) . *p < 0.05,
**p < 0.01, **p < 0.001. Representative results of one
from two (A and B) or five (D) repeated experiments are
shown.
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USP22 regulated the IFN signaling pathway

mainly through STAT1

Since USP22 is a nuclear protein, it was possible

that USP22 achieved its regulatory function by
interaction with nuclear transcriptional factors. The phosphorylation,
dimerization, and nuclear translocation of STATSs are critical steps
during IFN signal activation."”*' We wondered whether STATs
were necessary for USP22-mediated resistance to the T cell killing.
In IFNY signaling, the mainly active STAT is STAT1 but there is
weakly active STAT3.”>** To investigate this, we evaluated whether
pharmaceutical inhibition of STAT1 and STAT3 would affect the
function of USP22. We used previously determined MHC-I expres-
sion as an applicable indicator of IFN activation.”*’ When exogenous
IFNY was present, the STAT1-specific inhibitor fludarabine dramat-
ically reduced MHC-I expression in all three cell lines, suggesting a
potent blocking effect on STAT1 activation. When exogenous IFNy
was absent, fludarabine significantly reduced the elevated expression
levels of MHC-I in B16-OVA-USP22"" cells but had little effect on
the reduction of MHC-I expression in B16-OVA-USP22™" cells (Fig-
ures 5A and 5C). The STAT3-specific inhibitor niclosamide was also
evaluated under the same experimental conditions. Interestingly, the
STATS3 inhibitor had less inhibitory effect on USP22-regulated MHC-
I expression compared with STAT1 inhibitor (Figures 5B and 5C). To
evaluate the influence of STAT1 and STAT3 on USP22 regulation of
global IFN-related gene activation in B16-OVA-USP22"" cells, we
used qPCR to compare the expressional levels of these genes when
STATI or STAT3 was blocked by their respective specific inhibitors.
Fludarabine treatment reduced the mRNA expression of representa-
tive genes (ISG15, IRFI1, IRF7, GBP3, BST2, IF127, and IFI44) (Fig-
ure 5D). However, niclosamide treatment only slightly reduced the
mRNA expression of GBP3, IRF1, and IRF7 (Figure S7). Most small
molecule inhibitors exist cross activities beyond the designed target,
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Figure 3. Global RNA sequencing revealed that USP22 activity was associated with the interferon signaling pathway

(A) Heatmap of unsupervised clustering analysis of the scaled log2-fold changes of gene expression in B16-OVA, B16-OVA-USP22™" and B16-OVA-USP22"9" cells. The
cluster of heatmaps is to gather genes with similar expression patterns and display them in different color columns on the left. (B) Volcano plot of RNA-seq data of B16-OVA-
USP22"™" and B16-OVA-USP22"9" cells. The red point (fold change > 2.0, p < 0.05) and blue point (fold change < —2.0, p < 0.05) in the plot represent statistically significant
differentially expressed mRNA. (C) Quantitative PCR validation of the 11 indicated differentially expressed representative genes. (D) The correlations between USP22 and
IFNYy signaling pathway molecules (IFNGR1, IFNGR2, JAK1, JAK2, and STAT1) in 103 primary human skin cutaneous melanoma patients. (E) Phosphorylation of STATT in
B16-OVA, B16-OVA-USP22™" and B16-OVA-USP22"" cells in the absence or presence of IFNYy. Protein expression levels were analyzed by western blot (left panel). The
relative expression of p-STAT1 was quantified relative to the expression of GAPDH (right panel). Data are shown as the mean + SD. *p < 0.05, **p < 0.01, **p < 0.001.

