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Ubiquitin-specific peptidase 22
controls integrin-dependent cancer
cell stemness and metastasis

Kun Liu, "> Qiong Gao,"-** Yuzhi Jia,® Juncheng Wei," Shuvam Mohan Chaudhuri,’ Shengnan Wang,' Amy Tang,’
Nikita Lavanya Mani," Radhika lyer,’ Yang Cheng,"! Beixue Gao," Weiyuan Lu," Zhaolin Sun,” Bin Zhang,?
Huiping Liu,* and Deyu Fang'-¢*

SUMMARY

Integrins play critical roles in connecting the extracellular matrix and actin. While the upregulation of in-
tegrins is thought to promote cancer stemness and metastasis, the mechanisms underlying their upregu-
lation in cancer stem cells (CSCs) remain poorly understood. Herein, we show that USP22 is essential in
maintaining breast cancer cell stemness by promoting the transcription of integrin 31 (ITGB1). Both ge-
netic and pharmacological inhibition of USP22 largely impaired breast CSCs self-renewal and prevented
their metastasis. Reconstitution of integrin 1 partially rescued USP22-null breast cancer metastasis.
USP22 functions as a bona fide deubiquitinase to protect the proteasomal degradation of the forkhead
box M1 (FoxM1), a transcription factor for tumoral ITGB1 gene transcription. Inmunohistochemistry
staining detected a positive correlation among USP22, FoxM1, and integrin B1 in human breast cancers.
Collectively, our study identifies the USP22-FoxM1-integrin 1 signaling axis as critical for cancer stem-
ness and offers a potential target for antitumor therapy.

INTRODUCTION

Despite recent therapeutic advances in tumor treatment, metastasis to the nearby or distal organs remains the main cause of cancer-related
death. It has been proposed that only a small portion of primary tumor cells, termed cancer stem cells (CSCs), are responsible for metastasis.”
CSCs are a small population in the tumor that is self-renewable, preferentially aggressive, and responsible for cancer initiation, metastasis,
and recurrence.” Breast cancer stem cells (BCSCs), for example, have antioxidative, tumor sphere formation, and chemoresistance properties.
Based on cell surface marker expression, BCSCs are CD44(+)/CD24(—/low) tumorigenic cells that initiate tumors in ><eno<~:jraf‘cs.4 CD44 is a cell
surface glycoprotein and stemness marker in BCSCs. CD44 binds to hyaluronic acid and mediates the interactions between cell-cell and cell-
matrix proteins, such as matrix metalloprotease and osteopontin.” We have recently discovered that CD44 homophilic interactions and sub-
sequent CD44-PAK2 interactions mediate tumor cluster aggregation and metastasis.” While some progress has been made to characterize
CSCs over the last decade, the cellular and molecular mechanisms underlying how CSCs are generated and how their self-renewal is main-
tained remain largely unknown.

The ubiquitin-specific peptidase 22 (USP22) was initially identified as one of the 11 genes in cancer-related death signatures referred to as
the polycomb/CSCs signature group.” Further survey of gene expression has shown that the elevated expression of USP22 correlates with
poor prognosis in a variety of human tumors including the invasive breast cancer.®” At the molecular level, we and others have recently
demonstrated that USP22 functions as an oncogene by inhibiting cell apoptosis and promoting cell cycle progression through targeting cy-
clins, c-MYC, BMI-1, TRF1, and SIRT1, which controls p53 expression.1045 USP22 promotes chemotherapeutic resistance by inhibiting Bax-
mediated apoptosis, improving HSP?0 function, inhibiting estrogen receptor a. degradation, and driving epidermal growth factor receptor
recirculation.’® Genetic USP22 suppression inhibits cancer cell growth and induces apoptosis.'”"* USP22 has been speculated to act as a crit-
ical CSCs gene,'” however, the molecular pathways underlying if and how USP22 maintain cancer cell stemness and control CSCs self-renewal
remain to be fully defined.
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In this study, we present evidence that USP22 is highly expressed in BCSCs and is required for both breast cancer initiation and metastasis.
Both genetic and pharmacological USP22 inhibition largely reduced the BCSCs pool through downregulating integrin B1, also known as
CD29, a cell surface glycoprotein that is critical in almost every step of cancer progression, including cancer initiation, proliferation, local in-
vasion, and metastatic colonization of the new tissue.'®'” Interestingly, integrin 1 has been used as a biomarker for isolating BCSCs.”
Indeed, reconstitution of integrin B1 expression fully rescued the BCSCs pool impaired by USP22 deficiency. At the molecular level, we
identified the ITGB1 transcription factor FoxM1 as a de novo substrate of the USP22 deubiquitinase. Therefore, USP22 controls BCSCs
self-renewal through protecting FoxM1 from ubiquitination-mediated proteasomal degradation to enhance ITGB1 transcription. Our study
defines the USP22-FoxM-integrin B1 axis as a previously unappreciated pathway in breast cancer initiation and metastasis that can be ther-
apeutically targeted to antagonize invasive breast cancers.

RESULTS
USP22 is required for the tumorigenicity of BCSCs

USP22 has been suggested as a CSC gene or death-from cancer signature gene and high USP22 expression often predicts poor clinical out-
comes of cancer patients./ However, its role in maintaining CSCs stemness remains to be defined. We sorted CD24~CD44" breast CSCs from
patient-derived Luc2-eGFP (L2G)-labeled breast triple-negative (TN1) cancer cells® as well as from murine breast cancer 4T1 cells (Figure S1A)
and found a higher USP22 expression in breast CSCs compared to CD24"CD44~ non-BCSCs by western blotting (Figures 1A and 1B; Fig-
ure S1B). To decipher the functional consequences of USP22 loss in initiating and/or maintaining breast cancer cell stemness, we generated
USP22 targeted deletion in mouse 4T1 and human breast cancer-derived L2G* TN1 cells using CRISPR-Cas9. Complete deletion of USP22
was verified by immunoblot analysis (Figures 1C and S1C). Importantly, silencing USP22 reduced the CD24~CD44" breast CSCs population in
L2G* TN1 and 4T1 cells (Figures 1D, S1D, and S1E), indicating that USP22 is important for breast CSCs self-renewal. We then utilized a well-
established tumor sphere formation assay”'**? to evaluate the role of USP22 in breast CSCs self-renewal. Indeed, the tumor sphere formation
from both patient derived L2G™ TN1 and mouse 4T1 breast cancer cells was largely impaired by USP22 CRISPR deletion, which was further
confirmed by an in vitro extreme limiting dilution assay (Figures 1E-1G and S1F-S1H). Consistently, USP22 inhibition in 4T1 cells resulted in a
substantial reduction of colony formation ability (Figures STl and S1J). Next, we expanded our findings by evaluating the CSCs population in
MC38 and LLC1 USP22-deficient and control cells. The loss of USP22 exhibited a smaller CSCs population compared with control cells
(Figures S1K and S1L). In line with these results, USP22 depletion led to impaired tumor sphere formation ability in MC38 and LLC1 cells
as evidenced by the reduced tumor spheres number in USP22-deficient cells compared with control cells (Figures STM and S1N). Therefore,
these results support the data that USP22 is required to maintain an optimal CSCs population in vitro, possibly by controlling CSCs self-
renewal.

CSCs are a critical small population of cancer cells with potent capability for tumor initiation. To evaluate the functional sequences of
USP22 in promoting tumor initiation in vivo, we orthotopically injected 10%, 10°, and 10 USP22 knockout or control 4T1 breast cancer cells
into BALB/c mice. Surprisingly, in contrast to the fact that five out of eight mice implanted with 10> WT 4T1 cells developed cancer three
months after implantation, none of the eight mice receiving USP22-deficient 4T1 cells developed breast cancer. Even when a higher number
of 4T1 cells, 10° and 10%, were orthotopically injected, USP22 deletion inhibited the development of syngeneic tumors (Figures 1H and 11),
indicating that USP22 is critical for in vivo tumor initiation. Cancer metastases, per prevailing theory, are predominantly initiated by rare cancer
cells that bear stem cells properties.”*** We then investigated whether USP22 exerted a driving role in breast cancer metastasis by intrave-
nous injection of 4T1 USP22-null or its control WT cells into BALB/c mice. As expected, USP22 deletion inhibited 4T1 cancer colonization of the
lung by reducing more than 60% of tumor nodules with further reduction in metastatic foci size (Figures 1J-1L). Immunohistochemistry (IHC)
staining confirmed the deletion of USP22 and detected a significant decrease in the expression levels of stem cell marker CD44 in lung metas-
tasis (Figures 1M and 1N). Consequently, USP22 ablation significantly improved the overall survival of mice with 4T1 lung metastasis (Fig-
ure 10). Collectively, our results revealed that USP22 plays an important role in BCSCs maintenance and is therefore critical for breast cancer
initiation and metastasis.

