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Abstract: Cancer cells evade the immune system by expressing inhibitory immune checkpoint receptors such as 
ecto-5’-nucleotidase (NT5E), also known as CD73, which consequently suppress tumor neoantigen-specific immune 
response. Blockade of CD73 in mouse models of breast cancer showed a reduction in tumor growth and metasta-
sis. CD73 expression is elevated in a variety of human tumors including breast cancer. While the regulation of CD73 
expression at the transcriptional level has been well understood, the factors involved in regulating CD73 expression 
at the post-transcriptional level have not been identified. Herein, we discovered that the ubiquitin-specific peptidase 
22 (USP22), a deubiquitinase associated with poor prognosis and overexpressed in breast cancers, is a positive reg-
ulator for CD73. Targeted USP22 deletion resulted in a statistically significant reduction in CD73 protein expression. 
In contrast, CD73 mRNA expression levels were not reduced, but even slightly increased by USP22 deletion. Further 
analysis demonstrated that USP22 is a deubiquitinase that specifically interacts with and inhibits CD73 ubiquitina-
tion. Consequently, USP22 protects CD73 from ubiquitin-mediated proteasomal degradation in breast cancer cells. 
Targeted USP22 deletion, inhibits syngeneic breast cancer growth. Collectively, our study reveals USP22 as a posi-
tive regulator to promote CD73 expression in breast cancer and provides a rationale to target USP22 in antitumor 
immune therapy.
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Introduction

Aggressive cancers are particularly tough to 
treat because of their rapid growth, recruitment 
of suppressive cells, and upregulation of inhibi-
tory receptors [1]. CD73 is highly upregulated in 
many types of cancers; notably, its high expres-
sion is associated with metastasis and shorter 
patient survival time in breast cancer [2-5]. 
CD73 is a glycosylphosphatidylinositol linked 
cell surface dimeric enzyme, that converts ade-
nosine monophosphate (AMP) into immune 
suppressive adenosine [6-8]. The extracellular 
adenosine generated from the enzymatic activ-
ity of CD73 can bind to adenosine receptors A1, 
A2A, A2B, and A3 found on immune cells [9]. 
The A2A receptor on T cells inhibits their effec-
tor functions and recruits Regulatory T cells 
(Tregs) while also increasing their immunosup-

pressive abilities [10-12]. CD73 gene expres-
sion is regulated by multiple pathways including 
cytokines, such as TGF-β, and hypoxia through 
their downstream transcription factors includ-
ing SMADs 2-5 and hypoxia-inducible factor-1α 
(HIF-1α) [13]. It has been shown that post-trans-
lational modifications, including glycosylation 
and ADP-ribosylation, are involved in regulating 
CD73 cell surface expression [14, 15]. However, 
the potential involvement of the ubiquitin path-
way in the regulation of CD73 expression has 
not been identified. 

USP22 is one of the 11 “death by cancer genes” 
that is associated with poor prognosis [16] and 
is overexpressed in many types of cancers such 
as prostate and breast cancer [17]. USP22 
expression in breast cancer is correlated with 
disease aggressiveness and shorter patient 
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survival [17]. USP22 functions as a part of the 
deubiquitinating module of the spt-Ada-Gcn5 
acetyltransferase (SAGA) transcription co-acti-
vator complex, in which it removes ubiquitin 
from histones H2A and histone H2B leading to 
regulation of gene transcription [18-20]. We 

deletion of USP22 expression (Figure 1A). 
Interestingly, targeted deletion of USP22 in 4T1 
cells resulted in a significant reduction in CD73 
protein expression was analyzed by western 
blotting (Figure 1A). Flow cytometry analysis 
further confirmed the statistically significant 

