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Basal-like breast cancer may originate from luminal epithe-
lial or cancerous cells. Inadequately repaired DNA damage
impairs luminal differentiation and promotes aberrant luminal
to basal trans-differentiation in mammary epithelial cells
(MEC:s). Ubiquitin-specific peptidase 11 (USP11), a deubiqui-
tinase, plays a critical role in DNA damage repair. The role of
USP11 in controlling mammary cell differentiation and
tumorigenesis remains poorly understood. We generated
Usp1l knockout mice and breast cancer cell lines expressing
wild-type (WT) and mutant forms of USP11. By using these
mutant mice, cell lines, and human USP11-deficient and
-proficient breast cancer tissues, we tested how USP11 controls
mammary cell fate. We generated Uspll knock-out mice and
found that deletion of Uspll reduced the expression of
E-cadherin and promoted DNA damage in MECs. Over-
expression of WT USP11, but not a deubiquitinase-inactive
mutant form of USP11, promoted luminal differentiation,
enhanced DNA damage repair, and suppressed tumorigenesis
in mice. Mechanistically, we found that USP11 enhanced the
protein expression of E-cadherin dependent on its deubiquiti-
nase activity and that USP11 deubiquitinated E-cadherin at
K738. We discovered that USP11 is bound to E-cadherin
through its C-terminal region. In human breast cancers,
expression of USP11 was positively correlated with that of E-
cadherin, and high USP11 predicted better recurrence-free
survival. Our findings provide compelling genetic and
biochemical evidence that USP11 not only promotes DNA
damage repair but also deubiquitinates E-cadherin and main-
tains the luminal feature of mammary tumor cells, thereby
suppressing luminal breast cancer.

Breast cancer has been the most frequently diagnosed type
of cancer since 2020, and it is also the second-leading cause of
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death in women (1). Breast cancer comprises of, among others,
two main subtypes: estrogen receptor (ER)-positive luminal
and ER-negative basal-like. Basal-like breast cancers (BLBCs)
are highly invasive, poorly differentiated, and contain several
distinct cell types such as cells that express luminal and basal
biomarkers (2). We and others have demonstrated that some
of the BLBCs originate from luminal epithelial or cancerous
cells (3—7). Luminal breast cancers account for more than two-
thirds of all diagnosed cases of breast cancer. In comparison
with BLBCs, most luminal breast tumors are relatively well-
differentiated and have a better prognosis due to their
limited/marginal invasiveness, surgical resectability, and
responsiveness to targeted hormone therapy (8—10). Due to
the targeted therapy-induced drug resistance and yet unknown
mechanisms, more than half of the luminal cancers relapse or
lose their luminal and epithelial features, resulting in poorly
differentiated cancers with enhanced invasiveness and metas-
tasis (11). As such, the discovery of mechanisms controlling
luminal features in breast cancer not only advances our un-
derstanding of the development and progression of luminal
and basal-like cancers but also provides opportunities for
developing new therapeutic strategies.

The integrity of the mammalian genome is under constant
assault from external factors such as UV radiation and internal
causes such as errors in DNA replication. Unrepaired or
improperly repaired DNA damage results in chromosomal
rearrangement and, ultimately, cancer, particularly hormone-
related cancers such as breast cancer (12). We and others
have shown that loss of Brcal, a gene associated with DNA
damage repair and genomic stability maintenance, promotes
luminal to basal and luminal to mesenchymal differentiation in
mammary tumorigenesis and progression (3-6, 13). More
recently, it has been found that inadequate DNA damage
repair induced by depletion of BRCAL1 or its interacting pro-
teins, including FANCD2, BRG1, NUMB, and HESI, impairs
luminal differentiation and promotes aberrant luminal to basal
trans-differentiation in immortalized MECs (14, 15). However,
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USP11 deubiquitinates E-cadherin

deficiency of BRCA2, a BRCAl-interacting protein that also
functions in DNA damage repair, does not induce luminal-to-
basal differentiation (14). The mechanisms associated with
BRCAl-interacting proteins that modulate DNA damage
repair and luminal cell differentiation in breast cancer devel-
opment remain unclear.

The cell-to-cell adhesion molecule E-cadherin plays a cen-
tral role in promoting and sustaining the polarization and
differentiation status of epithelial cells (16). Loss of expression
of E-cadherin (encoded by CDHI) impairs luminal and
epithelial differentiation and induces an epithelial-to-
mesenchymal transition (EMT) process, promoting invasion
and metastasis in breast cancer (17, 18). CDH1 is regulated by
several transcription factors, including GATA3 and most
EMT-inducing transcription factors (EMT-TFs) (19-23).
Although it has been reported that Hakai and MDM2 function
as ubiquitin E3 ligases promoting the degradation of E-cad-
herin (24, 25), how E-cadherin is de-ubiquitinated remains
elusive.

The deubiquitinase USP11 belongs to the deubiquitinating
enzyme family, protecting ubiquitinated substrates from
ubiquitin-mediated degradation by the removal of poly-
ubiqutin chains (26). USP11 is a BRCAl-interacting protein
and plays a critical role in DNA damage repair (27, 28). In
addition to its function of being recruited to DNA break sites
to directly participate in DNA damage repair, USP11 is also
indirectly involved in repair through deubiquitination of some
other DNA damage repair proteins including p53, YH2AX,
p21, and H2BK120 (29, 30). The role of USP11 in regulating
tumorigenesis and luminal or epithelial cell differentiation is
quite contradictory. USP11 may promote EMT in vitro by
deubiquitination of TGFBR2 and SNAIL, while it may also
maintain luminal or epithelial cell features through stabiliza-
tion of PTEN and positive regulation of ERa transcriptional
activity (29, 30). It has been reported that, on the one hand,
USP11 promotes cell proliferation and tumorigenesis through
stabilizing its substrates cIAP2, NONO, NF90, E2F1, and
cytoplasmic p21, but on the other hand, USP11 suppresses
tumorigenesis by deubiquitinating its substrates PML, Mgl-1,
PTEN, ARIDI1A, and nuclear p21 (29, 30). Regarding the
function of USP11 in breast cancer, it, also confusingly, pro-
motes breast cancer cell proliferation and tumorigenesis by
stabilizing XIAP and cytoplasmic p21, and inhibits breast
cancer cell proliferation through deubiquitination of PTEN
(29, 30). Notably, other than a finding that loss of one allele of
Uspll in male mice destabilizes PTEN to promote mouse
embryonic fibroblast (MEF) and prostate epithelial cell pro-
liferation and tumorigenesis (31), all the findings on the role of
USP11 in tumorigenesis and cell differentiation were achieved
from cell culture-based systems. Considering that USP11 is an
X chromosome-linked gene, it is important to uncover the
function and mechanisms of USP11 in controlling female
breast cancer development and progression in vivo.

