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Abstract
Estrogen receptor α (ERα) is the crucial factor in ERα-positive breast cancer progression. Endocrine therapies targeting ERα
signaling is one of the widely used therapeutic strategies for breast cancer. However, a large number of the patients become
refractory to therapy. Abnormal expression of ERα co-regulator facilitates breast cancer development and tendency of
endocrine resistance. Thus, it is necessary to discover the novel co-regulators modulating ERα action. Here, we demonstrate
that histone deubiquitinase USP22 is highly expressed in breast cancer samples compared with that in the benign tissue, and
high expression of USP22 was significantly associated with poorer overall survival in BCa samples. Moreover, USP22
associates with ERα to be involved in maintenance of ERα stability. USP22 enhances ERα-induced transactivation. We
further provide the evidence that USP22 is recruited together with ERα to cis-regulatory elements of ERα target gene.
USP22 promotes cell growth even under hypoxia condition and with the treatment of ERα antagonist in breast cancer cells.
Importantly, the deubiquitination activity of USP22 is required for its functions on maintenance of ERα stability, thereby
enhancing ERα action and conferring endocrine resistance in breast cancer.

Introduction

Estrogen receptor α (ERα) induces target gene transcription
to exert its physiological and pathological function in a
ligand-dependent or -independent manner. Abnormal reg-
ulation of the liganded ERα signaling pathway in ERα-
positive (ERα+) breast cancer (BCa) potentiates tumor
progression and could facilitate resistance to endocrine
therapy [1, 2]. ERα mediates the transcription of hypoxia-
inducible factor 1 and participates in endocrine response in
BCa [3]. On the other hand, inflammatory cytokines acti-
vates unliganded ERα through kinase-dependent phos-
phorylation, leading to endocrine resistance and
invasiveness of BCa cells [4]. ERα-targeted therapy is
therefore widely used in ERα+ BCa to inhibit ERα function,
although therapy resistance occurs in the substantial fraction
of patients [5, 6]. Therefore, a well understanding of
molecular mechanisms modulating ERα action would be
helpful to detect potential therapeutic targets for ERα+ BCa.

Upon activation of ERα, co-regulators are recruited by
ERα to participate in modulating ERα-mediated transactiva-
tion via alteration of chromatin structure, posttranscriptional
modification, or modulation of ERα protein stability [7–9].
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Fig. 1 USP22 is highly expressed in breast cancer tissues, and
expression of USP22 is positively correlated with that of ERα. a
Kaplan–Meier estimates of overall survival of the subjects (n= 124).
Comparison was made of groups between high USP22 expression and
low USP22 expression. Marks on graph lines represent censored
samples. P value refers to two-sided log-rank tests. b The correlation
between USP22 expression and overall survival in BCa patients was
assessed by GEPIA survival analysis. c USP22 and ERα protein levels
were determined in 26 breast cancer and matched adjacent benign
breast tissues by western blotting. GAPDH was used as a loading

control. d, e Pearson correlation test was used as statistical significance
between USP22 and ERα by quantification of the western bands.
f USP22 and ERα immunostaining expression in breast cancer. g Venn
diagram representing the overlap of genes co-expressed with USP22 or
ESR1 identified in clinical breast cancer samples (Pearson Score > 0.1
or Pearson Score <−0.1). Data set obtained from the TCGA RNA-
sequencing database and analyzed by cBio Cancer Genomics Portal
(http://www.cbioportal.org/public-portal/). The information for 2721
genes co-expressed with USP22 and ESR1 was shown in Supple-
mentary Table S2.
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A series of ERα co-regulators are involved in tumor pro-
liferation, invasion, or endocrine resistance of BCa.
HOXB7 acting as an ERα co-regulator enhances the
transactivation of ERα target genes and HER2 leads to
endocrine resistance in BCa [10]. FOXA1 has been
demonstrated as a key factor necessary for ERα–chromatin
interaction in BCa under different ligand conditions,
including tamoxifen treatment [11]. The histone deme-
thylase enzyme KMD3A is required for ERα action and
cell growth in BCa [12]. JmjC-domain-containing protein
JMJD6 controls the transactivation of ERα-bound enhan-
cers and its downstream target genes and is a determinant
of ERα+ BCa cell growth and tumorigenesis [13]. Thus,
developing therapies to target regulation of ERα function
may therefore provide effective means of ERα+ BCa
treatment.