Representative results of one from two (C) or five (D) repeated experiments are shown.

and it is reported that fludarabine can competitively inhibit DNA syn-
thesis through its metabolic active form 2F-ara-ATP.** To exclude the
possibility of cross activity of fludarabine, we established Statl and
Stat3 knockout in USP22-deficient or -overexpressed B16-OVA cell
lines: B16-OVA-STAT1™, B16-OVA-STAT3™', B16-OVA-
USP22Meh STAT1™!, and B16-OVA-USP22M8" STAT3™! cells (Fig-
ure 5E). Using previously established MHC-I expression as a readout,
we compared the sensitivity of these cell lines to IFNYy treatment.
When the Stat1 knockout was introduced into B16-OVA-USP22™¢"
cells, the enhanced expression of MHC-I by USP22 was abolished
(Figure 5F). However, the deficiency of Stat3 has less effect on
reducing the enhanced MHC-I expression in B16-OVA-USP22"e"
cells compared with Statl deficiency (Figure 5F). Similarly, we
compared the sensitivity of Stat]l and Stat3 knockout cells to IFNy-

2112 Molecular Therapy Vol. 29 No 6 June 2021

mediated cytotoxicity effect. Consistent with the MHC-I expression
pattern, deficiency of Statl, not Stat3, abolished USP22 overexpres-
sion-mediated super sensitivity to IFNy in B16-OVA-USP22"" cells
(Figure 5G). These data suggest that STAT1 was the dominant down-
stream transcription factor regulated by USP22.

USP22 enhanced the stability of STAT1 via deubiquitination

USP22 is a member of the USP family and is able to deubiquitinate
target proteins, which may antagonize ubiquitin-mediated prote-
olysis.”**>*® It has been reported that USP22 is able to deubi-
quitinate SIRT1 and improves its stability."* We hypothesized that
USP22 could regulate the activity of STAT1 through a similar
mechanism. To test this hypothesis, we first compared the protein
expression levels of STATI in B16-OVA, B16-OVA-USP22™"" and
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Figure 4. T cell-killing resistance mediated by USP22 deficiency was dependent on JAK1

(Aand B) The parental B16-OVA cells or derived cells indicated were co-cultured with OT-I T cells (A) or stimulated with IFNy (B) for 3 days. The remaining tumor cells resistant
to OT-I killing or IFNy were quantified by counting trypan-blue-negative cells. (C) As in (B), the expression levels of MHC-I in the indicated cells were analyzed by flow cy-
tometry. (D) Quantitative PCR gene expression analysis of the nine indicated representative IFN pathway-related genes in B16-OVA-USP22"" cells, B16-OVA-USP22"9"
JAK1" #11 cells, or B16-OVA-USP22M" JAK1™! #29 cells. (E) WT C57BL/6 mice (n = 6/group) were subcutaneously inoculated with B16-OVA-USP22"" celis or B16-
OVA-USP22Meh JAK1™! 429 cells. OT-I T cells were then administered on days 7 and 10 post-engraft. Tumor sizes were measured twice a week. Data were shown as the

mean = SD (A-D) or mean + SEM (E).

B16-OVA-USP22"8" cells. As expected, we observed a positive corre-
lation between USP22 protein expression and STAT1 protein expres-
sion. The protein expression levels of STAT1 were highest in B16-
OVA-USP22"¢" cells and lowest in B16-OVA-USP22™! cells (Fig-
ure 6A). This suggested the possibility of STAT1 deubiquitination
by USP22. Therefore, we then evaluated whether USP22 could
interact with STAT1, which would be the initial step required for deu-
biquitination. By immunoprecipitating STAT1 in co-immunoprecip-
itation (coIP) assays, we found that both ectopically expressed
USP22-Flag and endogenous USP22 were able to interact with
STAT1-Myc (Figure 6B). To confirm these results, we performed
colP assays in which we precipitated USP22. These assays confirmed
the observed interactions between USP22-Flag and STATI1-Myc
(Figure 6C).