Figure 1. USP22 KO reduces CD73 expression in breast cancer cells. (A) 
Using CRISPR CAS9 USP22 was deleted from 4T1-L2T cells as shown by 
western blot, the empty vector control is (EV) and USP22 KO is (KO). (B) RT-
qPCR of CD73 mRNA levels in EV and USP22 KO 4T1-L2T cells. (C) Flow rep-
resentative of EV (red) and USP22 KO (blue) 4T1-L2T cells. Mean fluorescent 
intensity (MFI) shows that USP22 KO cells have a significantly lower CD73 
MFI compared to EV. (D) CD73 MFI of EV and USP22 KO cells stimulated with 
increasing amounts of TGF-β. n=3-4, **P ≤ 0.01, Paired Student’s T-Test 
was used (B) (Mean ± SD). **P ≤ 0.01, Paired Student’s T-Test was used for 
(C) (Mean ± SEM). **P ≤ 0.01, ***P ≤ 0.001, Two-way ANOVA was used for 
(D) (Mean ± SEM). 

and others have demonstrat-
ed that USP22 regulates many 
proteins important for cell 
cycle progression such as 
p53, c-Myc, and cyclin B1 
which promotes tumor cell 
growth and survival [21-23]. 
More recently, it has been 
shown that USP22 promotes 
HER2-driven mammary carci-
noma aggressiveness by sup-
pressing the unfolded protein 
response [24]. In addition, 
recent studies have suggest-
ed that USP22 is involved in 
regulating tumor cell-intrinsic 
immune suppression [25, 26]. 

In this study, we identified 
USP22 as a deubiquitinase of 
CD73 in breast cancer cells. 
Deletion of USP22 expression 
by CRISPR in the mouse triple-
negative breast cancer cell 
line 4T1 resulted in a reduc-
tion of CD73 at the protein 
level. At the molecular level, 
USP22 functions as a CD73-
specific deubiquitinase to in- 
hibit CD73 ubiquitination and 
protect it from proteosome-
mediated degradation. Addi- 
tionally, USP22 KO tumors 
were smaller in size compared 
to the wild type. 

Results

Identification of USP22 as a 
positive regulator of CD73 in 
breast cancer cells

To determine the role of 
USP22 in breast cancer tu- 
morigenesis, we used the 
CRISPR approach to specifi-
cally delete USP22 in mouse 
4T1 breast cancer cells. We- 
stern blotting confirmed the 
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reduction in surface CD73 expression in USP22 
KO cells compared to empty vector (EV) control 
(Figure 1C). Real-time qPCR analysis demon-
strated that the mRNA levels were not 
decreased, but rather slightly but statistically 
significantly increased in USP22-null 4T1 cells 
(Figure 1B). It has been shown that TGF-β is 
involved in promoting CD73 expression, togeth-
er with the fact that USP22 has been shown as 
a positive regulator of TGF-β pathways in Tregs, 
we then reasoned whether USP22 is involved in 
promoting TGF-β-induced CD73 expression in 
breast cancer cells. Treatment of both EV and 
USP22 KO cells with increasing amounts of 
TGF-β, resulted in a similar increase in CD73 
MFI for both cell lines, but CD73 expression 
was still significantly lower for USP22 KO cells 
(Figure 1D), suggesting that USP22-mediated 
CD73 upregulation is independent of TGF-β 
pathways. Collectively, data indicates that 
USP22 suppression inhibits CD73 expression 
at the post-transcriptional level and that the 
slight increase in CD73 mRNA levels in USP22-
deficient breast cancer cells is possibly a con-
sequence of feedback response to CD73 pro-
tein reduction. 

USP22 is a deubiquitinase of CD73

Next, we sought to determine the molecular 
mechanism of how USP22 regulates CD73 pro-
tein expression. Since USP22 regulates CD73 
expression at the post-transcriptional level, we 
posed the possibility that USP22 may function 
as a deubiquitinase to protect CD73 from  
ubiquitination-mediated degradation. Indeed, 
USP22 interacted with CD73 in transiently 
transfected HEK 293T cells, because the  
MYC-tagged USP22 was detected in anti-FLAG 
immunoprecipitants of HEK 293T cells trans-
fected with both FLAG-CD73 and MYC-USP22 
(Figure 2A). Importantly, the endogenous 
USP22 and CD73 interaction were further con-
firmed in human breast cancer MDA-MB-231 
cells where CD73 protein was pulled down by 
anti-USP22 antibodies but not the normal rab-
bit IgG control (Figure 2B). 