In this study, we investigated the effect of USP11 in regu-
lating mammary cell differentiation by using Usp11 knockout
mice, breast cancer cell lines, and human breast cancer sam-
ples. We identified E-cadherin, a key protein in controlling
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luminal and epithelial cell differentiation, as a substrate of the
USP11 deubiquitinase. We demonstrated that USP11 main-
tains the luminal fate of mammary tumor cells, thereby sup-
pressing mammary tumorigenesis. USP11 is, therefore, a
tumor suppressor in luminal breast cancer.

Results

Targeted deletion of the mouse Usp11 gene promotes DNA
damage in MECs

To investigate the function of Uspll in normal and tumor
development in vivo, we generated Usp11 knock-out (Usp11~")
mice in the BL/6 background (Fig. 14; see details in “Materials
and methods”). We confirmed the deletion of exons two to four
by PCR and the lack of Uspl1 protein expression in Uspll™~
mice by Western blotting (Fig. 1, C and D). Usp11~~ mice were
developmentally normal, showing an indistinguishable gross
appearance and comparable body weight to WT mice (Figs. 1B
and S1A4). Both male and female Uspl1~~ mice were fertile.
These results are consistent with the findings described in other
mice harboring different Usp11 knockout alleles (31-33).

To explore the impact of Uspl1 deletion on DNA damage
repair in MECs, we examined the expression of YH2AX, a
marker for DNA double-strand breaks. We found that, on
average, a positive MEC was detected in every 15 to 20
Usp11~~ glands, while YH2AX-positive cells were rarely seen
in Uspll™* glands (Fig. 1E). Due to the limitation of the
study, we were unable to further quantify these results. In line
with the finding that the deficiency of Uspl1 induces defects
in DNA repair (27, 28, 34, 35), these results indicate that
Uspll knockout induces DNA damage in mouse MECs.

Usp11 positively regulates the expression of E-cadherin in
mammary epithelial and tumor cells

We and others previously reported that the deletion of some
DNA damage repair genes not only induces defective DNA
damage repair but also causes aberrant differentiation in
mammary epithelial and cancerous cells (6, 7, 13-15, 19). We
further examined this in Uspl1-deficient MECs. We examined
the expression of E-cadherin, a profound marker for luminal
and epithelial cells (36), and Vimentin, a mesenchymal marker
that is not expressed in luminal MECs (37). We found that the
number of E-cadherin strongly positive MECs in Uspll™~
mice was significantly less than in Uspl1™* mice (Figs. 2, A, B
and S2A4). The intensity of E-cadherin staining in Uspll™~
MECs was also drastically reduced relative to that in Uspl1™*
counterparts (Figs. 24 and S2A). No clear increase of
Vimentin was detected in Uspll”~ MECs when compared
with Usp11** MECs (Fig. 24). In accordance with the findings
derived from IHC analysis, western blotting analysis also
revealed that the expression of E-cadherin, but not Vimentin,
was significantly reduced in Uspl1~~ mammary tissues when
compared with UsplI** tissues (Fig. 2, C and D). Taking
advantage of the low-serum cell culture system that maintains
the luminal cell fate of primary mammary epithelial and
cancerous cells in vitro (7), we isolated and cultured primary
mouse MECs from 5-week-old mice. We found that, relative to
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Figure 1. Generation and characterization of Usp11 knock-out mice. A, s
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chematic diagram of targeted deletion of exons 2 to 4 in the Usp11 gene in
~ female mice. C, PCR analysis of genomic DNA from Usp11** and Usp11~/~

mice. Wild-type band, 601 bp; null band, 464 bp. D, Western blotting analysis of the expression of USP11 in primary Usp11** and Usp11™~ MECs. GAPDH

was used as an internal control. E, representative IHC staining of YH2AX in mammary glands from 5-week-old Usp11*™* and Usp11™

Uspl1™* MECs, Uspll”~ MECs again expressed a signifi-
cantly reduced level of E-cadherin, but not Vimentin (Fig. 2, E
and F), confirming that the loss of Uspll inhibits the
expression of E-cadherin in MECs. Notably, Usp11~~ MECs
expressed comparable Cdhl mRNA levels relative to Uspl1™*
MECs (Fig. S2B), suggesting that the reduction of E-cadherin
protein level by Uspl1 loss in MECs is unlikely regulated at the
transcriptional level.

We then performed whole-mount analysis for mouse
mammary glands at different ages. We found that Usp1l™~
female mice developed normally as WT did in the puberty
stage (Fig. S1, B and C). Furthermore, Uspll~~ mammary
glands also developed normally during pregnancy and had no
problem in feeding pups (data not shown). These data suggest
that Uspll is dispensable for mammary gland development
and that Uspll loss reduced E-cadherin is not sufficient to
result in developmental defects. Taken together, these results
indicate that loss of Uspll inhibits the expression of E-cad-
herin in MECs.

Several groups indicate that P-cadherin or N-cadherin, both
of which belong to the cadherin protein family, are sometimes
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up-regulated, providing compensatory functions for the loss of
E-cadherin (38—41). Our data showed that the expressions of
P-cadherin and N-cadherin were both drastically reduced in
Uspl1™~ mammary glands (Fig. S2D). Interestingly, the ex-
pressions of P-catenin and ¢-catenin, which combine with the
intracellular domain of E-cadherin to form a complex, were
also reduced in Uspl1~~ mammary glands when compared to
Uspl1™* glands (Fig. S2D). These data indicate that USP11
also positively regulates the expression of P-cadherin and
N-cadherin, as well as B-catenin and o.-catenin, suggesting that
the reduction of E-cadherin by Usp11 loss in mammary glands
does not lead to compensatory increase of P-cadherin and
N-cadherin.