We then tested whether USP22 was able to affect the ubiquitination of
STATI1. We co-expressed USP22 and ubiquitin with STAT1 in Lenti-
X 293 cells and compared the ubiquitination levels of immunoprecip-
itated STAT1. When USP22 was overexpressed, the ubiquitination
level of STAT1 was dramatically reduced (Figure 6D). To further

*p < 0.05, ***p < 0.001. Representative results of one from three (A-C) or two (D and E) repeated experiments are shown.

extend this finding, we immunoprecipitated USP22-Flag and incu-
bated it with polyubiquitinated Myc-STAT1 in an in vitro deubiqui-
tination assay. We found that USP22 significantly reduced STAT1
ubiquitination (Figure 6E) in vitro. We also observed similar interac-
tion and deubiquitination of STAT3 by USP22 (Figure S8). To
directly test the role of USP22 on STAT1 and STAT3 clearance, we
performed cycloheximide (CHX) chase analysis. When protein syn-
thesis was inhibited by CHX, overexpression of USP22 in BI16-
OVA cells reduced the rate of clearance of endogenous STAT1 and
STAT3 (Figure 6F). These data suggest that USP22 could directly
deubiquitinate STAT1 and STATS3 to avoid ubiquitin-mediated pro-
teolysis and enhance the activation of IFNYy stimulation.

Human USP22 enhanced the function STAT1 through a similar
deubiquitination mechanism

We have observed specific deubiquitination of STAT1 by USP22 in
the mouse melanoma cell B16-OV A, which results in enhanced sensi-
tivity to IFNYy stimulation. We wondered whether this mechanism
could be applicable to human melanoma cells. To test this hypothesis,
we first established USP22-deficient and -overexpressed human
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Figure 5. USP22 regulated the IFNy signaling pathway mainly through STAT1

(A) Expression levels of MHC-I in B1 6-OVA-USP22"! or B16-OVA-USP22"9" in the absence or presence of STAT1 inhibitor fludarabine as analyzed by flow cytometry. (B)
Expression levels of MHC-I in B16-OVA-USP22™" or B16-OVA-USP22"9" in the absence or presence of STATS inhibitor niclosamide as analyzed by flow cytometry. (C)
Relative expression of MHC-I in (A) and (B). (D) Quantitative PCR gene expression analysis of the indicated representative IFN-related genes in B1 6-OVA-USP2"9" cells in the
presence or absence of fludarabine. (E) The expression of STAT1, STAT3, and GAPDH in indicated B16-OVA and B16-OVA-derived cells were analyzed by western blot. (F)
Expression levels of MHC-I in indicated B16-OVA-derived cells in the absence or presence of IFNy were analyzed by flow cytometry. (G) The indicated B16-OVA and B16-
OVA-derived cells were stimulated with IFNy for 3 days. The remaining tumor cells resistant to IFN'y were quantified by counting trypan-blue-negative cells. Data were shown
as the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Representative results of one from two repeated experiments are shown (A-G).

melanoma cell line Mel-624."” Interestingly, we observed a stronger
positive correlation of USP22 expression and phosphorylation of
STAT1 in human melanoma cell Mel-624 than mouse melanoma
cell B16-OVA (Figures 3E and 7A). We then compared IFNYy-
induced the HLA-B2M complex expression in USP22-knockout
and -overexpression Mel-624 cell lines. The knockout of USP22
completely abolished the HLA-2 m complex expression in human
melanoma cells (Figures 7B and S9). Furthermore, IFNvy-induced
cytotoxicity was greatly enhanced in Mel-624-USP22"¢" cells, while
Mel-624-USP22™"! cells showed a resistant phenotype to IFNy-
induced cytotoxicity (Figure 7C). We wondered whether USP22
could directly interact with and impair the stability of human
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STATI. As expected, we observed a positive correlation between
USP22 protein expression and STAT1 protein expression in Mel-
624, Mel-624-USP22™! and Mel-624-USP22"" cells. The protein
expression levels of STAT1 were the highest in Mel-624-USP22"¢"
cells and lowest in Mel-624-USP22™! cells (Figure 7D). We then
evaluated whether human USP22 could interact with STAT1 and
deubiquitinate STAT1. By immunoprecipitating STAT1 in coIP as-
says, we found that ectopically expressed human USP22-Flag was
able to interact with human STAT1-Myc (Figure 7E). We co-ex-
pressed ubiquitin with USP22 and STAT1 in the coIP assay and
compared the ubiquitination levels of immunoprecipitated STATI.
When USP22 was overexpressed, the ubiquitination level of STAT1
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Figure 6. USP22 enhanced the stability of STAT1 through deubiquitination