A deubiquitinase often inhibits the ubiquitina-
tion of its interacting proteins. Therefore, we 
determined if USP22 expression inhibits CD73 
ubiquitination. As shown in (Figure 2C), CD73 
ubiquitination was strongly detected in HEK- 
293T cells because the anti-HA antibody 

detected a gradual shift of the CD73 molecular 
weight. Interestingly, when MYC-USP22 was co-
expressed CD73 ubiquitination was largely 
diminished (Figure 2C), clearly indicating that 
USP22 inhibits CD73 ubiquitination. To deter-
mine the functional consequence of USP22-
mediated suppression of CD73 ubiquitination, 
a pulse-chase experiment with cycloheximide 
was performed as reported [27]. The gradual 
degradation of CD73 along with cycloheximide 
treatment for different amounts of time in HEK 
293T cells was detected, and co-expression 
with MYC-USP22 significantly slowed down 
CD73 degradation (Figure 2D). To determine if 
USP22 was prolonging CD73 protein stability by 
protecting it from ubiquitin-mediated protea-
somal degradation, we treated USP22 KO  
4T1 cells with a proteasome-specific inhibitor 
MG132. Indeed, MG132 treatment rescued the 
surface expression of CD73 (Figure 2E), indi-
cating that USP22 influences the protein stabil-
ity of CD73 by protecting it from ubiquitin-medi-
ated proteasomal degradation. Collectively, our 
results indicate that USP22 is a CD73 deubiqui-
tinase in breast cancer cells. 

USP22 suppression results in a reduction in 
breast tumor growth

Since CD73 is an immune checkpoint involved 
in breast cancer evasion of antitumor immuni-
ty, our data that USP22 protects CD73 from 
ubiquitination-mediated proteasomal degrada-
tion, along with other studies demonstrating 
that USP22 regulates other proteins important 
for tumor growth, imply the possibility that 
USP22 suppression could reduce tumor bur-
den in breast cancer. We then used the 4T1 
syngeneic tumor model in BALB/c mice to test 
this hypothesis. EV and USP22 KO 4T1 cells 
were orthotopically injected into the mammary 
fat pad of female BALB/c mice. Mice were sac-
rificed 26 days later; tumors were harvested, 
and tumor-infiltrating leukocytes were analyzed 
(Figure 3A). Tumor mass is significantly smaller 
for USP22 KO tumors (Figure 3B), and the 
tumor volume is generally smaller for USP22 
KO tumors (Figure S1), implying that USP22 
suppression in 4T1 breast cancer cells inhibits 
tumor growth. While further analysis of the 
tumor infiltrated immune cells did not detect 
any statistical changes in CD4, CD8, and NK 
cells (Figure 3C), and no significant difference 
in B cells, macrophages, and myeloid cells 
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(Figure S2). A significant increase in IFN-γ pro-
ducing CD8 T cells was detected in intratumor-
al immune cells (Figure 3D), implying that 
USP22 suppression in tumor cells enhances 
CD8 T cell antitumor immunity. In addition to 
CD73, it has been shown that USP22 stabilizes 
PD-L1 in liver cancer cells. However, our data 
show that USP22 suppression did not affect 
PD-L1 expression levels in breast cancer cells 
as analyzed by western blotting and flow cytom-
etry (Figure S3A, S3B). Since it has been report-

ed that USP22 regulates PD-L1 expression in 
liver cancer cells [25], we then speculated the 
possibility that USP22 might regulates PD-L1 in 
a cell type-specific manner. Indeed, CRISPR-
mediated USP22 targeted deletion slightly 
reduced PD-L1 expression in MDA-MB-231 
human breast cancer cells but not in B16 mela-
noma and MC38 colon cancer cells (Figure 
S3C-E). Unexpectedly, in contrast to USP22 
suppression leading to CD73 reduction in vitro, 
this reduction in CD73 and PD-L1 expression 