Loss of luminal features of tumor cells is one of the major
causes promoting mammary tumor cell dedifferentiation and
stimulating tumor-initiating and metastatic potential. We
discovered that loss of Uspll reduced the expression of E-
cadherin in MECs; therefore, we wanted to investigate if
Uspll controls the differentiation of luminal-type breast
cancer cells. To test this hypothesis, we took advantage of
the MMTV-PyMT luminal-type mammary tumor cell and
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Figure 2. USP11 regulates the expression of E-cadherin in vivo and in vitro. A, representative IHC staining of E-cadherin and Vimentin in mamma
glands from 5-week-old Usp11** and Usp17~~ mice. Note the drastically reduced expression of E-cadherin in Usp11~~ MECs when compared with Usp11**
counterparts. B, quantification of E-cadherin strongly positive cells in mammary glands in (A). The results represent the mean + SEM of seven individual
mice. *p < 0.05 vs the Usp11** group. C, Western blotting analysis of the mammary glands from 5-week-old Usp17** and Usp71~~ mice. B-Actin was used
as an internal control. D, quantification of the expression of E-cadherin and Vimentin in (C). The results represent the mean + SEM of four individual samples.
*p < 0.05 vs the Usp11%* group. E, representative western blotting analysis of the primary MECs isolated from Usp71™* and Usp11™~ mice. B-Actin was used
as an internal control. f, quantification of the expression of E-cadherin and Vimentin in (E). The results represent the mean + SEM of four individual samples.
*p < 0.05 vs the Usp11** group. G, representative western blotting analysis of murine luminal tumor cells infected with sh-Ctrl, sh-Usp11#1, or sh-Usp11#2
lentivirus. GAPDH was used as an internal control. H, representative western blotting analysis of the murine luminal mammary tumor cells infected with
Flag, Flag-USP11, or Flag-USP11-C318A lentivirus. GAPDH was used as an internal control.

transplantation model system we established (7, 19). We
knocked down (KD) Uspll in luminal tumor cells using

USP11 (Flag-USP11) and an enzymatically inactive mutant
form of USP11, USP11-C318 A (Flag-USP11-C318 A), in

lentiviruses. We found that, relative to control, Uspll KD
clearly reduced the expression of E-cadherin in luminal tu-
mor cells (Figs. 2G and S2C). This inhibitory effect on E-
cadherin expression by Usp11 KD was also observed in mouse
HCI11 cells (Fig. S2E). We then ectopically expressed WT
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luminal tumor cells. Western blotting analysis revealed that,
relative to control (Flag), overexpression of Flag-USP11, but
not Flag-USP11-C318 A, significantly enhanced the expres-
sion of E-cadherin in tumor cells (Figs. 2H and S2F). Notably,
over-expression of either Flag-USP11 or Flag-USP11-C318 A
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did not induce significant changes in Cdhl mRNA expression
(Fig. S2G). Together, these results demonstrated that Usp11
promotes the protein expression of E-cadherin dependent on
its deubiquitinase activity.

Loss of E-cadherin accompanying weakened adhesion
phenotype in tumor cells is one of the major features when a
carcinoma deteriorates. As USP11 positively regulated the
E-cadherin protein in mammary tumor cells, it was of interest
to know whether USP11 regulated mammary tumor cell
adhesion. We transfected Flag-E-cadherin and Flag into sh-
Uspll and sh-control cells, respectively. We found that the
adhesion ability of Flag-overexpressing sh-Uspll cells was
significantly less than that of Flag-overexpressing sh-control
cells. Notably, the adhesion ability of E-cadherin-over-
expressing sh-Uspll cells was significantly higher than that of
Flag-overexpressing sh-Uspl1 but significantly less than that of
E-cadherin-overexpressing sh-control cells (Fig. S2, H and I).
These results indicate that deficiency of USP11 in tumor cells
reduces the adhesion ability, which is partially restored by
ectopic expression of E-cadherin. These data suggest that E-
cadherin plays a critical role in USP11-mediated breast cancer
cell adhesion.

Interestingly, we observed that knockdown of Uspll
reduced the expression of B-catenin or ¢-catenin. The level of
B-catenin or o-catenin in Flag-E-cadherin expressing sh-Ctrl
cells is comparable to that in Flag-expressing sh-Ctrl cells,
and in Flag-E-cadherin expressing sh-Uspll cells is also
comparable to that in Flag-expressing sh-Uspll cells
(Fig. S2H). These results show that overexpression of E-cad-
herin in mammary tumor cells does not induce the expression
of P-catenin or oO-catenin, nor rescues the reduction of
B-catenin or d-catenin by Uspll deficiency, which suggests
that Usp11 deficiency reduces the expression of [-catenin or
o-catenin independent of the decrease of E-cadherin.

USP11 binds to E-cadherin

Prompted by the findings that Uspl1 regulates the expres-
sion of E-cadherin in mammary epithelial and cancerous cells
and that USP11 functions as a deubiquitinating enzyme, we
hypothesize that USP11 might be the deubiquitinase of
E-cadherin. To test this hypothesis, we checked the interaction
between USP11 and E-cadherin in a human luminal-type
breast cancer cell line, T47D. We found that endogenous
E-cadherin was co-immunoprecipitated with USP11 (Fig. 34),
and reciprocally, endogenous USP11 was also co-
immunoprecipitated with E-cadherin (Fig. 3B), indicating
that USP11 and E-cadherin bind to each other in human breast
cancer cells. The in vivo interaction between Uspll and
E-cadherin was also observed in mouse mammary tumor cells
(Fig. S3A). In addition, we detected the interaction between
USP11 and E-cadherin by immunoprecipitation assay using
Flag antibody in Flag-USP11 overexpressed HEK293 T cells or
T47D cells (Fig. S3, B and C).