USP22 promotes BCSCs self-renewal through upregulating ITGB1 expression

Integrin family members are known as key regulators of cancer cell stemness, epithelial-mesenchymal transformation, and extracellular matrix
to initiate the metastatic program for multiple cancer types including breast cancer.'” Therefore, we investigated the expression patterns of
USP22 and integrin family members in breast cancer cell lines sourced from the Cancer Cell Line Encyclopedia (CCLE). Our analysis revealed a
positive correlation between USP22 expression and ITGB1, ITGB3, or ITGAE, but not other integrin family members (Figures 2A and S2A),
implying that USP22 may contribute to breast cancer progression by modulating integrin family members. Subsequently, we assessed the
transcript levels of ITGB1, ITGB3, or ITGAE in USP22-depleted and control cells. Our findings demonstrated that USP22 depletion resulted
in a more than 70% reduction in ITGB1 transcripts, while ITGB3 or ITGAE levels remained unaffected (Figure 2B), highlighting USP22 as a novel
regulator of ITGB1. Further flow cytometric analysis of integrin family members in WT and USP22-null breast cancer cells revealed a significant
decrease in integrin B1 expression upon USP22 inhibition in both mouse 4T1 and patient-derived L2G* TN1 cells (Figures 2C and 2D). In addi-
tion to integrin B1, USP22 deletion led to a slight cell surface reduction of several additional integrin family members including integrin a.1-6
and integrin p2-3 and B5-7 but not B4, B8, and «7-8 expression determined by flow cytometry (Figure S2B). In contrast, integrin Bé expression is
slightly increased in USP22-null breast cancer cells (Figure S2B). Moreover, immune blotting confirmed the reduction in integrin B1 expression
by USP22 inhibition (Figure 2E). The optimal ITGB1 promoter region was amplified and inserted into a firefly luciferase reporter. As expected,
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Figure 1. USP22 is required for BCSCs tumorigenicity

(A) Immunoblot assessment of USP22 across matched pairs of tumor sphere-enriched BCSCs and non-BCSCs of TN1 cells. Band intensities of USP22 were
quantified and the results are expressed as USP22/GAPDH levels relative to control cells.

(B) Quantification showing that USP22 was highly expressed in BCSCs than in non-BCSCs.

(C) TN1 cells were transduced with single guide RNA (sgRNA) targeting USP22 or a scrambled control sgRNA, and knockout efficiency of USP22 was determined
by immunoblot analyses.

(D) USP22 ablation decreases BCSCs (CD44"CD24") population in TN1 cells as determined by flow cytometry. Representative FACS data are shown.
Quantification data showing that BCSCs population in USP22-deficent cells was decreased than control cells.

(E) Tumor sphere formation ability was evaluated in TN1 cells expressing either control or USP22 sgRNA, and the representative images of each group are shown.
Scale bar, 500 um.

(F) Silencing USP22 markedly impairs TN1 cells tumor sphere formation ability.

(G) The frequencies of tumor sphere formation of TN1 USP22 ablation or control cells determined by in vitro extreme dilution analysis. The significance of the
difference between the indicated groups was evaluated by % test. n = 10. The frequency of CSCs was shown.

(H) Images of tumors from mice orthotopically implanted with indicated different gradients of 4T1 USP22 ablation or control cells. n = 8.

(I) Quantification showing that USP22 ablation impairs breast cancer initiation.

(J) Representative images of lung from mice intravenously injected with 4T1 cells expressing either control or USP22 sgRNA.. Scale bar, 1 cm

(K) The mice were sacrificed after 20 days injection of indicated 4T1 cells. The numbers of metastatic nodules in the lung were significantly decreased in mice
injected with 4T1 USP22 knockout cells compared with those injected with 4T1 control cells.

(L) The hematoxylin and eosin (H&E) staining show metastatic tumor. Scale bar, 2 mm.

(M) Immunohistochemical staining using anti-USP22 or CD44 antibodies were performed on metastatic nodules. Representative images of each group are
shown. Scale bar, 20 pm.

(N) Quantification showing that USP22 knockout induced the decrease of CD44 positive cells.

(O) Kaplan-Meier survival curve of mice intravenously injected with 4T1 cells lacking or expressing USP22 sgRNA. Quantifications showing that injecting USP22
ablation cells extended mice survival relative to control group. The significance of the difference between the indicated groups was evaluated by log-rank test.
n = 8. The error bars show the mean + SD. The significances of differences between groups were determined by two-tailed Student's t test. *, *** indicates
p < 0.05, p <0.001, respectively.
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Figure 2. Depleting USP22 prohibits integrin B1 expression

(A) Correlation of the transcripts of USP22 and ITGB1, ITGB3, and ITGAE in breast cancer cell lines from CCLE database.
(B) The mRNA expression of ITGB1 (gene encoding for integrin B1), ITGB3 (gene encoding for integrin B3), and ITGAE (gene encoding for integrin oE) in USP22

ablation or control cells was determined by real-time PCR. B-actin was used as an internal control.

(C) Integrin B1 level was decreased in USP22 ablation cells as determined by flow cytometry. Representative FACS data are shown.

(D) Mean fluorescence intensity (MFI) of integrin B1 level in TN1 and 4T1 USP22-deficent or control cells was quantified.

(E) Indicated protein expression in TN1 and 4T1 cells expressing either control or USP22 sgRNA were determined by immunoblot analysis. Band intensities of

integrin B1 were quantified, and the results are expressed as integrin B1/GAPDH levels relative to control cells.

(F) Luciferase activity of vector containing ITGBT promoter in TN1 and 4T1 cells with or without USP22 depletion.
(G and H) The representative images (F) and number (G) of tumor sphere formed from TN1 and 4T1 cells transduced with integrin B1 in the setting of USP22

depletion. Scale bar, 500 um.
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Figure 2. Continued

(I) The frequencies of tumor sphere formation of indicated cells. Quantifications showing that introduction of integrin B1 restores tumor sphere formation
frequency caused by USP22 depletion evaluated by in vitro extreme limiting dilution analysis. The significance of the difference between the indicated groups was
evaluated by % test. n = 10. The frequency of CSCs was shown.

(J) Representative images of lung from mice intravenously injected with indicated cells. Scale bar, 1 cm.

(K) The numbers of metastatic nodules in the lung from mice intravenously injected with indicated cells.

(L) H&E staining of lung metastasis of indicated group. Scale bar, 2 mm. The error bars show the mean + SD. The significances of differences between groups
were determined by two-tailed Student's t test. **, *** indicates p < 0.01, p < 0.001, respectively.

a significant reduction in ITGB1 luciferase activity was detected in transiently transfected USP22 KO TN1 and 4T1 comparing to that in control
WT cells, suggesting that USP22 is involved in transcriptionally regulating ITGB1 (Figure 2F).

We then focused on studying the functional consequences of USP22-mediated integrin 81 upregulation and assessed whether USP22
maintains BCSCs self-renewal and promotes breast cancer metastasis through integrin B1 upregulation by ectopic reconstitution of ITGB1
in USP22 knockout cells (Figures S2C-S2E). Indeed, ectopic ITGBT expression partially rescued tumor sphere formation in both mouse
4T1 and patient-derived L2G* TN1 USP22-deficient breast cancer cells (Figures 2G-2l). Consequently, expression of integrin B1 largely
restored 4T1 breast cancer lung metastasis of USP22-null cells as documented by analyzing both lung tumor nodule numbers and the met-
astatic foci size (Figures 2J-2L). Collectively, these results demonstrate that USP22 enhances BCSCs tumorigenicity in part through integrin 1
upregulation.

USP22 functions as a de novo FoxM1-specific deubiquitinase in breast cancer cells

The fact that USP22 deletion reduced ITGBT mRNA expression suggests that USP22 regulates integrin B1 expression at the transcriptional
level. Indeed, western blot analysis revealed a significant reduction in the protein expression of FoxM1, a critical transcription factor for ITGB1
expression,% in USP22 loss breast cancer cells (Figure 3A). In contrast, USP22 ablation did not alter FoxMT mRNA levels (Figure 3B). Together
with the fact that USP22 is a deubiquitinase, these results imply that the USP22 exerts its regulatory function on FoxM1 protein expression at
the post-transcriptional level. Indeed, treatment of USP22-null cells with the proteasome inhibitor MG132 largely restored FoxM1 expression
to a level comparable to that of WT breast cancer cells (Figure 3A). By contrast, treatment with NH4Cl, an inhibitor of endosome-lysosome
degradation pathway, fails to protect FoxM1 from degradation (Figure S3A), suggesting that USP22 promotes FoxM1 expression by inhibiting
its proteasomal degradation.