(A) The expression levels of STAT1 and GAPDH in B16-OVA, B16-OVA-USP22™" and B16-OVA-USP22"9" cells were analyzed by western blot (left panel). The relative
expression levels of STAT1 were quantified as the ratio of STAT1 to GAPDH (right panel). (B and C) Lenti-X 293 cells were co-transfected with the indicated STAT1-Myc and
USP22-Flag plasmids (left panel) or transfected with only STAT1-Myc plasmid (right panel). Cell lysates were immunoprecipitated using an anti-Myc Ab (B) or anti-Flag Ab (C)
and immunoblotted using anti-Myc, anti-STAT1, and anti-USP22 Abs. (D) Lenti-X 293 cells were co-transfected with the indicated STAT1-Myc, hemagglutinin (HA)-Ub, and
USP22-Flag plasmids. Cell lysates were immunoprecipitated using an anti-Myc Ab and immunoblotted with indicated antibodies. (E) Ubiquitinated STAT1 or USP22 were
immunoprecipitated from Lenti-X 293 cells co-transfected with STAT1-Myc and HA-Ub plasmids or Lenti-X 293 cells transfected with USP22. The ubiquitinated STAT1 was
then incubated in vitro with USP22 in deubiquitination assay buffer for 20 h. The level of STAT1 ubiquitination was analyzed by western blot. (F) STAT1 and STAT3 clearance
after CHX treatment (100 pg/mL) in B16-OVA and B16-OVA-USP22"" cells were analyzed by western blot. Representative results of one from three (A-E) repeated ex-

periments are shown.

was dramatically reduced (Figure 7E). We also observed decreased
STAT]1 expression due to knockdown of USP22 in two other human
melanoma cell lines: A875 and SK-MEL-1 cells (Figure $10).484
Collectively, both mouse and human USP22 could directly deubiqui-
tinate STAT1 to avoid ubiquitin-mediated proteolysis and enhance
the activation of IFNYy stimulation.

DISCUSSION

Mutations widely exist in tumor cells and are driving factors of tumor
development and the eventually formation of the hallmarks of can-
cers.””>* One such hallmark is the avoidance of T cell-mediated
killing, which is critical for immune escape in cancers. Cancer cells
use multiple mechanisms to achieve immune escape, including the

upregulation of immune checkpoint ligand PD-L1 and inhibition of
the antigen-presenting machinery.”>® Currently, immune check-
point blockade therapies are effective in only a small portion of
patients.>” The mechanism of immune therapeutic resistance still re-
mains unclear. In this study, we used pooled loss-of-function genetic
screens to identify genes regulating tumor cell sensitivity to T cell-
mediated killing.”” We found that suppression of USP22 expression
in tumor cells markedly reduced the cytotoxic effects mediated by
T cells. In contrast, overexpression of USP22 increased the sensitivity
of T cell-mediated killing. We further observed that USP22 enhanced
the sensitivity of tumor cells to the key T cell effect cytokine IFNYy.
Mechanically, USP22 was able to interact with STAT1 and deubiqui-
tinate it in order to improve its stability. The improved stability of
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Figure 7. Human USP22 enhanced the function STAT1 through similar deubiquitination mechanism