Figure 2. USP22 functions as a deubiquitinase of CD73. (A) Transiently transfected HEK 293T cells with CD73 and 
USP22 expression plasmids as indicated. CD73 was immunoprecipitated and anti-FLAG and its binding with USP22 
was detected by anti-MYC Abs (top panel). The expression of USP22 and CD73 in the whole cell lysates was ana-
lyzed as a control (middle and bottom panels). (B) Endogenous USP22 interaction with CD73 in the human breast 
cancer MDA-MB-231 cells was determined by co-IP and western blotting. (C) FLAG-CD73 was co-transfected with 
HA-Ub either with or without MYC-USP22 in HEK293T cells. The ubiquitination of CD73 was determined by immu-
noprecipitation with anti-Flag and western blotting with anti-HA (top panel). The expression levels of USP22, CD73, 
and Vinculin control were determined by western blotting. (D) HEK 293T cells transfected with FLAG-CD73 with or 
without MYC-USP22 were incubated with 50 ug/mL of cycloheximide (CHX) over time. The expression levels of CD73 
(top panel), USP22 (middle panel), and loading control Vinculin (bottom panel) were analyzed. (E) EV and USP22 KO 
4T12-L2T cells were incubated with 10 µM of MG132 for four hours, and the cell surface expression of CD73 was 
analyzed by flow cytometry. ns-not significant, *P ≤ 0.05, Paired Student’s T-test was used (Mean ± SEM). 
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was not detected in syngeneic tumor cells 
(Figure S4), possibly due to the tumor cells with 
lower CD73 expression, which was presumably 
caused by USP22 deletion, were rejected. In 
addition, there was a significantly higher per-
centage of Regulatory T cells (Tregs) in USP22 
KO tumors (Figure 3C). Therefore, while USP22 
suppression could improve the antitumor 
immunity, this potential improvement may be 
partially diminished by the elevated Treg 
infiltration. 

Human breast cancer tissue high in USP22 is 
also high for CD73

This study revealed USP22 as a positive regula-
tor of CD73 in mouse breast cancer cells. We 
were curious to know whether USP22 and CD73 
expressions are positively associated with 
human primary breast cancers. Representative 
tissue microarray staining shows higher CD73 
expression on USP22 expressing tumor cells 
(PanCK) and Tregs (FoxP3) (Figure 4A). Quan- 
tification of tissue microarray analysis of breast 
cancer samples shows that samples express-
ing USP22 have significantly higher CD73 inten-
sity (Figure 4B). Furthermore, infiltrating Tregs 
that express USP22 have significantly higher 
CD73 expression compared to Tregs that do not 
express USP22 (Figure 4C). When looking at 
infiltrating Tregs in invasive ductal carcinoma 
and medullary breast carcinoma, USP22 posi-
tive Tregs in invasive ductal carcinoma grades 
two and three have significantly higher CD73 
expression compared to Tregs not expressing 
USP22 (Figure 4D). USP22 positive Tregs in 
medullary breast carcinoma have higher CD73 
expression although it is not significantly hig- 
her than USP22 negative Tregs (Figure 4D). 
Collectively, our study indicates that USP22 is a 
positive regulator of CD73 in breast cancer. 

Discussion

The current study identifies USP22 as a deubiq-
uitinase of CD73 in breast cancers. This conclu-
sion is documented by the following discover-
ies: First, USP22 targeted gene deletion by 

CRISPR resulted in a significant reduction in 
CD73 protein expression at the post-transcrip-
tional level; second, USP22 interacts with and 
inhibits CD73 ubiquitination and degradation; 
third, CD73 protein expression is significantly 
higher in USP22 positive human primary breast 
cancer cells as well as in USP22-positive tumor 
infiltrated Tregs, and finally, USP22 suppres-
sion in breast cancer leads to a reduction in 
tumor mass. 