As a deubiquitinase, USP22 exerts its biological function largely through protecting its downstream substrates from ubiquitination-medi-
ated degradation.”” Accordingly, we speculated that USP22 could be a deubiquitinase of FoxM1. Indeed, USP22 interaction with FoxM1 was
detected in HEK-293T cells transiently transfected with Myc-USP22 and Flag-FoxM1 but not in control cells transfected with Flag-FoxM1 or
Myc-USP22 alone (Figure 3C). The endogenous interaction between USP22 and FoxM1 was further validated in patient-derived breast cancer
L2G" TN1 and 4T1 cells (Figures 3D and S3B). USP22 protein carries an N-terminal zinc finger and C-terminal U19 peptidase catalytic domain
(Figure 3E). Truncated mutation analysis revealed that the zinc finger-containing N-terminus is sufficient for USP22 interaction with FoxM1,
while the C-terminus ubiquitin-specific peptidase domain is not involved in mediating its FoxM1 interaction (Figure 3F). These results indicate
that FoxM1 physically interacts with USP22 in breast cancer cells.

The N-terminal zinc finger of USP22 is required for its interaction between with FoxM1 is required, since mutation of cysteines 61 and 63
completely disrupted their interaction (Figure 3G). In concordance with this conclusion, USP22 overexpression prolonged FoxM1 half-life as
measured by cycloheximide pulse-chase analysis (Figures 3H and 3l). In line with these results, neither USP22 C185A nor C61/63A mutant sus-
tained FoxM1 stability (Figures 3H and 3l). In line with this, the half-life of FoxM1 was decreased in the presence of USP22 loss (Figures 3J and
3K). Subsequently, re-expression of WT USP22 but not its mutants restored integrin B1 protein and transcript level in USP22-null breast cancer
cells (Figures 3L and S3C). Additionally, mutation of cysteines 61 and 63 totally abolished USP22 activity in suppressing FoxM1 ubiquitination
(Figure 3M). As expected, expression of the catalytically inactive USP22, through C185A mutation, failed to inhibit FoxM1 ubiquitination
despite not altering its interaction with FoxM1 (Figures 3G and 3M). These results indicate that USP22 is a bona fide FoxM1-specific deubi-
quitinase in breast cancer cells. A ubiquitin-specific peptidase exerts its function through inhibiting ubiquitination of its interacting proteins.”®
Thus, we determined the effect of USP22 on FoxM1 ubiquitination. Higher molecular weight bands were detected in FoxM1 immunopreci-
pitants, indicating FoxM1 is ubiquitinated possibly by its endogenous E3 ubiquitin ligases such as FBWX7.?” Importantly, transient USP22
expression largely diminished FoxM1 ubiquitination (Figure 3M). Conversely, loss of USP22 expression resulted in a significant increase in
FoxM1 ubiquitination in both mouse 4T1 and patient-derived breast cancer cells (Figure 3N). These results define USP22 as a de novo
FoxM1 deubiquitinase in breast cancer cells that protects FoxM1 from ubiquitination-mediated proteasomal degradation thereby upregulat-
ing integrin B1 expression.

USP22 promotes integrin B1 expression through FoxM1 stabilization

FoxM1 has been identified as an integrin B1 transcription factor thus promoting breast cancer progression.” Indeed, five consensually pu-
tative FoxM1 DNA-binding sites (C/TAAAC/TA)***" were identified in ITGB1 promoter region (Figure 4A). Chromatin immunoprecipitation
(ChIP) coupled with PCR amplification using specific primers demonstrated that FoxM1 binds to the region with putative binding site #1 and
#3 (Figures 4A and 4B). In addition, the loss of USP22 resulted in a significant reduction in FoxM1 binding to ITGB1 promoter (Figures 4A and
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Figure 3. USP22 interacts with and stabilizes FoxM1

(A) TN1 and 4T1 stably expressing control or USP22 sgRNA were treated with or without the proteasome inhibitor MG132 (10 pM, 12 h) and then FoxM1 protein
expression level was evaluated. Band intensities of FoxM1 were quantified and the results are expressed as FoxM1/GAPDH levels relative to control cells.

(B) Total RNA was isolated from TN1 and 4T1 cells stably expressing control or USP22 sgRNA. The mRNA levels of FoxM1 were determined by real-time PCR.
B-actin was used as an internal control. ns means no significant difference.
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Figure 3. Continued

(C) Interaction of USP22 with FoxM1. HEK-293T cells were transiently transfected with FLAG-tagged FoxM1 and Myc-tagged USP22. Cell extracts were
immunoprecipitated (IP) using primary antibodies against Myc and then subjected to immunoblotting (IB) analysis. WCL means whole-cell lysates.

(D) Endogenous USP22 and control IgG were immunoprecipitated from TN1 cell lysates and then subjected to immunoblotting for analyzing associated proteins.
Rabbit IgG was used as the isotype control.

(E) Schematic representation of the N-terminal Myc-tagged full-length USP22, and various corresponding truncation mutants.

(F) HEK-293T cells were transfected with the indicated truncated constructs, followed by IP with Myc antibody and followed by immunoblot (IB) with antibodies
against FLAG. EV means empty vector.

(G) HEK-293T cells were transiently transfected with FLAG-tagged FoxM1, HA-tagged ubiquitin and Myc-tagged USP22 or USP22 C61/63A, C185A mutant. Cell
extracts were IP using primary antibodies against FLAG and then subjected to IB analysis to analyze FoxM1 ubiquitylation linkage.

(H) HEK-293T cells were co-transfected with FLAG-tagged FoxM1 and Myc-tagged USP22 WT or USP22 C61/63A, C185A mutant for 24 h, followed by treatment
with 20 pg mL~" cycloheximide for the indicated times, and cell lysates were subjected to immunoblot with indicated antibodies. CHX means cycloheximide.
() Quantification showing that overexpression USP22 WT but not USP22 C61/63A, C185A mutant augments FoxM1 half-life. Quantification of FoxM1 relative to
GAPDH was quantified by ImageJ. n = 3.

(J) 4T1 USP22-deficent or control cells were treated with 20 ug mL~" CHX for the indicated times and cell lysates were examined by immunoblotting.

(K) Quantification showing that USP22 ablation attenuates FoxM1 half-life. FoxM1 band intensity was quantified, and the results are expressed as FoxM1/GAPDH
levels relative to untreated cells. n = 3.

(L) HEK-293T cells were transiently transfected with FLAG-tagged FoxM1 and Myc-tagged USP22 or USP22 C61/63A, C185A mutant. Cell extracts were IP using
primary antibodies against Myc and then subjected to IB analysis.

(M) Immunoblot analyses of indicated proteins of 4T1 USP22-deficent cells transduced with USP22 WT or indicated mutants. Enforced expression of USP22 WT,
but not indicated mutants, rescued the level of FoxM1 and integrin B1 in USP22-deficent cells.

(N) TN1 and 4T1 stably expressing control or USP22 sgRNA cell lysates were subjected to IP with FoxM1 antibody, followed by IB with antibodies against
ubiquitin. Cells were treated with 10 uM MG132 for 12 h before harvesting. The error bars show the mean + SD. The significances of differences between
different group were determined by two-tailed Student's t test. *** indicates p < 0.001.

4B). Taken together with our results, this suggests a possibility that USP22 controls breast cancer cell ITGB1 expression through FoxM1 sta-
bilization. Indeed, reconstitution of FoxM1 expression fully restored the endogenous integrin B1 expression in both USP22-null 4T1 and L2G™*
TN1 breast cancer cells as determined by western blot (Figures 4C and 4D), which was further confirmed by flow cytometry (Figures 4E-4G).

In contrast, we observed that FoxM1 expression fails to rescue integrin B2-7 expression (Figure S4A). These results support our hypothesis
that USP22 specifically promotes integrin B1 expression through FoxM1 stabilization. Consistent with this, we observed that ectopic expres-
sion of FoxM1 largely restored the tumor sphere formation ability of USP22-deficent breast cancer cells (Figures 4H-4J). Likewise, the
impaired ability in colony formation of 4T1 breast cancer cells by USP22 depletion was largely rescued by exogenous FoxM1 expression
(Figures S4B and S4C). Notably, we found that FoxM1 overexpression in 4T1 cells modestly enhanced tumor sphere formation ability and
integrin B1 expression, suggesting that FoxM1 is potent regulator of integrin B1 (Figures S4AD-S4F).