(A) Phosphorylation of STATT in Mel-624, Mel-624-USP22™" and Mel-624-USP22"9" cells in the absence or presence of IFNy. Protein expression levels were analyzed by
western blot. (B) Expression levels of HLA-B2 m complex in Mel-624-USP22"" or Mel-624-USP22"9" with the absence or presence of IFNy were analyzed by flow cytometry.
(C) The parental Mel-624 cells or derived cells were stimulated with IFNy for 3 days. The remaining tumor cells resistant to IFNy were quantified by counting trypan-blue-
negative cells. (D) The expression levels of STAT1 and GAPDH in Mel-624, Mel-624-USP22™", and Mel-624-USP22"9" cells were analyzed by western blot. (E) Lenti-X 293
cells were co-transfected with the indicated human STAT1-Myc, HA-Ub, and human USP22-Flag plasmids. Cell lysates were immunoprecipitated using an anti-Myc Ab and
immunoblotted with indicated antibodies. (F) Proposed model of how USP22 regulates IFNGR/JAK1/STAT1 signaling pathways through deubiquitinating STAT1 in mela-
noma cells. T cell-released IFNy transduces its activation signals through binding with receptors IFNGR1 and IFNGR2 on melanoma cells, which leads to the recruitment and
activation of JAK1 and JAK2. Upon phosphorylation by JAK1, pSTAT1 homodimers then translocate to the nucleus, where they bind to specific promoter elements and
modulate the transcription of IFN-regulated genes including ISGs, GBPs, MHC-I, and PD-L 1. Upregulation of MHC-I complex sensitizes melanoma cells to T cell-mediated
killing. USP22 can deubiquitinate STAT-1, which decreases proteasome-mediated degradation of STAT1. By this mechanism, USP22 enhances the sensitivity of the JAK-
STAT signaling pathway. When USP22 is deficient in melanoma cells, more STAT1 is degraded, IFNy-mediated signal activation is compromised, and melanoma cells are
resistant to T cell-mediated killing. Data are shown as the mean + SD. *p < 0.05, ***p < 0.001. Representative results of one from three (A-E) repeated experiments are shown.

STATI increased the sensitivity of the IFNy-JAK1-STAT]1 signaling
pathway (Figure 7F). Our study revealed an undiscovered and essen-
tial role of USP22 in tumor cell immune escape from T cells by modu-
lating the IFNY-JAK1-STAT]1 signaling pathway in target tumor cells.

Previous research regarding USP22 has focused on its tumor-promot-
ing capabilities through the deubiquitination of target proteins. For
instance, USP22 is able to antagonize p53 transcriptional activation
by stabilizing SIRT1 and reducing apoptosis.'” USP22 can also pro-
mote cell proliferation and tumorigenesis in colon cancer by deubi-
quitinating CCNB1** and promote tumorigenesis in glioblastoma
by deubiquitinating KDM1A.** USP22, as a subunit of the SAGA
complex, is able to deubiquitinate histone H2B and regulate Myc-acti-
vated transformation.'” It is possible that USP22 regulates the stabil-
ity of STAT1 through the SAGA complex. To test this possibility, we
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established two SAGA complex component (general control tran-
scription factor [GCN] 5 and TATA-box binding protein associated
factor [TAF] 9) knockout/knockdown B16-OVA melanoma cells
and evaluated the JAK1-STAT]1 pathway signature in these cells. As
opposed to B16-OVA-USP22™" cells, we observed increased expres-
sion of STAT1 in these cells (Figure S11). It suggested that USP22-
mediated STAT1 stabilization is not dependent on SAGA complex.
In addition to these intrinsic tumor mechanisms, we also showed
that USP22 was able to regulate the JAK1-STAT1 signaling pathway,
which contributed to the immune escape from T cells. This is consis-
tent with recent studies that revealed an important role for the IFN-
JAKI-STAT1 signal in regulating immune therapy resistance. It has
been reported that Jakl/2 mutations are related to immunotherapy
resistance,””” and studies have described multiple important regula-
tors of the IFN-JAK1-STATI signaling pathway, including PTPN2,
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APLNR, and LILRB4.>°*°° Qur current study identifies USP22 as a
positive regulator of the IFN-JAK1-STAT1 pathway through the deu-
biquitination of STAT1. It will be interesting to investigate whether
other deubiquitinating enzymes are able to modify the IFN-JAK1-
STAT]I signaling pathway, which may provide potential therapeutic
targets for enhancing the efficacy of T cell-based immunotherapy.
While we were preparing our manuscript, Huang et al.*’ and Cai
et al.*’ reported that USP22 is able to directly deubiquitinate PD-L1
and KPNA2 to improve their stability, both of which are related to
IFN pathway. Based on our observation, USP22 can directly deubi-
quitinate STAT1, which suggests that USP22 can regulate the IFN
pathway at multiple levels.