Since E-cadherin is a transmembrane protein holding a
cytoplasmic domain for signal transduction and interacting with
intracellular proteins, such as p120 and B-catenin (42, 43), we
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wondered whether USP11 bound to the E-cadherin cytoplasmic
region. We then performed the co-immunoprecipitation assay
and confirmed that USP11 could bind to E-cadherin-C (731-
882aa), the cytoplasmic region of E-cadherin (Fig. S3D).

To further confirm the interaction between USP11 and E-
cadherin, we generated GST fusion proteins containing N-
terminal (residues 1-300 amino acids, termed GST-USP11-N)
and C-terminal (residues 301-963 amino acids, termed GST-
USP11-C) sequences of USP11 (Fig. 3C). GST pull-down assay
was carried out using the GST, GST-USP11-N, or GST-
USP11-C purified proteins in T47D cell lysates or lysis buffer,
respectively. We found that GST-USP11-C readily interacted
with endogenous E-cadherin, whereas GST-USP11-N weakly
and GST did not bind to E-cadherin (Figs. 3D and S3E).
Together, these results indicate that USP11 binds to E-cad-
herin and that this interaction is mainly mediated by the C-
terminal region of USP11.

USP11 deubiquitinates E-cadherin at K738

To examine whether USP11 deubiquitinates E-cadherin, we
checked the effect of USP11 deficiency on E-cadherin protein
turnover. Cycloheximide (CHX) chase experiments showed
that the depletion of USP11 accelerated the degradation of E-
cadherin protein in T47D cells compared to the control group
(Figs 4, A and B). Then, we performed a ubiquitin assay for E-
cadherin. We transfected HEK293 T cells with Flag, Flag-
USP11, or Flag-USP11-C318 A along with Flag-E-cadherin
and HA-ubiquitin, and then immunoprecipitations were per-
formed using an E-cadherin antibody in these cell lysates. We
found that overexpression of Flag-USP11 drastically reduced
the level of the ubiquitinated form of E-cadherin compared to
that of the Flag control; however, overexpression of Flag-
USP11-C318 A did not change the level of the ubiquitinated
form of E-cadherin relative to that of the Flag control (Figs 4C
and S4A). Next, we checked the effect of USP11 on the
ubiquitination of endogenous E-cadherin. We observed that
overexpression of USP11, but not the enzyme inactive form,
C318 A mutant, reduced the level of the ubiquitinated form of
E-cadherin in T47D cells compared to Flag control (Fig. 4D).
Additionally, we observed that depletion of USP11 enhanced
the level of the ubiquitinated form of E-cadherin in human
T47D cells (Fig. 4E) or mouse luminal cancerous cells
(Fig. S4B) compared to the control.

Hartsock and Nelson have discovered that K754 and K833
in the JuxtaMembrane Domain (JMD) of mouse E-cadherin
are required for ubiquitination and proteasomal degradation
of IMD (44). K754, but not K833, is required for ubiquiti-
nation and degradation of full-length E-cadherin (44). We,
therefore, determined the role of K738 in human E-cadherin,
equivalent to K754 in mouse E-cadherin (Fig. S4C), in
regulating the ubiquitination of E-cadherin. We transfected
equal amounts of Flag-E-cadherin and Flag-E-cadherin-
K738 R cDNA into 293T cells and found that Flag-E-cad-
herin-K738 R protein level was higher than Flag-E-cadherin
level, suggesting that E-cadherin-K738 R protein is more
stable than E-cadherin. Importantly, the level of
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Figure 4. USP11 is a deubiquitinase for E-cadherin. A, sh-Ctrl or sh-USP11 infected T47D cells were treated with 3 pM CHX for 0, 1, 2, 4, or 6 h. The protein
expression of E-cadherin and USP11 was then detected by Western blotting. B-Actin was used as an internal control. B, the relative protein levels of E-
cadherin from four independent experiments of (A) were statistically analyzed. C and F, HEK293T cells were transfected with Flag-E-cadherin, Flag-E-
cadherin-K738R, HA-Ubiquitin, Flag-USP11, Flag-USP11-C318A, or Flag for 24 h, treated with MG132 (20 nM) for additional 6 h, and then lysed. Immu-
noprecipitation was performed using E-cadherin rabbit polyclonal antibody in the cell lysates. Ubiquitin and E-cadherin in immunoprecipitates and E-
cadherin and USP11 in input samples were detected by Western blotting. GAPDH (C) or HSP90 (F) was used as an internal control for input samples. D and E,
T47D cells infected with Flag, Flag-USP11, or Flag-USP11-C318A lentivirus for 48 h (D) or infected with sh-USP11#1, sh-USP11#2, or sh-Ctrl lentivirus for 48 h
(E) were treated with MG132 (20 nM) for 6 h and then lysed. Immunoprecipitation was taken using E-cadherin rabbit polyclonal antibody in the cell lysates.
Ubiquitin and E-cadherin in immunoprecipitates, and ubiquitin, E-cadherin, and USP11 in input samples were detected by Western blotting.

ubiquitinated E-cadherin-K738 R was drastically reduced
compared to that of ubiquitinated E-cadherin-WT. The
addition of USP11 reduced the level of ubiquitinated
E-cadherin-WT but not that of ubiquitinated E-cadherin-
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K738 R (Fig. 4F). These results not only confirm that K738 is
required for ubiquitination of full-length human E-cadherin
but also suggest that USP11 deubiquitinates E-cadherin at
K738 (removes ubiquitin from E-cadherin on K738).
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As USP11 binds to and regulates P-cadherin and N-cadherin,
and JMD including the K738 ubiquitin sites of E-cadherin was
conserved in P-cadherin and N-cadherin (Fig. S3F), we also
performed the ubiquitin assay and discovered that over-
expression of USP11 in T47D cells reduced the levels of
ubiquitinated P-cadherin and N-cadherin (Fig. S3G), suggesting
that USP11 also deubiquitinates P-cadherin and N-cadherin.