We also noticed that, while FoxM1 re-expression fully rescued integrin B1 expression both in USP22-null 4T1 and TN 1 breast cancer cells, it
only partially restores their sphere and colony formation (Figures 4H-4J). We then utilized the lung metastasis model to further illustrate the
role of USP22-FoxM1-integrin B1 pathway in breast cancer tumorigenesis in BALB/c mice. Indeed, contrasting the effect of USP22 deletion
which resulted in a greater than 50% reduction in lung metastases 4T1 cancer nodules, FoxM1 re-introduction restored USP22-null 4T1 cancer
lung metastasis to a level of about 85-90% of the WT (Figures 4K-4M). Consequently, FoxM1 expression attenuated but not totally abolished
the protection of mice from lung metastasis-induced lethality by USP22 targeted inhibition (Figure 4N). Collectively, these results support that
USP22 promotes breast cancer metastasis partially through promoting FoxM1-mediated integrin 1 expression.

Pharmacological inhibition of USP22 abrogates BCSCs tumorigenicity

Our discovery that genetic USP22 deletion hindered breast BCSCs self-renewal and inhibited their lung metastasis provides a rationale for
USP22 targeting in anticancer therapy. We first analyzed the effects of pharmacological USP22 inhibition on BCSCs self-renewal using a small
molecule inhibitor USP22i-S02 (S02) that we recently identified.*” Consistent with our observation from USP22 CRISPR knockout studies, treat-
ment of breast cancer cells 4T1 and TN1 significantly inhibited both integrin 1 and FoxM1 expression. Consistent with our previous obser-
vations, S02 treatment also reduced USP22 expression levels owing to USP22 maybe a deubiquitinase of itself (Figure 5A; Figure S5A). Further
addition of the proteasomal inhibitor MG 132, but not with lysosome inhibitor NH,Cl, largely rescued FoxM1 protein levels from S02 treatment
(Figures S5B and S5C), confirming our observation that USP22 inhibition facilitates proteasomal FoxM1 protein degradation. In line with this,
treatment of 4T1 cells with SO2 shortened FoxM1 protein half-life (Figures S5D and S5E). As expected, SO2 treatment suppressed ITGBT and
other stemness related genes expression, including CD44, ALDH, and NANOG (Figure 5B). In contrast, SO2 treatment did not alter FoxM1
mRNA transcription (Figure S5F). These results confirm that USP22 is a positive regulator for FoxM1-mediated ITGB1 expression in breast
cancer cells by an orthogonal pharmacological approach.

We next sought to determine the effects of USP22 pharmacological inhibition on BCSCs self-renewal, with the obvious fact that SO2 treat-
ment presented reduced BCSCs population by more than 80%, a level that is comparable to USP22 knockout (Figures 5C and S5@G). Impor-
tantly, SO2 treatment of USP22-null breast cancer cells did not further reduce the frequency of BCSCs (Figures 5C and S5G), supporting the
high specificity of this USP22-specific small molecule inhibitor. Consequently, treatment with SO2 significantly impaired breast cancer cell
sphere and colony formation capability (Figures 5D, 5E, S5H, and S5I). Further in vitro extreme limiting dilution assay confirmed that S02
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Figure 4. FoxM1 introduction partially rescues the suppressive effects caused by USP22 depletion

(A) Schematic illustration of putative FoxM1 binding sites in ITGB1 promoter. +1 indicates transcription start site.

(B) USP22 depletion or control cells were subjected to chromatin immunoprecipitation (ChIP) assay, and the ChIP products were amplified by quantitative
reverse-transcription PCR (RT-qPCR). Input was used as positive control. bp indicates base pairs.

(C and D) Immunoblot analysis of integrin B1, Flag and USP22 in TN1 and 4T1 cells transduced with Flag-FoxM1 in the setting of depleted USP22. Enforced
expression of FoxM1 completely rescued the protein level of integrin B1 in USP22-deficent cells. Red and Blue arrow indicate endogenous and exogenous
FoxM1 proteins, respectively.

(E) The mRNA levels of ITGB1in TN1 and 4T1 cells were determined by real-time PCR. Enforced expression of FoxM1 rescued the mRNA level of ITGB1 in USP22-
deficent cells. B-actin was used as an internal control.

(F) Ectopic expression of FoxM1 completely rescued the protein level of integrin B1 in USP22-deficent cells determined by flow cytometry. Representative FACS
data are shown.

(G) Quantification showing that ectopic expression of FoxM1 completely rescued the protein level of integrin B1 in USP22-deficent cells.

(H) Tumor sphere formed from TN1 and 4T1 cells transduced with FLAG-FoxM1 in the setting of depleted USP22. The representative images of tumor sphere are
shown. Scale bar, 500 um.

(I) Quantifications showing that FoxM1 expression partially rescues the decreased tumor sphere formation ability caused by USP22 depletion.
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Figure 4. Continued

(J) The frequencies of tumor sphere formation of TN1 and 4T1 cells expressing FLAG-FoxM1 or empty control in the setting of USP22 deficiency determined by
in vitro extreme dilution analysis. The significance of the difference between the indicated groups was evaluated by % test. n = 10. The frequency of CSCs was
shown.

(K) Representative images of lungs from mice injected 4T1 cells expressing either control or USP22 sgRNA in combination with vector control or FLAG-FoxM1.
Scale bar 1 cm.

(L) Quantification result showing that introduction of FLAG-FoxM1 partially rescues the inhibitory effects caused by USP22 depletion.

(M) H&E staining of lung metastasis from indicated group. Scale bar, 2 mm.

(N) Kaplan-Meier survival curves of mice implanted with indicated cells. Quantification showing that ectopic expression of FoxM1 in 4T1 USP22-deficient cells
shorten mice survival compared to USP22-deficient cells. Significance testing was done by log-rank test. The error bars show the mean + SD. The

significances of differences between groups were determined by two-tailed Student's t test. *, **, *** indicates p < 0.05, p < 0.01, p < 0.001, respectively.

inhibited BCSCs self-renewal (Figure 5F). Moreover, we sorted BCSCs (CD24~CD44", defined as TN'1 BCSCs) and non-CSCs (CD24"CD44 ",
defined as TN non-BCSCs) from TN1 cells as shown in Figure 1A and treated with escalating S02. Intriguingly, SO2 treatment preferentially
eliminated BCSCs, reflected by the increased ICsy of BCSCs compared to non-BCSCs (Figure 5G), suggesting a promising therapeutic
potential in the treatment of breast cancer. We then used the preclinical 4T1 breast pulmonary metastasis model to illustrate the potential
anti-metastatic effect of S02 (Figure S5J). Of note, a six-day treatment with SO2 after tail vein injection of 4T1 breast cancer cells resulted in a
significant reduction in 4T1 breast cancer lung metastasis and prolonged mice survival (Figures 5H-5K). Further IHC staining of the lung met-
astatic cancers detected a reduction in both integrin B1 and USP22 levels in the SO2 treatment groups (Figures 5L and S5K). Consistent with
our previous report, administration of SO02 did not show any detectable toxicity as the mice body weight was unaltered (Figure S5L), and
further hematoxylin-eosin (H&E) staining did not detect obvious liver damage in SO2 treatment mice (Figure S5M). Therefore, these results
indicate that pharmacological USP22 targeting is a safe and effective therapy in treatment of triple negative breast cancers.

We then further evaluated the therapeutic potential of USP22i-S02 using a patient-derived xenograft (PDX) model by orthotopically im-
planting TN1 cells in immune compromised RAG1 deficient mice (Figure 5M). Intriguingly, a 3-day treatment with pre-established PDX tu-
mor significantly hindered PDX tumor growth (Figures 5N and 50). Further characterization by IHC staining showed a reduction in levels of
USP22, FoxM1 and integrin B1 protein expression when treated with USP22i-502, which consequently inhibited breast cancer cell growth
indicated by the decrease in the percentage of Ki-67" proliferative cells (Figure S5N). Importantly, we detected a significant reduction in
CD44" breast cancer cells in the S02 treated group, implying that USP22 pharmacological inhibition attenuates either the BCSCs self-
renewal or their survival (Figure 5P). Therefore, pharmacological inhibition of USP22 suggests a potentially efficacious treatment for breast
cancer and metastasis.

Positive correlation of USP22, FoxM1, and integrin 1 in human breast cancer

Our data collectively demonstrates that USP22 maintains breast cancer stemness in part through stabilizing ITGB1 transcription factor FoxM1
to promote breast cancer growth and metastasis, therefore defining a previously unknown USP22-FoxM1-ITGB1 pathway in breast cancer
pathogenesis. Further analysis of the sorted integrin B1'°%, integrin $1™94, and integrin p1"9" 4T1 cells revealed a gradual elevation in
USP22 and FoxM1 expressions (Figures 6A and 6B). We then generated 4T1 cells expressing a green fluorescent protein (GFP)-USP22 fusion
protein without the endogenous USP22 (Figure 4C). Consistently, the expression of both FoxM1 and ITGB1 are profoundly increased in
USp22hish compared to that of USP22'° 4T1 knock-in cells (Figures 6D and &E). Furthermore, a significant increase in integrin B1 and
FoxM1 in the BCSCs versus the non-BCSCs population was observed (Figure 6F).