Our data also indicate that USP22 deficiency could decrease the
expression of MHC-I (Figures 4C, 7B, and S9). Since MHC-I-peptide
complex is the first signal for T cell activation and important inhibitory
ligand for natural killer (NK) cells, USP22 deficiency will affect the
anti-tumor immunity through both T cell and NK cells. In USP22-
deficient tumor cells, the expression of MHC-I is low, which may
lead to activation of NK cells. Indeed, we observed increased activation
of NK cells in B16-OVA-USP22"™""! tumor microenvironment than in
parental B16-OVA. In addition, NK92 cells produced more IFNy
when co-cultured with Mel-624-USP22™" than parental M624 cells
(Figure S12). These data highlighted the complicated role of USP22
in regulating anti-tumor immune responses. It will be interesting to
investigate the USP22-mediated dynamic impact on NK cells and
T cell in different tumor development stages in the future.

Recent studies have also shown that the T cell effect cytokine IFNy
exerts an anti-tumor effect by causing endothelial cells of blood ves-
sels to reduce angiogenesis in the tumor stroma.®’ Given our finding
that USP22 regulates the IFN signaling pathway in tumor cells, it is
possible that USP22 stabilizes STAT1 to augment the IFNy response
to angiogenesis in endothelial cells and ultimately enhance the anti-
tumor activity mediated by T cells. It will be interesting to investigate
USP22 expression and function on tumor blood vessels and stromal
cells in future studies. Type II and type I IFN pathways share
STATI as a common transcriptional factor. Therefore, USP22 could
theoretically also regulate the type I IFN signaling pathway. In addi-
tion to tumor cells and stroma cells, the type I IFN pathway has been
shown to play a critical regulatory role in multiple types of immune
cells. Type I IFN could activate dendritic cell (DC) and macrophage
to promote antigen presentation.>®> Type I IFN is able to directly
activate both NK and T cells to enhance their cytotoxic abilities.®”
Further studies on the role of USP22 in these immune cells will pro-
vide a deeper, more comprehensive understanding of USP22 in the
tumor microenvironment.

Functional genomic approaches utilizing whole-genome editing stra-
tegies have been used to identify genes required by tumor cells for es-
tablishing the cancer hallmarks of growth, metastasis, drug resistance,
and immune escape.”**"* Our study also took advantage of this
approach to investigate the interaction of tumor cells with tumor-spe-
cific T cells. Our studies revealed that the tumor stem feature-related

gene USP22 modified the sensitivity of tumor cells to T cell killing by
regulating the IFN-JAK1-STAT1 signaling pathway. Our results
defined a dual regulatory role of USP22 for both the tumor itself
and the surrounding immune system. The careful evaluation of
similar regulatory genes in both tumor cells and immune cells may
lead to the development of potent anti-cancer drugs. We believe
that this screening approach can be broadly applied to the systematic
identification of novel mechanisms involved in immune escape and
will be beneficial in the development of new drugs to circumvent these
escape mechanisms.

MATERIALS AND METHODS

Mice

OT-I-Tg mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). 6- to 9-week-old female C57BL/6 mice were pur-
chased from Beijing Charles River Laboratory Animal Technology
(Beijing, China). All mice were maintained under specific path-
ogen-free conditions. Animal care and use were carried out in accor-
dance with institutional and National Institutes of Health protocols
and guidelines, and all studies were approved by the Animal Care
and Use Committee of Shanghai Jiao Tong University.