Overexpression of WT USP11, but not the USP11-C318 A
mutant, promotes luminal differentiation and DNA damage
repair, suppressing tumorigenesis

Inspired by the findings that Uspll controls the luminal
features of mammary cells, we next examined whether Usp11
functions similarly in vivo in tumorigenesis using a xenograft
mouse model. We found that both the weight and volume of
Flag-USP11-expressing tumors were significantly less than
those of Flag-expressing tumors (Fig. 5, A—C). Cohorts from
the Flag-USP11-C318A-expressing tumors exhibited weights
and sizes that were not significantly different compared to
those of Flag-expressing tumors (p > 0.05) but were signifi-
cantly larger than those of Flag-USP11-expressing tumors
(Fig. 5, A-C). These data indicate that WT USP11, but not the
USP11-C318 A mutant, suppresses tumorigenesis. Next, we
analyzed the protein levels in these tumors by western blotting,
and we found that, compared to control (Flag) tumors, Flag-
USP11-expressing tumors, but not Flag-USP11-C318A-
expressing tumors, displayed significantly increased levels of
E-cadherin (Fig. 5, D and E). Interestingly, we failed to detect a
clear difference in the expression of Vimentin among these
tumors (Fig. 5, D and E). We then performed IHC analysis and
found that, in comparison with the cells in control (Flag) tu-
mors, cells in Flag-USP11-expressing tumors, but not the cells
in Flag-USP11-C318A-expressing tumors, exhibited signifi-
cantly enhanced levels of E-cadherin (Figs. 5, F and G and
S5A). In addition, we detected that YH2AX-positive cells in
Flag-USP11-tumors were significantly fewer than those in
Flag-tumors or Flag-USP11-C318A-tumors (Figs. 5, F and H
and S5B), confirming the role of WT USP11, not the USP11-
C318 A mutant, in promoting DNA damage repair in
tumorigenesis. In sum, these results indicate that Uspll pre-
vents E-cadherin from degradation and promotes DNA dam-
age repair to suppress tumorigenesis, which is dependent on
its deubiquitinase activity.

Expression of USP11 is positively correlated with that of
E-cadherin in human breast cancer and is predictive of patient
outcome

We screened 30 human invasive breast cancer samples and
then selected 5 ER-positive and 5 ER-negative samples that
were equal to or larger than 10 mm x 10 mm x 5 mm (length x
width x height) in size. In addition, only samples with a
consistent tumor cell content >60% of tissues were selected
and analyzed. We performed HE staining and IHC with an
antibody against E-cadherin as the first round of analysis. We
found that the tumors displayed drastic inter- and intra-
tumoral heterogeneity. Most, if not all, tumors consisted of
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multiple different types of sub-tumor nodules/foci, as evi-
denced by HE-based pathological morphology and IHC-based
E-cadherin positivity, which is not significantly associated with
clinically diagnosed ER status (Figs. 64 and S6, A—J). Due to
the highly heterogeneous positivity of E-cadherin in multiple
sub-tumor nodules/foci of each individual tumor, each sub-
nodule/focus that was larger than 500 pm and had no
boundary link with another sub-nodule/focus was analyzed
and regarded as a separate tumor nodule/focus. Because of the
inability of immunofluorescent double staining of USP11 and
E-cadherin antibodies in tumor samples, we performed IHC
analysis with antibodies against USP11 and E-cadherin for
serial sections of the samples. We carefully analyzed the pos-
itivity of USP11 and E-cadherin by H scores as well as their
correlation in every tumor nodule/focus. We found that
USP11 was readily detected in E-cadherin-positive tumor cells
but hardly detectable or weakly expressed in E-cadherin-
negative tumor cells (Figs. 6A and S6, A-J). Of 100 tumor
nodules/foci analyzed, a significant positive relationship be-
tween USP11 and E-cadherin H-scores was detected (Fig. 6B).
Together, these clinical findings are consistent with our results
in mice, suggesting an opportunity to use murine systems to
further explore how USP11 regulates E-cadherin to control
human breast biology as well as cancer development and
progression.

Next, we checked the mRNA expression of USP11 in the
breast cancer patient sample sets. We found a significant
reduction in USP11 mRNA expression in primary tumors
compared to that in normal breasts (Fig. 6C). In human breast
tumor samples, the mRNA expression of USP11 in ER- and
PR-double-negative (ER-/PR-) tumors was significantly lower
than that in ER- and PR-double-positive (ER+/PR+) tumors
(Fig. 6D), showing a decreased expression of USP11 in
advanced breast tumors. Kaplan-Meier analysis of recurrence-
free survival revealed that the expression of USP11 genes was
significantly predictive of patient outcome. High USP11
expression predicted better patient outcomes (Fig. 6E).
Consistent with our results in mice, these data indicate that the
expression of USP11 is positively correlated with E-cadherin in
human breast cancers and that USP11 functions as a tumor
suppressor in breast cancer.

Discussion

In this article, we found that the deletion of Uspl1 in mice
reduced the expression of E-cadherin and promoted DNA
damage in MECs. Overexpression of WT USP11, not a
deubiquitinase-inactive mutant form of USP11, promoted
luminal differentiation, enhanced DNA damage repair, and
suppressed tumorigenesis. Mechanistically, we found that
Uspl1 stimulated the expression of E-cadherin dependent on
its deubiquitinase activity and that USP11 deubiquitinated
E-cadherin at K738. We discovered that USP11 is bound to
E-cadherin through its C-terminal region. In human breast
cancers, the expression of USP11 was positively correlated
with that of E-cadherin and high USP11 predicted better
recurrence-free survival. Our findings provide compelling
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Figure 5. WT USP11, not the USP11-C318A mutant, inhibits tumor cell proliferation and promotes luminal differentiation in suppression of
tumorigenesis. 5 x 10° murine luminal tumor cells infected with Flag-USP11, Flag-USP11-C318A, or Flag lentivirus were transplanted into the inguinal
mammary fat pad of NSG mice (n = 4 for each group). After 20 days, mice were sacrificed to obtain the regenerated tumors. A-C, gross appearance (A),
weight (B), and volume (C) of the xenograft tumors were determined. Data in (B) and (C) are presented as the mean + SEM of four samples. *p < 0.05. D,
Western blotting analysis of the tumor samples in (A). GAPDH was used as an internal control. £, quantification of the expression of E-cadherin and Vimentin
in tumor samples in (D). The results represent the mean = SEM of four individual samples. *» < 0.05 vs Flag group; *p < 0.05 vs Flag-USP11 group. F,
representative IHC staining of tumor samples in (A). G and H, quantification of expression levels of E-cadherin (G) and YH2AX-positive cells (H) in tumors in
(F). The results represent the mean + SEM of four individual samples. *p < 0.05.
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Figure 6. Correlation analysis of USP11 with E-cadherin in human breast cancers. A, representative IHC analysis of E-cadherin and USP11 in human
breast cancer samples. B, correlation analysis of E-cadherin and USP11 protein levels for human breast cancer samples. n = 100. C, analysis of USP11 mRNA
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html). Normal, normal breast; Breast cancer, breast invasive carcinoma. *p < 0.05 vs Normal group. D, analysis of USP11 mRNA expression in different
types of human breast tumors according to the IHC staining of ER and PR (http://bcgenex.ico.unicancer.fr). ¥p < 0.05 vs ER+/PR + group. E, Kaplan-Meier
recurrence-free survival curve of USP11 in breast cancer patients.
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genetic and biochemical evidence that USP11 not only pro-
motes DNA damage repair but also deubiquitinates E-cadherin
and maintains the luminal features of mammary tumor cells,
leading to the suppression of breast cancer.