Aggressive cancers use multiple methods to 
evade the immune system and have limited 
treatment options available. Targeting inhibito-
ry immune receptors expressed on tumor cells 
may help boost antitumor immunity. CD73 
expression is expressed in many breast cancer 
patients [28]. A monoclonal antibody specific to 
CD73 has been therapeutically effective in 
inhibiting breast tumor growth and metastasis 
[29]. Multiple tumor microenvironmental fac-
tors, such as TGF-β and hypoxia have been 
identified to induce tumor cell expression of 
CD73 at transcriptional levels [30-32]. It has 
been shown that CD73 has glycosylation and 
ADP-ribosylation post-translational modifica-
tions [14, 15]. This study is the first to identify 
USP22 as a CD73 deubiquitinase to protect 
CD73 from ubiquitination-mediated protea-
somal degradation. Therefore, the deletion of 
USP22 in 4T1 cells resulted in less total protein 
and surface expression of CD73 in breast can-
cer cells. Consistent with this observation, we 
further detected a decrease in CD73 expres-
sion in USP22 negative human primary breast 
cancer samples as well as decreased CD73 
expression in USP22 negative infiltrating Tregs 
compared to CD73 expression of the USP22-
positive compartment. 

Targeting CD73 has been shown to augment 
the cancer immunotherapy [33]. Monoclonal 
antibodies specific to CD73 have been thera-
peutically effective in inhibiting breast tumor 
growth and metastasis [29]. Therefore, a reduc-
tion in CD73 in 4T1 breast cancer cells by the 
suppression of USP22 would lead to a better 
antitumor response and smaller tumors. While 

Figure 3. USP22 suppression results in a reduction of tumor burden. (A) Schematic of tumor implantation and 
analysis. EV or USP22 KO 4T1-L2T cells were injected into the mammary fat pad of female BALB/c mice. Mice were 
sacrificed after 26 days, and tumor-infiltrating lymphocytes were analyzed. (B) Tumor weight of mice bearing EV and 
USP22 KO tumors. (C) Representative flow plots (left) and percentages of tumor-infiltrating leukocytes (right). (D) 
Intracellular cytokine staining of IFN-γ tumor-infiltrating CD8 T cells. Data is from one experiment. *P ≤ 0.05, ***P 
≤ 0.001 unpaired Student’s T test was used (Mean ± SD). 
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we did find that the USP22 KO tumors were sig-
nificantly smaller, further analysis of the tumor 
infiltrated immune cells showed no difference 
in NK, CD4, and CD8 T cell infiltrations. Inter- 
estingly, there was a significantly higher per-
centage of Tregs in USP22 KO tumors. 
Additionally, there was a significant increase in 
IFN-γ producing CD8 T cells. Since it is well 
established that Tregs inhibit the antitumor 
response, this Treg increase in USP22-null 
breast cancers is likely responsible for partially 
diminishing the effects of antitumor immunity. 
Future studies are needed to dissect the cellu-

lar and molecular mechanisms underlying how 
USP22 suppression causes increased Treg infil-
tration in breast cancer. 

It has been known that USP22 functions as an 
oncogene through multiple molecular mecha-
nisms including p53, c-Myc, and cyclin B1 [22, 
34, 35]. Here we further discovered that CD73 
is a novel substrate of USP22. Govern the fact 
that CD73 is a key regulatory molecule of can-
cer cells proliferation, migration, and invasion 
in vitro, tumor angiogenesis, and tumor immune 
escape in vivo, we speculate that promoting 

Figure 4. Tissue microarray staining of human breast cancer. Representative staining of breast cancer tissue sam-
ple (A) USP22 negative stained tumor cells (yellow star) or FoxP3 cell (yellow arrow), CD73 expression is increased 
on the USP22 positive stained tumor cells (white star) or FoxP3 cell (white arrow), the scale bar is 50 µm. Quantifi-
cation of CD73 intensity across individual cases in (B) USP22+ and USP22- breast cancer cells; (C and D) in FoxP3 
expressing USP22+ and USP22- Tregs in individual cases of breast cancer (B) and invasive ductal carcinoma (IDC) 
(C). *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 unpaired Student’s T test was used (Mean ± SD). Based on over thirty 
positive cells (minimal five) defined by the observer in line with the MFI value of markers displayed on the in FORM 
system, the inFORM system created an algorithm to execute the negative and positive analysis. 
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CD73 expression certainly contributes to 
USP22 tumorigenic functions in breast cancer 
as well as other types of solid tumors. Future 
studies are needed to precisely define the con-
tributions of each of the USP22 downstream 
targets in tumorigenesis. 