To further investigate the critical roles of the USP22-FoxM1-integrin B1 axis in breast cancer pathogenesis, we utilized IHC staining to deter-
mine the expression of USP22, FoxM1, and integrin B1 protein in human breast cancer tissue microarray (Table S1). As expected, the protein
levels of USP22, FoxM1, and integrin B1 was markedly higher in the breast tumor tissues than those in benign tumors (Figures 6G, é6H, and S6A-
S6D; Table S1) and even further elevated in metastatic tissues (Figures 6G and éH; Table S2). This further corroborates our discovery that up-
regulation of USP22 in BCSCs promotes breast cancer lung metastasis through FoxM1-mediated ITGBT gene transcription. To support this
notion, we found that the protein expression levels of USP22, FoxM1 and integrin B1 are strongly correlated in human breast cancers (Figures 6l
and S6E). Collectively, our study identifies USP22 as a FoxM1-specific deubiquitinase thereby enhancing FoxM1 mediated transcriptional acti-
vation of ITGB1 expression which promotes BCSCs self-renewal and drives breast cancer metastasis to distal organs (Figure 6J).

DISCUSSION

Our study defines a previously unknown USP22-FoxM1-integrin B1 pathway critically important for both mouse and human BCSCs self-
renewal. We arrive at this conclusion through the following discoveries: first, USP22 is further upregulated in BCSCs and breast cancer
and targeted USP22 deletion impaired BCSCs self-renewal and tumorigenicity. Secondly, USP22 controls breast cancer cell stemness through
integrin B1 upregulation. Third, USP22 functions as a bona fide deubiquitinase of the ITGB1 transcription FoxM1 and promotes BCSCs self-
renewal through FoxM1-mediated integrin B1 expression. Fourth, pharmacological USP22 inhibition impairs BCSCs self-renewal and protects
mice from breast cancer lung metastasis-induced mortality. Last but not least, USP22 and ITGB1 are positively correlated in more than 90% of
human cancer types, and USP22, integrin 1, and FoxM1 levels are increased and positively correlated in breast cancers.

Integrins play critical roles in supporting the function of both normal adult stem cells and their neoplastic derivatives.** While integrin mu-
tations are rarely identified, most of, if not all integrin family members are often upregulated in CSCs and this upregulation often promotes

iScience 27, 110592, September 20, 2024 9




¢? CellPress iScience
OPEN ACCESS

A Cc
~ 037 o Vehicle © 502
A
TN1WT TN1 USP22 KO 4T1WT 4T1 USP22 KO S =
c
Q@ Qe Qe Q@ o
e N koa et koa o Vegt 5 027
130 —] *=== —— (Integrinp1 130 = ==|Integrinp1 130—] == =~ [Integrin p1 130— = = =— |Integrin 1 §.
- a | ns
100 SN FoxM1 100—""% 8 FoxM1 100— == = |FoxM1 100— "= == |FoxM1 3 0.1 —
55— wem w— |USP22 55— USP22 55— wm s (USP22 55— UsP22 A o
= == |GAPDH 45| - e GAPDH —— =—|GAPDH o e cAPDH P 00-
35 35— 35— WT  USP22KO
B D E Fo TN
S TN TN1 WT USP22 KO o Vehicle © S02 o
O g - : * 200+ 9]
%15 55 L o . . <
] * % (9] 1 Q
o i >0t xe] @
S : > $ “ E 150+ =1
x Ay p < 3 o
3 e Y A c ns =
< % Rk 4] [l §
Z i @ 100+
['4 < c
= & 2
o = 50 S R
> % ] Y -WT+S02 Ny
B . € “5’ -0-K0+Vehicle:|q,
° 50—0 A E 0 3 -3 ll.”Ko+S|02 |C T .I
[v4 T T
CD44 ITGB1 ALDH  NANOG W USP32KO 0 : 0 15 20
4T1 o WT+Vehicle © WT+S02 ) » 4T Number of cells
5 1.5 @ KO+Vehicle ® KO+S02 4T1 WT USP22 KO 200+ © Vehicle 0 S02 8 0.0
% il 9] e < o o
o Kk * o 2 % N RS
S 1 Il S e © E 150 +=-0.2-
x<'1.0 < 2 =] ° °
BRE ns @ b ns 2
< — ns = * o =
> ns S 100 S Q .
€ 5 =041
€ 0.5 ns .
i ns . o Z 50- g |=WT+Vehicle,
= — o g ©.0.64 = WT+S02
B ‘f&‘ﬁﬂ ﬁ 2] g =757 -+ KO+Vehicle 1¢
& 0 ! ! 500—“2‘1 F oo T T :lg) |. KO+SI02 T T ?
CD44 ITGB1 ALDH  NANOG - WT  USP22KO 0 5 10 15 20
Number of cells
G H | L
S [ TN1(Cy=47.88) 200- 38100 15 O Vehicle OS02 .
004> TN1 CSCs (1C=12.13) s sk
= <2 %] 150 > (0] o (v
i) o K} 3 o
© s S 5 D10
> > 3 ) 8
= £ 100 %5 50 @
8 50 lem 5 > ®]
o £ = ) L 54
= S 504 a —+ Vehicle o
© «~ ~ ©
© o 2 -+—502
2 4 ] o
o 0 1 1 1 1 0- o 0 T T T T 10 T T
0 53021?“,\/')15 20 & e 0o 7 1éayzs1 28 35  USP22 Integrin p1
TNA1 S02 treatment Tumor o P O Vehicle 0802 O Vehicle 0O S02
5x 105 (20 mg/kgi.p.)  characterization 34 . 604 —x — 157
T % ™ )
3 o) — % o o
ot S
* Day 0 Day 15-17 Day 28 %2_ e . 5401 % % 10 ™
= Q
[} © ° o 3 9 o [} % o © G%D
o %]
000908 0 : 2 o 5 s
(] 3 O 1+ = 20 (e} I 5
= 1cm € ¥ 2 = o
—_ > o [¢]
o ) [ 0o
0 @ o PP v e . : .
T T T T T T T
©F b Ki67 cD44 USP22  FoxM1 Integrinp1
e

Figure 5. The USP22 inhibitor attenuates BCSCs self-renewal

(A) TN1 and 4T1 WT or USP22-null cells were treated with or without 20 uM S02 for 24 h. Cell lysates were analyzed by immunoblotting using the indicated
antibodies. Dimethyl sulfoxide (DMSO) was used as a vehicle control.

(B) TN1 and 4T1 WT or USP22 depletion cells were treated with or without 20 pM S02 for 48 h. The mRNA levels of indicated genes in TN1 and 4T1 cells were
determined by real-time PCR. B-actin was used as an internal control.

(C) 4T1 WT or USP22-null cells were treated with or without 20 pM S02 for 48 h, the cells were subsequently stained with CD44 and CD24 antibodies, and then
analyzed by flow cytometry. S02 treatment decreases BCSCs (CD44"CD24™) population determined by flow cytometry. Quantification data are shown.

(D) Tumor sphere formation ability was evaluated in TN1 and 4T1 cells treated with or without 20 uM S02 for 10 days. Representative images of each group are
shown. Scale bars, 500 um.
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Figure 5. Continued

(E) Quantification showing that tumor sphere formation ability was restricted by S02 treatment in TN1 and 4T1 WT but not USP22-deficient cells.

(F) In vitro extreme limiting dilution assay by plating gradient numbers of TN1 and 4T1 control or USP22 ablation cells showed the frequencies of tumor sphere
formation in indicated cells treated with or without 20 pM S02 for 10 days. The frequency of CSCs was shown.

(G) SO2 treatment preferentially inhibits BCSCs cell viability compared to non-BCSCs.

(H) Representative images of lungs from mice given intravenous injection of 5% 10* 4T1 cells. 24 h later, mice were randomized into treatment groups and treated
with SO2 (10 mg/kg), or vehicle control by intraperitoneal injection six times (once every day).

(I) Tumor nodules on the lungs of mice injected with S02 or vehicle control. Scale bar, 1 cm.

(J) The mice were humanely sacrificed after 20 days injection of 4T1 cells. The H&E staining sections show representative metastatic tumor. Scale bar, 2 mm.
(K) 4T1 cells (5% 10% cells per mouse) were intravenously injected into BALB/c mice. Mice were treated as described in J. The survival of mice was evaluated (n = 8.
Kaplan-Meier plotter with two-sided log rank test).