The function of USP11 in controlling tumor development
and progression is very puzzling. USP11 may stimulate
tumorigenesis by deubiquitinating cIAP2, NONO, NF90,
E2F1, or cytoplasmic p21; however, it may also inhibit
tumorigenesis through stabilizing PML, Mgl-1, PTEN,
ARID1A, or nuclear p21 (29, 30). The findings that USP11
stimulates tumorigenesis have been exclusively obtained from
artificial overexpression or knockdown of USP11 in various
cancer cell lines, in which multiple oncogenic proteins have
been identified as its substrates. It is not surprising that USP11,
a deubiquitinase widely expressed in multiple tissues or cell
lineages, has many substrates including oncogenic proteins;
however, it remains to be investigated whether, under physi-
ological conditions, USP11 promotes tumorigenesis through
deubiquitinating those substrates in vivo. Although most re-
sults on the tumor suppressive role of USP11 were also derived
from in vitro cell culture systems, a finding that the loss of one
allele of Uspll in male mice destabilizes PTEN to promote
prostate epithelial cell tumorigenesis provides genetic evidence
that USP11 suppresses prostate tumorigenesis in males (29).
Notably, USP11 is an X chromosome-linked gene; it is,
therefore, expected that the loss of both alleles of Uspll in
females regulates tumorigenesis through distinct mechanisms.
Interestingly, USP11 may also inhibit breast cancer cell pro-
liferation through deubiquitinating PTEN (31); however, no
genetic evidence indicates that USP11 suppresses mammary
tumorigenesis. In the present study, we found that over-
expression of WT USP11, not mutant USP11, suppressed
luminal breast cancer cell tumorigenesis. Our findings
demonstrate that USP11 is a tumor suppressor for luminal
breast cancer.

E-cadherin is predominantly expressed in normal luminal
epithelial cells and luminal breast cancer cells. It has been well
documented that E-cadherin is a tumor suppressor and a
profound marker of mammary luminal epithelial and
cancerous cells. Germline deletion or mutation in CDH1 is
associated with breast cancer development, and deregulation
of E-cadherin in breast cancer shows a worse prognosis and
shortened overall survival (45). Consistently, a high level of E-
cadherin predicts better survival for breast cancer patients and
overexpression of E-cadherin in mice or cancer cells sup-
presses breast tumorigenesis (17, 46). Obviously, maintaining
the expression or preventing the loss of E-cadherin in breast
cancer cells is expected to bring outstanding outcomes in
breast cancer treatment (47). CDH1/E-cadherin can be regu-
lated at both transcriptional and post-transcriptional levels.
GATA3 promotes and most EMT-TFs, including SNAIL,
SLUG, and TWIST, suppress the transcription of CDH1
(19-23), while Hakai and MDM2 function as ubiquitin E3
ligases promoting degradation of E-cadherin (24, 25). It is
unknown how E-cadherin is deubiquitinated. We found that
Uspll was predominantly expressed in luminal epithelial cells
in mice, and the protein levels of Uspl1 and E-cadherin were
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positively correlated in human breast cancer samples. We
observed that the loss or depletion of Uspll eliminated
E-cadherin expression in MECs and tumor cells, and over-
expression of WT USP1l, not a deubiquitinase-inactive
mutant form of USP11, promoted the expression of E-cad-
herin protein in tumor cells in vitro and in vivo. We revealed
that USP11 bound to and deubiquitinated E-cadherin. Our
findings demonstrated that USP11 stabilizes E-cadherin and
maintains or promotes the luminal features of mammary
epithelial and cancerous cells. Our results identified USP11 as
the first deubiquitinase of E-cadherin, indicating that the sta-
bility of E-cadherin protein is collaboratively controlled by E3
ubiquitin ligases and USP11 deubiquitinase.

Deficiency of BRCA1 and a few BRCA1 interacting proteins
including FANCD2, BRG1, NUMB, and HESI1, induces
defective DNA damage repair, loss of luminal differentiation,
and aberrant luminal-to-basal differentiation in immortalized
MECs (14, 15). Interestingly, depletion of another BRCA1-
interacting protein, BRCA2, results in defects of DNA repair
but not that of differentiation in mammary cells (14), which
suggests that not all intrinsic DNA repair defects induced by
deficiency of BRCAl-interacting proteins promote or are
associated with aberrant differentiation.

In this study, we discovered that loss of USP11 reduced the
expression of E-cadherin and induced DNA damage in MECs
and that overexpression of USP11 promoted luminal differ-
entiation, enhanced DNA damage repair, and suppressed
tumorigenesis. Our findings support that USP11, a BRCA1-
interacting protein, not only repairs DNA damage but also
controls the differentiation of mammary tumor cells. Whether
other BRCAl-interacting proteins or DNA damage repair
proteins function similarly in controlling mammary tumor
cells remains to be investigated.