Experimental procedures

Mice, cell lines, and reagents 

HEK 293T cells were maintained in DMEM  
with 10% FBS and 1% Penicillin/Streptomycin. 
4T1-L2T were obtained from Huiping Liu’s  
lab at Northwestern University, maintained in 
RPMI 1640 with 10% FBS and 1% Penicillin/
Streptomycin, and used as reported [36].  
B16 and MC38 cells were obtained from Bin 
Zhang’s lab at Northwestern University and 
maintained in DMEM with 10% FBS and  
1% Penicillin/Streptomycin. MDA-MB-231 cells 
were obtained from Karla Satchell’s lab at 
Northwestern University and maintained in 
DMEM/F-12 with 10% FBS and 1% Penicillin/
Streptomycin. BALB/c mice were purchased 
from Jackson Laboratories. All animal experi-
ments were approved by the institutional ani-
mal use committee (IACUC) of Northwestern 
University. 

Antibodies used for western blot: HRP-
conjugated MYC (Santa Cruz), HRP-conjugated 
HA (CST), HRP-conjugated FLAG M2 (Sigma), 
USP22 (Abcam), CD73 (Abcam), CD73 (CST), 
GAPDH (CST), Vinculin (CST), HRP-conjugated 
Anti-Rabbit (CST). Antibodies used for IP: 
USP22 (Santa Cruz), FLAG M2 (Sigma), Mouse 
IgG1 (CST). 

Antibodies used for flow cytometry: Fixable 
Viability dye BV450 (eBioscience), APC Mo/Rt 
FoxP3 (eBioscience), APC Mo-CD45 (Bioleg- 
end), APC Mo-IFN-γ (Biolegend), APC-Cy7 
Mo-CD4 (Biolegend), APC-Cy7 Mo CD11b 
(Invitrogen), BV605 Mo-CD73 (Biolegend), 
BV605 Gr-1 (Biolegend), BV650 Mo-CD8 (Bio- 
legend), BV711 Mo-CD4 (Biolegend), FITC 
Mo-CD45 (Biolegend), FITC F4/80 (Biolegend), 
PE CD11c (Biolegend), Pe-Cy7 Mo-NkP46 (Bio- 
legend), Pe-Cy7 Mo-CD73 (Biolegend), PerCP-
Cy5.5 Mo-B220 (Biolegend), PerCP-Cy5.5 
Mo-CD25 (Biolegend). 

Flow samples were run on the BD-LSR Fortessa 
X-20 (BD Biosciences) instrument and flow 
analyses were done using FlowJo software. 

Plasmids used in this study including MYC-
moUSP22 and HA-Ubiquitin were developed as 
previously mentioned [37]. We purchased 
FLAG-moCD73 (Sino Biological) and lentiCRIS-
PR v2 plasmid (Addgene). 