(L) Immunohistochemical staining of sections from nodules in the lung as in H stained with antibody against USP22 and integrin B1.

(M) The scheme for mouse breast cancer treatment model. TN1 cells (5x 10 cells per mouse) were orthotopically injected into NOD/SCG mice. Two weeks later
when the tumors were around 100 mm?, mice were randomized into treatment groups and treated with 502 (20 mg/kg) or vehicle control by intraperitoneal
injection six times (twice a day).

(N) Images of xenograft tumors after orthotopically injecting TN1 cells and treated with vehicle or SO02 by the indicated conditions. Scale bar, 1 cm

(O) Weights of xenograft tumor treated with vehicle or S02.

(P) Immunohistochemical analysis of sections from xenograft tumors treated with vehicle or S02 stained with indicated antibodies. Three individual samples were
analyzed, and quantification data are shown. The error bars show the mean + SD. The significances of differences between groups were determined by two-
tailed Student's t test. *, **, *** indicates p < 0.05, p < 0.01, p < 0.001, respectively.

CSCs self-renewal, cancer initiation and metastasis.'”>**> Several tumor initiating and/or promoting pathways including epidermal growth
factor (EGF) and vascular endothelial growth factor-mediated signaling pathways activate the RAS-MAP kinase cascade for ITGB1 transcrip-
tion through downstream AP-1 family transcription factors. On the other hand, the tumoral immune suppressive cytokine, transforming
growth factor B, promotes B1 integrin expression through canonical SMAD family transcription factor activation. In addition, the forkhead
box family transcription factors, both FoxO3 and FoxM1 have been identified to promote cancer invasion by promoting integrin p1.7“* Here-
in we define the USP22-FoxM1-integrin B1 axis as a critical regulatory node in the control of BCSCs self-renewal, tumor initiation and metas-
tasis. In addition to integrin B1, USP22 appears to promote the transcription of several additional integrin family members. However, FoxM1
reconstitution only rescued integrin B1 expression, implying that USP22 regulates integrin family members via distinct molecular mechanisms.
FoxM1 has been also known to be a crucial transcription factor for the maintenance of a variety of human CSCs and its expression is associated
with a worse clinical prognosis.”’ =’ Therefore, this study links three important CSCs genes teaming together to maintain an optimal BCSCs
pool. Importantly, our unbiased analysis of CCLE database revealed a significant positive correlation between USP22 and ITGB1 in breast
cancer cell lines, suggesting that the USP22-FoxM1-integrin B1 axis is a common mechanism of CSCs self-renewal.

We also noted that while integrin B1 expression is fully restored in USP22-null mouse and human breast cancer cells, FoxM1 expression
only achieved a partial rescue in their in vitro tumor sphere formation and in vivo lung metastasis, indicating that USP22 exerts its function in
partthrough an integrin B1-independent manner. Indeed, it has been shown that USP22 promotes hypoxia-induced hepatocellular carcinoma
stemness through a HIF-1a/USP22 positive feedback loop upon TP53 inactivation.’® On the other hand, USP22 regulates embryonic stem cell
differentiation via transcriptional repression of sex-determining region Y-box 2 (SOX2)."" Therefore, USP22 appears to play a diverse role in
regulating cell stemness in both physiological and pathological contexts.

Our study provides a strong rationale for targeting the USP22-FoxM1-integrin B1 pathway in anticancer therapy as pharmacological USP22
inhibition reduced the frequency of BCSCs and attenuated both mouse and human invasive breast cancer lung metastasis. In addition to its
cancer cell-intrinsic roles, USP22 has been recently discovered to suppress tumor immunosurveillance through potentiating Foxp3™* regula-
tory functions®*? as well as upregulating the expression of checkpoint receptors PD-L1 and CD73.*** Therefore, targeting USP22 presum-
ably achieves both chemo- and immuno-therapeutic efficacy. Additionally, therapeutics that are either specific antibody or peptide inhibitors
of integrin family members have been tested for antitumor therapy and are currently in several ongoing clinical trials. The anti-a5p1 integrin
antibody volociximab was shown to inhibit angiogenesis and suppress tumor growth and metastasis in mice and shows some antitumor ef-
ficacy in the treatment of advanced non-small-cell lung cancer and in pancreatic cancer.*>*® To date, clinical trials that integrin-based drugs
designedto platelet integrins to prevent blood clotting or anti integrin av-based reagents designed to block angiogenesis in cancer have met
with limited success.”’ ™ It has been documented that integrin B1 plays essential roles in every steps of cancer development.”® Therefore, the
development of integrin B1 based treatment in cancers is urgent needed.

Limitations of the study

Directly targeting integrin B1 is likely achieving very limited success as integrin B1 is highly expressed in a variety of non-cancer cells and is
required for critical biological functions including normal mammary stem cells maintenance. Although we discovered that USP22-FoxM1-in-
tegrin B1 pathway is critical for breast cancer self-renewal and simultaneously targeting USP22 and specific integrin B1 heterodimer(s) target-
ing may achieve a synergistic efficacy in combating human cancers, leading to reduced therapeutic doses and side effects. As integrin B1
forms heterodimer with individual integrin a subunit,”’~>* we have not identified which integrin a subunits are involved in heterodimerizing
with integrin B1 to mediate the tumor suppressive effects elicited by USP22 ablation.>* Given integrins can interact with a plethora of extra-
cellular matrix proteins, such as fibrinogen, vitronectin, osteopontin, and fibronectin). We have not shown here the potential ligand of integrin
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Figure 6. Clinical significance of USP22/FoxM1/Integrin B1 signaling axis in breast cancer

(A) Flow cytometry was used to isolate 4T1 cells with low, middle and high level of integrin p1.

(B) Immunoblot analysis for USP22, FoxM1, and integrin B1in 4T1 cells isolated according to integrin B1 expression level. L, M, and H indicate 4T1 cells with low,
middle, and high integrin B1 expression level, respectively.

(C) The scheme for GFP-USP22 knock-in 4T1 USP22 knockout cells.

(D) Flow cytometry sorting of GFP'®Y or GFPMS" cells isolated from GFP-USP22 knock-in 4T1 USP22 knockout cells. Representative flow cytometric data are shown.
(E) Immunoblot analysis for FoxM1 and integrin B1 of USP22 knock-in 4T1 USP22 knockout cells isolated according to GFP intensity.

(F) BCSCs and non-BCSCs were isolated from TN1 and 4T1 cells, respectively. The cell extracts were analyzed by immunoblotting using FoxM1 and integrin B1
antibody.

(G) Immunohistochemical staining of tissue microarray #1 including 55 specimens (n = 8 breast benign specimens, n = 20 breast cancer specimens, and n = 22
metastatic specimens) for USP22, FoxM1 or integrin B1. Representative consecutive sections from 3 specimens are shown. Scale bars: 200 um. The
clinicopathological characteristics of tissue microarrays are shown in Table S1.

(H) The integrated optical density of USP22 (left panel), FoxM1 (middle panel), or integrin B1 (right panel) was compared with those in indicated groups.

(I) Linear regression analysis of the integrated optical density of USP22 and FoxM1 (left panel), USP22 and integrin B1 (middle panel), and FoxM1 and integrin 1
(right panel) showed a significant positive correlation. Pearson’s R correlation test and the Pearson correlation coefficients are shown in the matrix. n = 55.