Cell lines and reagents

Lenti-X 293 cells were purchased from Clontech. B16-OVA cells
were provided by Hans Schreiber (University of Chicago). Mel-624
cells were established by the Surgery Branch, NCI, as previously
described.”® A875 and SK-MEL-1 cells were purchased from Procell
Life Science &Technology. NK92 cells were purchased from the
American Type Culture Collection. B16-OVA-USP22™¢" cells were
generated by infection of the cells with lentivirus expressing
mouse USP22. B16-OVA-USP22™ B16-OVA-JAK1™, B16-OVA-
JAK1™ USP22™", B16-OVA-STAT1™", B16-OVA-STAT3"", B16-
OVA-USP22"¢" STAT1™, and B16-OVA-USP22"¢" STAT3™"
cells were generated by infection of parental B16-OVA or Bl16-
OVA-USP22"#" cells with lentivirus expressing Cas9 and sgRNA spe-
cific for USP22, Jakl, Statl, or Stat3. All stable cell lines were cloned
by limited dilution. Mel-624-derived tumor cells were generated simi-
larly to B16-OV A-derived cells. All cells were cultured at 37°C under
5% CO,. Lenti-X 293, B16-OVA cells, and their derivatives were
cultured in Dulbecco’s modified Eagle’s medium (DMEM). A875
and SK-MEL-1 cells were cultured in MEMa medium. NK92 and
OT-I T cells from OT-I-Tg mice were cultured in RPMI 1640 me-
dium. All culture media were supplemented with 10% heat-inacti-
vated fetal bovine serum (Gibco, Grand Island, NY, USA), 2 mmol/L
L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin.
The sgRNA and short hairpin RNA (shRNA) sequences are listed
in Table S3.

Screening of genes related to T cell resistance

The B16-OV A cell line was infected with the lentiviral mouse CRISPR
KO (GeCKO) v2.0 pooled library.”” Equal number of pooled GeCKO-
B16-OVA cells and OT-I T cells were then subcutaneously injected
into the right flank of mice . One month later, the mice were sacri-
ficed, the tumors removed and digested, and the dissociated tumor

Molecular Therapy Vol. 29 No 6 June 2021 2117


http://www.moleculartherapy.org

cells cultured. Genomic DNA was isolated from the cultured cells us-
ing an E.ZN.A. tissue DNA kit I (Omega Bio-tek). The integrated
sgRNA cassette was PCR amplified and sequenced by Genewiz (Suz-
hou, China) using next-generation sequencing (NGS).

Cell proliferation analysis in vitro

Cell viability was measured using the Cell Counting Kit-8 (CCK-8)
assay. Cells were seeded into 96-well plates at a density of 3 x 10°
cells/well and placed in an incubator until the cells grew to conflu-
ence. Each cell has four replicates in each condition. Subsequently,
10 puL of CCK-8 solution was added at different time points (24, 48,
and 72 h), and the samples were incubated at 37°C for 90 min. The
absorbance value of each well was measured at 450 nm using a micro-
plate reader. We also counted the number of tumor cells at different
conditions 72 h later to explore the cell proliferation.

Tumor growth and treatments

Approximately 5 x 10° cells of B16-OVA, B16-OVA-USP22™"
#1-8, B16-OVA-USP22™! #1-9, B16-OVA-USP22"&" #1, Bl6-
OVA-USp22 high #16, or other indicated derivatives were subcutane-
ously injected on the right flank of C57BL/6 mice. Splenocytes from
OT-I-Tg mice were intratumorally injected when tumor was palpable
with the volumes between 40 mm? and 60 mm?>. Tumor volumes were
measured along three orthogonal axes (a, b, and ¢) and tumor vol-
umes calculated using the equation (a X b x ¢)/2.