Experimental procedures
Generating Usp11 knock-out mice

The targeting construct was generated to delete a genomic
fragment containing exons two to four of the mouse Uspll
gene by Shanghai Model Organisms Center. Briefly, a mouse
genomic DNA fragment spanning the Uspll locus was iso-
lated by PCR from mouse embryonic stem (ES) cell genomic
DNA. LoxP sites were introduced flanking exons two and four
of Uspll. A phosphoglycerate kinase (PGK) promoter-driven
neomycin (neo) cassette flanked by frt sites was inserted up-
stream of the loxP site upstream of exon 5, and a PGK
promoter-driven thymidine kinase (Tk) gene was inserted
downstream of exon 12. The targeting construct was electro-
porated into ES cells and selected with G418 and gang-
locyclovir. Doubly resistant clones were screened for
homologous recombination events. Uspl "+ ES clones were
injected into BL/6 blastocysts, and chimeric mice were crossed
with BL/6 mice to generate UsplP™* heterozygotes.
Germline-transmitted UspI "+ mice were then crossed with
Ella-Cre transgenic mice [B6.FVB-Tg (Ella-Cre); Jackson
Laboratory] to generate UspI1*"~ heterozygotes, which were
then intercrossed to produce UsplI™~ mice. Successful
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deletion of exons two to four and the protein expression in
Uspl1™~ mice was confirmed by PCR and Western blotting
(Fig. 1, C and D). Mice were housed in a 12/12 light cycle,
pathogen-free environment and allowed to get water and food
freely. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Shenzhen
University.

Histopathology, immunostaining, and mammary gland
whole-mount staining

Histopathology and immunostaining were performed by
standard procedures as previously described (6, 13). The pri-
mary antibodies used for immunostaining were USP11 (1:100
dilution, sc-365528, Santa Cruz), E-cadherin (1:1000 dilution,
ab109232, Abcam), YH2AX (1:2000 dilution, ab26350,
Abcam), and Vimentin (1:1000 dilution, 5741S, CST). The
tissue sections stained with primary antibodies were incubated
with MaxVision HRP-Polymer anti-Mouse/Rabbit ITHC Kit
(Maixin Biotech) and visualized by DAB kit (Maixin Biotech)
according to the manufacturer’s instructions. Cell nuclei were
visualized using hematoxylin. The expression of E-cadherin in
tumors from immunohistochemistry (IHC) staining was
quantified by IHC-H score, as described previously (48). The
mammary glands from 5-week-old UsplI** and Uspll™~
female mice were visualized by carmine staining as described
previously (49).

Cell culture

The primary mouse MECs were prepared from 5-week-old
USP11™* and Uspll™~ female mice as previously described
(6). The primary mouse mammary luminal tumor cells were
isolated from mammary tumors developed in 6-week-old
MMTV-PyMT female mice. Both cell lines were maintained in
low serum culture medium (DMEM/F12 medium (Gibco) with
10 ng/ml of EGF (Gibco), 10 pg/ml of insulin (Gibco), 1%
bovine serum albumin (Gibco), 2% calf serum (Gibco), 100
U/ml penicillin, and 100 pg/ml streptomycin (Gibco) (7).
T47D and HEK293 T cells, which were purchased from the
American Type Culture Collection (ATCC), were tested,
authenticated, and maintained under the ATCC recommen-
dations (6).

Gene knockdown and overexpression

For gene knock-down, four 21 bp long oligos targeting
different sequences of the human USP11 or mouse Uspl1 gene
and one control oligo were constructed into third-generation
pLKO.1-puro vector (Addgene) as pLKO.1-puro-sh-USP11#1
(sh-USP11#1), pLKO.1-puro-sh-USP11#2  (sh-USP11#2),
pLKO.1-puro-sh-Uspl1#1 (sh-Uspl1#1), pLKO.1-puro-sh-
Uspl1#2 (sh-Uspll#2), and pLKO.1-puro-sh-control (sh-
Ctrl), separately. These shRNA sequences were obtained from
Hairpins RNAi Design Tools (https://www.broadinstitute.org/)
and listed as follows: Human USP11#1: 5-TCGCGGTTT
CCAACCATTATG-3; Human USP11#2: 5'-CCCTCCCTT
CTAGTCTTTATT-3; Mouse Uspll#1: 5-CCTACTATGG
TCTGATACTTT-3"; Mouse Uspl1#2: 5'-GCAGCCTATGTC
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TTGTTCTAT-3". The control oligo sequence was 5'-TTC
TCCGAACGTGTCACGTTT-3. ¢DNAs encoding E-cad-
herin, E-cadherin-K738 R, E-cadherin-C (731-882aa), USP11,
and USP11-C318 A were cloned into pLVX-IRES-Puro-3xFlag
(Addgene) vector as pLVX-IRES-Puro-Flag-E-cadherin (Flag-
E-cadherin), pLVX-IRES-Puro-Flag-E-cadherin-K738 R [Flag-
E-cadherin-K738 R], pLVX-IRES-Puro-Flag-E-cadherin-C
(731-882aa)  (Flag-E-cadherin-C), pLVX-IRES-Puro-Flag-
USP11 (Flag-USP11), and pLVX-IRES-Puro-Flag-USP11-
C318 A  (Flag-USP11-C318 A), respectively. The
pLKO.1-puro or pLVX-IRES-Puro-3xFlag vector was used as a
backbone plasmid and was co-transfected with packaging
plasmid - psPAX2 (Addgene) and envelope plasmid - pMD2.G
(Addgene), in a ratio of 9:6:3, into HEK293 T cells to package
lentivirus. After 2 days of lentivirus infection, mammary tumor
cells were selected with 1000 ng/ml puromycin for 5 days and
then maintained in a culture medium with 50 ng/ml puro-
mycin for further use.

Transplantation model of mammary tumors

For the transplantation of mouse mammary tumor cells,
5 x 10° cells infected with Flag, Flag-USP11, or Flag-USP11-
C318 A lentivirus were injected into the left or right
inguinal mammary fat pads of 4-week-old female immu-
nodeficient NCG mice. After 20 days of transplantation,
mice were sacrificed and mammary tumors were dissected
for analysis.