(J) Proposed working model. USP22 functions as a de novo FoxM1 deubiquitinase, which plays essential roles in triggering transcriptional activation of ITGB1,
thereby promoting BCSCs self-renewal and driving breast cancer metastasis. The error bars show the mean + SD. The significances of differences between
groups were determined by two-tailed Student’s t test. *, **, *** indicates p < 0.05, p < 0.01, p < 0.001, respectively.
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B1. Thus, it will be important to identify the specific integrin alpha chain(s) heterodimerizing with integrin B1 chain to mediate these effects
elicited by USP22 as well as the ligands involved.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-USP22 Abcam Cat#ab195289; RRID: AB_2801585
Rabbit Anti-integrin p1 Proteintech Cat#12594-1-AP; RRID: AB_2130085
Rabbit Anti-integrin f1 CST Cat#34971T; RRID: AB_2799067
Mouse Anti-FoxM1 Santa Cruz Cat#sc-376471; RRID: AB_11150135
Rabbit Anti-FoxM1 Abcam Cat#ab207298; RRID: AB_3068347
Rabbit Anti-GAPDH Proteintech Cat#10494-1-AP; RRID: AB_2263076
Mouse Anti-Myc Santa Cruz Cati#sc-40; RRID: AB_2892598
Mouse Anti-Myc HRP CST Cat#2040s; RRID: AB_2148465
Rabbit Anti-GFP CST Cat#2956s; RRID: AB_1196615
Mouse Anti-Flag Sigma Cat#1804; RRID: AB_262044

Mouse Anti- Flag-HRP Sigma Cat#A8592; RRID: AB_439702
Mouse Anti-UB CST Cat#3936s; RRID: AB_331292
Mouse Anti-HA HRP Santa cruz Cati#sc-7392; RRID: AB_627809
Anti-APC-integrin a1 Biolegend Cat#142605; RRID: AB_2562252
Anti-APC-integrin a2 Invitrogen Cat#17-5971-81; RRID: AB_469484
Anti-APC-integrin a3 R&D Cat#FAB2787A; RRID: AB_1538109
Anti-FITC-integrin a4 Biolegend Cat#103605; RRID: AB_313036
Anti- FITC-integrin a5 Invitrogen Cat#11-0493-81; RRID: AB_1234968
Anti-FITC-integrin a6 Invitrogen Cat#11-0495-82; RRID: AB_11150059
Anti-APC-integrin o7 Thermo Cat#MA5-23555; RRID: AB_2607368
Anti-PE-integrin o8 Thermo Cat#MA5-23677; RRID: AB_2608542
Anti-APC-integrin B1 Invitrogen Cat#17-0291-82; RRID: AB_1210793
Anti-PE-integrin p2 BD Cat#553293; RRID: AB_394762
Anti-PE-integrin B3 BioLegend Cat#104307; RRID: AB_313084
Anti-PE-integrin p4 BioLegend Cat#123609; RRID: AB_2563543
Anti-FITC-integrin B5 eBioscience Cat#11-0497-42; RRID: AB_10547284
Anti-APC-integrin B6 Miltenyi Cat#130-111-454; RRID: AB_2652496
Anti-APC-integrin 7 BioLegend Cat#321207; RRID: AB_571964
Anti-APC-integrin B8 Biorbyt Cati#orb488142

Anti-PE-CD44 eBioscience Cat#12-0441-82; RRID: AB_465664
Anti-FITC-CD44 Abcam Cat#11-0441-81; RRID: AB_465044
Anti-APC-CD24 BioLegend Cat#101814; RRID: AB_439716

Oligonucleotides

Mouse B-actin (forward): AGATCAAGATCATTGCTCCTCCT IDT
Mouse B-actin_(reverse): ACGCAGCTCAGTAACAGTCC IDT
Mouse FoxM1_(forward): CAGAATGCCCCGAGTGAAACA IDT
Mouse FoxM1_(reverse): GTGGGGTGGTTGATAATCTTGAT IDT
Mouse CD44_(forward): TCTGCCATCTAGCACTAAGAGC IDT
Mouse CD44_(reverse): GTCTGGGTATTGAAAGGTGTAGC IDT
Mouse ITGB1_(forward): ATGCCAAATCTTGCGGAGAAT IDT
Mouse ITGB1_(reverse): TTTGCTGCGATTGGTGACATT IDT

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse ALDH_(forward): GGGTGGGCAGACAAAATCCA IDT
Mouse ALDH_(reverse): AGAGGCTAGGTACAGAGCCG IDT
Mouse Nanog_(forward): TCGCCCTTCCTCTGAAGAC IDT
Mouse Nanog_(reverse): TGCTTCTGAAACCTGTCCTTGA IDT
Mouse USP22_(forward): CTCCCCACACATTCCATACAAG IDT
Mouse USP22_(reverse): TGGAGCCCACCCGTAAAGA IDT
Human B-actin (forward): AAGTGTGACGTGGACATCCGC IDT
Human g-actin (reverse): CCGGACTCGTCATACTCCTGCT IDT
Human FoxM1_(forward): CGTCGGCCACTGATTCTCAAA IDT
Human FoxM1_(reverse): GGCAGGGGATCTCTTAGGTTC IDT
Human CD44_(forward): CTGCCGCTTTGCAGGTGTA IDT
Human CD44_(reverse): CATTGTGGGCAAGGTGCTATT IDT
Human ITGB1_(forward): CCTACTTCTGCACGATGTGATG IDT
Human ITGB1_(reverse): CCTTTGCTACGGTTGGTTACATT IDT
Human ALDH_(forward): TGAATGGCACGAATCCAAGAG IDT
Human ALDH_(reverse): CACGTCGGGCTTATCTCCT IDT
Human Nanog_(forward): TTTGTGGGCCTGAAGAAAACT IDT
Human Nanog_(reverse): AGGGCTGTCCTGAATAAGCAG IDT
Human USP22_(forward): CCATTGATCTGATGTACGGAGG IDT
Human USP22_(reverse): TCCTTGGCGATTATTTCCATGTC IDT

Oligo sequences of sgRNAs of USP22 (5'-3")

Human sgRNA target USP22: GCCATTGATCTGATGTACGG IDT
Mouse sgRNA target USP22: GCCATCGACCTGATGTACGG IDT
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be addressed to and will be fulfilled by the lead contact (fangd@
northwestern.edu).

Materials availability

This study did not generate new reagents. All materials in this study are commercially available. Plasmids and associated vector maps gener-
ated is this study are available upon request to the lead contact.

Data and code availability

e Data from publicly archive datasets are available from cBiolPortal database for breast cancer cell RNA-Seq data. Any additional infor-
mation requires to reanalyze the data reported in this paper is available from the lead contact upon request.
e The data are available to academic researchers from corresponding author upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Human breast cancer tissue microarray

Human breast cancer tissue microarrays were commercially available from Shanghai Outdo Biotech Co., Ltd.

METHOD DETAILS
Cell culture

Human HEK-293T cells were cultured in DMEM medium plus 10% FBS (Thermo Fisher Scientific,10437028) and 1% penicillin and streptomycin.
4T1 cells were maintained in RPMI medium supplemented with 10% FBS and 1% penicillin and streptomycin. TN1 cells were cultured in
HuMEC-ready medium (Life Technologies) supplemented with 5% FBS and 0.5% P/S in collagen type | (BD Biosciences) coated plates.
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Molecular cloning and plasmid

The full length USP22 cDNA (NM_001004143.4) was amplified by PCR and subcloned into pEGFP-C1 (NovoPro Bioscience: Cat#V012024)
plasmid to construct GFP-USP22 fusion protein. The pEGFP-C1-GFP-USP22 plasmid was transfected into 4T1-USP22 depleted cells. Cells
were treated with 200 pg/mL of neomycin for 4 days followed by sorting of GFP positive cells. For the rescue experiments, full length
FOXM1 (NM_008021) and ITGBT (NM_010578.2) cDNA were amplified by PCR and constructed into the pLV-EF1a-IRES-Blast (Addgene,
Cat#85133). The lentiviral vector was co-transfected with the packaging vector (psPAX2 and pMD2.G) into HEK-293T cells by jetOPTIMUS
transfection reagent (Cat#101000006) to generate lentiviruses. The lentiviruses were collected and filtered by 0.45 um filter after 48 h trans-
fection. Indicated cells were infected with the lentivirus in the presence of 8 pg/mL polybrene. The positive cells were then selected by treat-
ment with 4 pg/mL blasticidin for four days to establish stable cells expressing either FoxM1 or integrin B1. The truncation of USP22'~'¢° and
USP22'¢17525 ere amplified by PCR and a stop codon or a start codon were introduced, respectively, and then subcloned into pCMV-Myc
(Addgene: Cat#2223) plasmid. Human or mouse USP22 single guide RNA sequence was ligated into lentiCRISPR v2 (Addgene: Cat#52961)
plasmid separately. Indicated cells were transiently transfected. 48 h after transfection, cells were selected using 2 ug/mL puromycin for
4 days. The efficacy of USP22 deletion was validated by western blotting. The sequences of each guide RNA used in this study are listed
in key resources table.

Tumor sphere formation assay

A total of 3%10% 4T1 or TN1 cells with or without USP22 sgRNA were plated into ultralow-attachment 6-well plates (Corning, Cat#3471), and
maintained in EpiCult-B Basal Medium (Human) (Stem Cell Technologies, BC, Canada) and EpiCult-B Proliferation Supplement (Human)
(Stem Cell Technologies, BC, Canada), and supplemented with 2 U/mL heparin and 0.5 mg/mL hydrocortisone (Sigma H0135). LLC1 and
MC38 cells were cultured in serum-free DMEM/F12, supplemented with B27 (Invitrogen, 2175161), 20 ng/mL EGF, 20 ng/mL and 1% peni-
cillin/streptomycin. After 10 days of culture, the spheres were pictured, and the number of spheres in each group were counted.