Transfection, immunoprecipitation, and west-
ern blotting

Gene transfection to HEK293T and 4T1-L2T 
cells using TurboFect (Thermo Fisher) was per-
formed as reported [38]. Cells were lysed in 
Cell Lysis Buffer (CST), or RIPA Buffer (Millipore 
Sigma) supplemented with complete Protease 
Inhibitor Cocktail (Roche) on ice for 30 min. 
Western blots for protein expression were soni-
cated at 4°C using a bioruptor (diagenode) at 
308/608 (medium), 15 sec on 45 sec off for 5 
minutes. Lysates were centrifuged at 13,000 
rpm for 10 min at 4°C. Cell line samples were 
quantified using BCA (Thermo Fisher) to en- 
sure equal protein loading. Samples for immu-
noprecipitation were pre-cleared using protein 
G beads (GE Healthcare), before being rotated 
with antibodies overnight at 4°C. Protein G 
beads were added the next day for one hour 
followed by washing with buffer. LDS sample 
buffer (Thermo Fisher) and DTT (Sigma) were 
added to samples before heating at 95°C for 
10 min. Samples were loaded into 4-15% Mini-
PROTEAN TGX gels (Bio-Rad) and transferred 
onto a nitrocellulose membrane (Cytiva). 
Membranes were blocked with 2% milk in TBST 
for 1 hour. Primary antibodies were added at 
the manufactures recommended dilutions 
overnight. Membranes were washed with TBST 
the next day. Secondaries if needed were 
added at the manufacturer’s recommended 
dilutions for one hour. Membranes were incu-
bated with SuperSignal West chemilumines-
cent substrates (Thermo Fisher) before being 
imaged on Bio-Rad ChemiDoc XRS+ (Bio-Rad). 

For testing CD73 protein stability, cells were 
incubated with 50 μg/ml of cycloheximide 
(sigma) over time. For proteasome inhibition, 
cells were incubated with 10 μM of MG132 
(Selleckchem) for 4 hours. Cells were collected 
and used for flow analysis and/or western blot-
ting analysis. 

Generation of CRISPR cell lines

Human USP22 guide RNA sequence 5’-GCC- 
ATTGATCTGATGTACGG-3’ and Mouse USP22 
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guide RNA sequence 5’-GCCATCGACCTGAT- 
GTACGG-3’ were ligated into lentiCRISPR v2 
plasmid separately. Cells were transiently 
transfected using TurboFect (Thermo Fisher) 
for 24 hours. Following transfection cells were 
selected using puromycin for 14 days. The effi-
cacy of USP22 deletion was confirmed by west-
ern blotting. 

Tumor model

8-10-week-old female BALB/c mice were inject-
ed with 5 × 105-1 × 106 4T1-L2T cells resus-
pended in 100 μL of growth factor reduced 
Matrigel (Corning) orthotopically into the fourth 
mammary fat pad. Volume was calculated using 
the following formula L × W2/2. 

Tumor digestion

Tumors were placed in 5 mL Eppendorf tubes 
containing RPMI media supplemented with col-
lagenase IV (2 mg/mL) and DNase I (150 μg/
mL) and cut into small pieces using scissors. 
The tubes were placed in a 37°C incubator with 
shaking (200 RPM) for 15 min. 

Samples were passed through a 70 µm strainer 
on a 50 mL conical and were topped up to 30 
mL of media before being gently mixed and 
underlaid with 10 mL of Ficoll-Paque (Cytiva). 
The samples were centrifuged at 1025 × g for 
20 min at 20°C with slow acceleration and no 
brake. The white buffy coat interface was trans-
ferred to a new tube and washed with 20 mL of 
T cell media (RPMI 1640, 10% FBS, 1% Peni- 
cillin/Streptomycin, 1% L-glutamine, 5 mM 
HEPES, 1 mM Sodium Pyruvate, 50 µm 2-mer-
captoethanol), and centrifuged at 600 × g at 
4°C. Samples were then ready for further 
analysis. 

Cell surface and Intracellular cytokine staining

All cell’s Fc receptors were blocked anti-mouse 
CD16/32 (Biolegend) Cells were stimulated 
with 50 ng/mL of PMA, 1 µg/mL of Ionomycin, 

and 1 µg/mL of Golgi plug (BD Biosciences) in a 
37°C incubator for 4 hours, and subsequently 
used for flow staining. The cells were then sub-
jected to flow cytometry analysis. 

RNA extraction and real-time PCR analysis

RNA was extracted using an RNA isolation kit 
(Qiagen). CDNA synthesis (Quantabio) was con-
ducted. Samples were prepared with SYBER 
Green (Quantabio) and analyzed using the 
Biorad MyiQ2 Real-Time PCR detector. 

Primers used: Mo Actin Forward: GATATCGC- 
TGCGCTGGTCG; Reverse: CCACGATGGAGGGG- 
AATACAG; Mo CD73 Forward: TCCTGCAAGTGG- 
GTGGAATC; Reverse: AGATGGGCACTCGACACT- 
TG. 