Western blotting, Co-immunoprecipitation (Co-IP), GST
pull-down, and qRT-PCR

For western blotting, proteins from cultured cells, mam-
mary gland tissues, or tumors were prepared using SDS Lysis
Buffer (P0013 G, Beyotime) according to the manufacturer’s
instructions. 20 g of protein from each sample was loaded for
analysis. The primary antibodies for western blotting were
listed as follows: USP11 (1:500 dilution, Santa Cruz), E-cad-
herin (1:2000 dilution, CST), Vimentin (1:2000 dilution, CST),
GST (1:2000 dilution, AF2299, Beyotime, China), GAPDH
(1:2000 dilution, AF0006, Beyotime), and [-Actin (1:2000
dilution, AA128, Beyotime). Protein bands were visualized by
BeyoECL SuperMoon Kit (PO018HS, Beyotime) using Tanon-
5200Multi gel imaging system (Tanon) and quantified by
Quantity one software (Bio-Rad). For Co-IP, 2 mg cell lysates
prepared from IP cell lysis buffer (P0013, Beyotime) were
incubated with anti-USP11 antibody (Santa Cruz), anti-Flag
antibody (Sigma), anti-E-cadherin antibody (CST), mouse
normal IgG (Santa Cruz), or rabbit normal IgG (CST) at 4 °C
overnight. Then, the mixtures were incubated with Protein
A+ G Agarose (P2055, Beyotime) for 1 h. After PBS washing,
the agarose was boiled in 1xSDS loading buffer, and the USP11
and E-cadherin proteins were immunoblotted in these sus-
pensions. For GST pull-down, cDNA sequence encoding N-
terminus of USP11 (1-300 amino acid) or C-terminus of
USP11 (301-963 amino acid) was constructed into pGEX-4T-
1 (Addgene) vector. The GST and GST tag fusion proteins
were induced in BL21(DE3) Escherichia coli (D0337,
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Beyotime) by 1 mM IPTG (ST098, Beyotime) at 16 °C in a
shaker for 12 h. The E-cadherin protein for GST Pull-down
assay was prepared from human luminal-type T47D cell ly-
sates. The GST, GST-USP11-N, or GST-USP11-C fusion
protein was incubated with T47D cell lysates or lysis buffer for
1 h, and the BeyoGold GST-tag Purification Resin (P2250,
Beyotime) beads were added into the mixture for another 1 h
of incubation. The beads were then washed with PBS twice,
and the protein compounds integrated into the beads were
immunoblotted with anti-GST or anti-E-cadherin antibody.
qRT-PCR was conducted as previously reported (6). Briefly,
total mRNA from cells was extracted using TaKaRa RNAiso
Reagent (TaKaRa Biotechnology Co), and cDNA was synthe-
sized from mRNA using T18 primer and the BeyoRT III First
Strand ¢cDNA Synthesis Kit (D7178S, Beyotime) according to
the manufacturer’s instructions. Cdhl mRNA expression level
was detected by gene-specific primers.

Ubiquitin assay

For detection of ubiquitination of exogenous E-cadherin,
HEK293 T cells were transfected with pcDNA3-HA-ubiquitin
(HA-ubiquitin, Dr Xingzhi Xu, Shenzhen University) (50),
Flag-E-cadherin, Flag-E-cadherin-K738 R, Flag, Flag-USP11, or
Flag-USP11-C318 A. The cells were then lysed, and the im-
munoprecipitations were performed using anti-E-cadherin
antibody. The ubiquitin and E-cadherin levels in immuno-
precipitated samples and the E-cadherin, USP11, and GAPDH
levels in input samples were detected by immunoblotting. For
detection of ubiquitination of endogenous E-cadherin, the ly-
sates from human T47D cells infected with Flag, Flag-USP11,
Flag-USP11-C318 A, sh-Ctrl, sh-USP11#1, or sh-USP11#2
lentiviruses, or from mouse mammary tumor cells infected
with sh-Ctrl, sh-Uspl1#1, or sh-Uspl1#2 lentiviruses, were
subjected to immunoprecipitation using anti-E-cadherin anti-
body. The ubiquitin and E-cadherin levels in immunoprecip-
itated samples and the Ubiquitin, E-cadherin, USP11, and
B-Actin levels in input samples were detected by
immunoblotting.

Cell adhesion assay

For mammary tumor cell adhesion assay, a 12-well plate was
coated with 10 ng/ml recombinant mouse E-cadherin protein
(HY-P200008, MedChemExpress LLC) for 4 h. The cells were
seeded into the plate at the amount of 100,000 cells per well,
cultured for 12 h, and washed with PBS twice. The adhered
cells in the plate were then fixed with paraformaldehyde,
counted, and statistically analyzed.

Human tumor samples and meta-analysis of gene expression
data sets

De-identified Formalin-fixed paraffin-embedded (FFPE)
human breast cancer samples were obtained from the Tissue
Bank Core Facility at the University of Miami and Gansu
Dian Medical Laboratory. Samples used for this study con-
sisted of non-treated invasive breast carcinomas with known
ER status, as previously reported (13, 51). Only samples with
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a consistent tumor cell content >60% of tissues were used
for analysis. The Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC) breast cancer database was analyzed to
compare the expression of USP11 mRNA in normal breasts
and breast invasive carcinomas (http://ualcan.path.uab.edu/
analysis.html). Breast Cancer Gene-Expression Miner v4.8
database (bcGenExMiner v4.8; http://bcgenex.ico.unicancer.
fr) was analyzed to compare the expression of USP11
mRNA in ER-positive and ER-negative breast cancers.
Prognostic values of USP11 expression were assessed by
displaying the recurrence-free survival using the Kaplan-
Meier plotter integrative data analysis tool (www.kmplot.
com).

Statistical analysis

Data were expressed as the mean + SEM of the values for
three or more independent experiments in each group. Two-
tailed Student’s ¢ test was used for single or multiple com-
parisons in quantitative results. The Pearson correlation co-
efficient of USP11 and E-cadherin protein levels in human
tumor samples was analyzed using GraphPad Prism software.
p < 0.05 was considered statistically significant.
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