Colony formation assay

A total of 300 indicated cells were seeded into 35 mm dishes in triplicate and maintained in culture for two weeks. The culture medium was
changed every 3 days. When colonies grew to visible size, the colonies were then washed twice with phosphate buffered saline and fixed with
4% formaldehyde for 30 min at room temperature and stained for 1 h with 0.1% crystal violet. After staining, the plates were gently washed
with distilled water and air-dried. The exact colony number of colonies was then quantified by ImageJ software.

Cell viability
A total of 10% indicated cells were seeded into 96 well plate. 12h later, cells were treated with S02 at the designated concentration for 24 h.
Following this, Cells were fixed with 10% trichloroacetic acid (Sigma, T6399) for 1 h at 4°C. The wells were gently washed with distilled water
and allowed to air-dry and subsequently subjected to stain with 1% SRB (Sigma, S9012) for 10 min at room temperature. After washing with 1%
acetic acid (Sigma, 695092), bound SRB was then solubilized with 50 pL Tris buffer (10 mM), and the ODs;s values were evaluated by
spectrometer.

In vitro extreme limiting dilution assay

Indicated cells were dissociated into single cell suspensions and seeded into 96-well plates at densities of 5, 10, 15, 20 cells per well using
previously mentioned tumor sphere formation medium. Cells were incubated at 37°C for 10 to 14 days. At the time of quantification, each
well was counted for formed tumor spheres. Stem cell frequency was calculated using extreme limiting dilution analysis online tool®
(http://bioinf.wehi.edu.au/software/elda/).

Real-time PCR

Total RNA was extracted from indicated cells using Trizol. The cDNA was synthesized using a Quantifect Reverse Transcription Kit. gRT-PCR
was performed using SYBR Premix Ex Tag, primers, H>O, and cDNA (final reaction volume, 20 mL). The sequences of the primers used in this
study are listed in key resources table.

Flow cytometry analysis and cell sorting

Prior to CD24/CD44" BCSCs sorting, 4T1 and TN1 cells were washed with PBS, dissociated using accutase, counted and incubated with pri-
mary antibody against CD44 and CD24 on ice for 60 min. FacsAria (BD) cell sorter was used to isolate CD247/CD44" and CD24"/CD44 cells,
respectively. For the 4T1 GFP-USP22 fusion knock-in cells, cells were dissociated using accutase. Cells were then sorted using FacsAria (BD)
cell sorter based on fluorescence intensity. For integrin family expression evaluation, indicated cells were dissociated using accutase followed
by staining with indicated antibodies on ice for 60 min. Cells were run on the BD-LSR Fortessa X-20 (BD Biosciences) instrument and flow
analyses were done using FlowJo software. Antibodies used for flow cytometry are listed in key resources table.
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Immunoblot

Indicated cells in this study were lysed with RIPA buffer supplemented with protease inhibitors. The same quantity of protein was subjected to
SDS-PAGE gel electrophoresis, transferred onto polyvinylidene fluoride membranes, and blocked with 5% skimmed milk for 30 min at room
temperature. The membranes were then incubated with primary antibodies. The detailed information of antibodies used in this study are
listed in key resources table.

Co-immunoprecipitation

TN1 or 4T1 cells were harvested and lysed with RIPA buffer containing protease inhibitors. Cell lysates were precleared using protein
A/G beads (10294276, GE healthcare) for 1 h on a shaker at 4°C. Protein A/G beads were then removed, and primary antibody added
followed by overnight incubation on a shaker at 4°C. New protein A/G beads were subsequently added for another 2 h incubation.
Beads were then collected following washing with ice-cold PBS for 4 times. The precipitate was washed by RIPA buffer for five times.
After each wash, the precipitate was gently shaking for 5 min. Finally, the bound protein was eluted by boiling for 5 min and subjected
to SDS-PAGE.

Chromatin immunoprecipitation (Ch-IP) gPCR

Atotal of 5 x 10° 4T1 USP22 ablation or control cells were cross-linked with 1% formaldehyde for 10 min at 37°C, washed with PBS, and sus-
pended in SDS-lysis buffer (50 mM Tris-HCI, 1% SDS, 10 mM EDTA, pH 8.1). The lysate was treated with RNase and then sonicated. After
centrifugation, supernatants were subjected to immunoprecipitation with primary FoxM1 antibodies. The enrichment of FoxM1 consensus
site (C/TAAAC/TA) in ITGB1 promoter sequences was detected by quantitative PCR using gene-specific primers and SYBRGreen (Applied
Biosystems).

Dual-luciferase assay

ITGB1 promoter sequences (—2000 to TSS) were inserted into upstream of the Firefly luciferase genein a pGL4 vector. 4T1 USP22 depletion or
control cells were seeded into 12-well plates and transfected with pGL3 luciferase vector containing with the promoter of ITGB1. Transfection
efficiency was quantified by co-transfection with Renilla luciferase reporter. The activities of firefly luciferase and Renilla luciferase in each well
were evaluated by a dual-luciferase reporter assay system kit (Promega, E1910). The ratios between the luciferase reporter and Renilla control
were determined 48 h after transfection.

Immunohistochemistry

Immunohistochemical (IHC) staining was performed following the standard protocol as reported.”®>’ Briefly, tissue specimens were sub-
jected to deparaffinization in xylene, rehydrated through graded ethanol solutions, followed by antigen retrieval, and immersed in a 0.3%
hydrogen peroxide solution. Slides were washed three times with phosphate-buffered saline (PBS), and nonspecific antigens were blocked
by incubation with 5% bovine serum albumin for 30 min at room temperature. The tissue slides were subsequently incubated with primary
antibodies overnight at 4°C. Horseradish peroxidase (HRP) conjugated secondary antibody was used to incubate the slides before DAB
detection. For the IHC results analysis, the percentage score was assigned as follows: 1 indicated that 0-25% of the tumor cells showed a
positive signal, 2 indicated 26-50% of cells were stained, 3 indicated 51-75% stained, and 4 indicated 76-100% stained. We scored the stain-
ing intensity as 0 for negative, 1 for weak, 2 for moderate, and 3 for strong. The total score was obtained by multiplying the percentage score
by the stain intensity score. Antibodies used for IHC are listed in key resources table.

Tissue microarray

Breast cancer tissues with fully annotated clinical and pathological information were obtained from Shanghai Outdo Biotech Co., Ltd. The
Immunohistochemical staining was performed as described as immunohistochemistry. Histoscore (H score) was unbiasedly calculated by
the company using a semi-quantitative approach according to standard protocol.”® Briefly, histochemical scoring (H-score) assessment incor-
porating both the staining intensity (i) and a percentage of stained cells at each intensity level (Pi). The i values are graded as: 0, non-staining; 1,
weak; 2, median; or 3, strong. The Pivalues vary from 0% to 100%. The final H-score is derived from the sum of i multiplied by Pi as the equation
H score= (OX Pg) + (1XP4) + (2XP,) + (3XP3).

Animal studies

All animal experiments were approved by the Institutional Animal Care and Use Committee at Northwestern University. All mice were main-
tained in a specific pathogen-free facility. BALB/c, and NSG mice at the age of 6-8 weeks were all purchased from Jackson laboratory. For the
metastatic mice model, BALB/c mice were intravenously administrated with 5% 10* 4T1 USP22 ablation or control cells. 20 days later, all the
mice were sacrificed and analyzed for the presence of metastatic nodules. For the mice survival analysis, BALB/c mice were intravenously
administrated with 5x10% 4T1 wildtype cells. Mice were euthanized until they exhibited signs of significantly declining quality of life (e.g.,
ataxia, lethargy, seizures, inability to feed) and the survival of mice were recorded. For the SO2 treatment, BALB/c mice were intravenously
administrated with 5% 10* 4T1 cells. 24 h later, mice were randomized into treatment groups and treated with S02 (10 mg/kg), or vehicle con-
trol by intraperitoneal injection six times (once every day). Mice were sacrificed 3 weeks later after 4T1 cells administration, and the lung of
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mice were taken out to analyze tumor nodules. For the orthotopic xenograft model, 5% 10* TN1 cells were orthotopically injected into the
mammary fat pad of NSG mice, 2 weeks later, mice were randomized into treatment groups and treated with S02 (20 mg/kg), or vehicle con-
trol group by intraperitoneal injection six times (twice every day).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as the mean + SD, and error bars indicate SD. p values were calculated by either unpaired or paired two-tailed
Student's t test, *p < 0.05, **p < 0.01, and ***p < 0.001. All analyses were performed using GraphPad Prism software (GraphPad Software,
Inc.).
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