Multiplex immunohistochemistry (mIHC). 

The breast cancer tissue array (TMA) (US Bio- 
max Inc.) including invasive ductal carcinoma 
cases (IDC, Grade 2, n=28, Grade 3, n=25), 
medullary carcinoma cases (MCB, n=9) was 
utilized for mIHC staining of USP22, FoxP3, 
CD73 and PanCK by using the Opal multiple 
color IHC kit (AKOYA Biosciences) as described 
previously (7). Briefly, the deparaffinized and 
re-hydrolyzed TMA slide was implemented anti-
gen retrieval in AR9 retrieval buffer (AKOYA 
Biosciences), followed by four cycles of staining 
procedures including blocking, binding of pri-
mary antibodies, second HRP-linked antibod-
ies, and visualized with the corresponding Opal 
fluorophores. Each staining cycle was finished 
up with heating in AR6 retrieval buffer (AKOYA 
Biosciences) to release the bounded primary 
and second antibodies but did not disturb the 
resident fluorophores. After four-round staining 
procedures, the slide was counterstained with 
DAPI. The single marker staining with individual 
opal fluorophore was employed as the refer-
ence for the “spectral unmixing process”. The 
antibodies and corresponding fluorophores are 
listed in Table 1. 

Table 1. Fluorophores corresponding to antigens stained in multiplex immunohistochemistry assay
Antigen Primary antibodies Fluorophore

Panel Vendors Catalog #
USP22 1:50 Abcam ab195289 Opal 620
CD73 1:100 Cell signaling 13160s Opal 570
FoxP3 1:100 Biolegend 320102 Opal 540
PanCK 1:200 Abcam ab27988 Opal 690
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Acquirement of multispectral images (MSI) 
and data analysis

The Opal fluorophore signals on the finished 
staining TMA slide were captured with the 
Vectra 3 Automated Quantitative Pathology 
Imaging System (Perkin Elmer) at 200 × ma- 
gnifications and proceeded with spectral 
unmixing into four individual fluorophores 
based on the unique emitting spectrum of ev- 
ery single fluorophore using InForm Advanced 
Image Analysis software (Akoya Biosciences). 
Subsequently, the spectrally unmixed images 
underwent cell segmentation based on DAPI, 
and cell phenotyping based on specific cellular 
markers through the trained algorithm of 
Inform. The exported data containing compos-
ite images, cell segmentation, and cell pheno-
typing from InForm were further carried out by 
quantitative analyses of cell densities and pro-
tein intensities using R-based phenoptrReports 
& phenoptr (AKOYA biosciences). 

Statistical analysis

Statistical analysis was done using Prism 
(GraphPad) software. Means were calculated 
using paired student’s T-test, unpaired stu-
dent’s T-test, or two-way ANOVA. Significant 
outliers determined via the Grubbs test for out-
liers were removed from mouse quantitative 
analyses. 
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Figure S1. Tumor growth curve and image of tumors. Tumor growth curves (A) and images (B) of empty vector and 
USP22 KO1 4T1-L2T cells. 

Figure S2. B Cell, macrophages, and myeloid analysis. B cell, macrophage, and neutrophil percentages in TILS from 
EV and USP22 KO tumors. 
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Figure S3. PD-L1 expression in 4T1-L2T. (A) Western blot of PD-L1 in EV and USP22 KO1 4T1-L2T. (B) Flow represen-
tative of EV (red) and USP22 KO (blue) 4T1-L2T cells PD-L1 MFI. (C-E) Western blot of PD-L1 in EV and USP22 KO1 
B16 melanoma (C), MC38 colon cancer (D), and MDA-MB-231 breast cancer (E) cells. 

Figure S4. CD73 and PD-L1 expression from isolated EV and USP22 KO 4T1-L2T tumors. CD73 MFI (A) and PD-L1 
MFI (B) on EV and USP22 KO tumors isolated from mice. There was no significant difference in MFI expression. 