Western blotting and colP

B16-OVA cells and their derivatives were untreated or treated with
IFNYy for 30 min and lysed in 1x radioimmunoprecipitation assay
(RIPA) lysis buffer containing 1x protease inhibitor cocktail, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 mM sodium orthovana-
date. In CHX-chase analysis, B16-OVA and B16-OVA-USP22"¢" cells
were treated with 100 pg/mL of CHX for 0, 2,4, or 8 h,and STAT1 and
STATS3 expression in total cell lysate was analyzed by western blotting.
Western blotting was performed as previously described.*

Lenti-X 293 cells in 6-well plates were transfected with the indicated
plasmids. At 60 h post-transfection, cells were lysed with 500 pL of
immunoprecipitation buffer (50 mM HEPES [pH 7.3]; 50 mM
NaCl; 1% Triton X-100; 10% glycerol; 5 mM EDTA) supplemented
with 1x protease inhibitor cocktail, 1 mM PMSF, and 1 mM sodium
orthovanadate. For immunoprecipitation, 1 pg of the indicated anti-
body was incubated with cell lysates for 4 h at 4°C. Then, 10 pL of
protein A-diamond agarose beads (Bestchrom) was added to the ly-
sates and incubated overnight on the roller. The protein A beads
were washed three times with immunoprecipitation buffer and boiled
in 2x sodium dodecyl sulfate (SDS) loading buffer. Western blotting
was performed as previously described.”’ The antibodies used for
immunoprecipitation and other reagents are listed in Table S4.

Analysis of gene expression correlation in human primary
melanoma patients

The correlation between USP22 and key molecules (IFNGRI,
IFNGR2, JAK1, JAK2, and STAT1) of the IFN signaling pathway in
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primary human skin cutaneous melanoma patients was analyzed by
Tumor Immune Estimation Resource (TIMER) (https://cistrome.
shinyapps.io/timer/).

qPCR

Total RNA was extracted using an E.Z.N.A. Total RNA Kit I (Omega
Bio-Tek). The RNA was reverse transcribed using ReverTra Ace
reverse transcriptase (Toyobo) and gene expression of the specified
genes quantified using KOD SYBR qPCR mix (Toyobo) according
to manufacturer’s instructions. The PCR primer sequences were listed
in Table S5.

Flow cytometric analysis

Single-cell suspensions of cells were incubated with anti-CD16/32
(anti-FcglII/II receptor, clone 2.4G2) for 10 min and then stained
with conjugated Abs indicated. All fluorescently labeled monoclonal
antibodies (mAbs) were purchased from Biolegend or eBioscience.
Samples were analyzed on a Cytoflex flow cytometer (Beckman
Coulter) and the data analyzed using Flow]Jo software V10 (TreeStar).

In vitro deubiquitination assays

Lenti-X 293 cells were co-transfected with HA-ubiquitin and Myc-
STAT]1 plasmids and Myc-tagged ubiquitinated STAT1 was immuno-
precipitated using an anti-Myc antibody. In parallel experiments, Flag-
USP22 was immunoprecipitated from USP22-transfected Lenti-X 293
cells using anti-Flag antibody. For in vitro deubiquitination assays,
ubiquitinated Myc-STAT1 was incubated with USP22-Flag in deubi-
quitination reaction buffer (50 mM HEPES [pH 7.5]; 100 mM NaCl;
5% glycerol; 5 mM MgCly; 1 mM ATP; and 1 mM DTT) at 30°C
for 20 h as previously described.”> The reaction mixtures were dena-
tured in SDS loading buffer, separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE), and analyzed by western blot.”' "

Statistical analysis

Data are expressed as means + standard error of the mean (SEM) or
standard deviation (SD). The data were compared using two-tailed
unpaired Student’s t test compared with two groups. When more
than two groups were analyzed, one-way ANOVA Tukey’s multiple
comparison test was performed. p values were calculated using
GraphPad Prism software (v5). Values were considered statistically
different when *p < 0.05, **p < 0.01, ***p < 0.001.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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