The deubiquitylating enzyme USP22 as a component of
the deubiquitination module is involved in gene transcrip-
tional regulation. We have previously demonstrated that
USP22 regulates androgen receptor-induced transactivation
[14]. In addition, USP22 exerts biological function through
deubiquitinating nonhistone proteins. USP22 is involved in
telomere maintenance by deubiquitinating telomeric-repeat-
binding factor 1 [15]. USP22 stabilizes the NAD-dependent
histone deacetylase SIRT1 by removing polyubiquitin
chains conjugated onto SIRT1, subsequently leading to
suppression of p53 function [16]. USP22 promotes cell
proliferation by deubiquitinating the transcriptional reg-
ulator, far upstream element-binding protein 1 [17]. The
deubiquitination of the cyclin D1 (CCND1) by USP22 is
essential for regulating CCND1 stability and cell cycle
progression in cancer cells [18].

USP22 has been reported as a member of 11 “Death-
from-Cancer” genes [19, 20]. The recent studies have
shown that high expression of USP22 is positively corre-
lated with poor prognosis in numerous cancers [21–31].
However, the underlying molecular mechanism of USP22
in tumor progression remains poorly understood. In this
study, our results demonstrate that USP22 is highly
expressed in BCa samples compared with that in the benign
tissue, and high expression of USP22 was significantly
associated with poorer overall survival in BCa samples. We
provide the evidence to show that USP22 maintains ERα
stabilization through its deubiquitination activity. In addi-
tion, we have shown that USP22 enhances ERα-induced
transactivation. USP22 is recruited together with ERα
to cis-regulatory elements of ERα target gene. USP22
promotes cell growth in ERα+ BCa-derived cell lines.
Importantly, the catalytic activity of USP22 is crucial for its
co-regulatory function and promotion of cell growth
even under the hypoxia condition in BCa. Taken together,
these studies identify USP22 as an ERα co-regulator par-
ticipates in promotion of cell growth and endocrine

resistance progression by virtue of regulatory function on
ERα signaling.

Results

USP22 is highly expressed in breast cancer samples

We have previously identified USP22 as a subunit of deu-
biquitination module counteracts heterochromatin silencing
and participates in histone H2A/H2B deubiquitination [14].
It has been reported that USP22 plays a crucial role in
pathological processes of multiple cancers. However, the
molecular mechanisms of USP22 in tumor progression and
therapeutic resistance in BCa are largely unknown. Immu-
nohistochemistry (IHC) experiments were thus performed
to detect USP22 expression in a collection of breast benign
hyperplasia (n= 37) and malignant BCa samples (n= 199).
The results showed that USP22 was significantly highly
expressed in BCa samples compared with that in breast
benign tissues (Fig. S1a, b and Supplementary Table S1).

We then analyzed the correlation between the expression
of USP22 and clinical prognosis in BCa samples using
tissue array (n= 124) with the survival information of BCa
patients and GEPIA (http://gepia.cancer-pku.cn/). The
results demonstrated that high expression of USP22 was
significantly associated with poorer overall survival in BCa
samples (Fig. 1a, b). Unexpectedly, we found that the
expression of USP22 was positively correlated with that of
ERα in BCa samples, providing an evidence for the possi-
bility of positive regulation between USP22 and ERα
(Fig. 1c–f). In order to explore the clinical relevance of the
expression of USP22 and ERα, we analyzed the expression
correlation of USP22 and ESR1 encoding ERα from 825
BCa patients in publicly available gene expression profiling
data in TCGA comprehensive molecular portraits of human
breast tumors and cBio Cancer Genomics Portal
(http://www.cbioportal.org/). Interestingly, USP22 expres-
sion correlates with 4934 genes, and 11,948 genes were
correlated with ESR1 expression in clinical BCa samples
(Pearson Score > 0.1 or Pearson Score <−0.1). Among
them, the expression of 2721 genes was positively or
negatively correlated with that of USP22 and ESR1, indi-
cating that the 2721 genes may be involved in ERα-medi-
ated transactivation regulated by USP22 to participate in
progression of BCa (Fig. 1g and Supplementary Table S2).

USP22 interacts with ERα in mammalian cells

We thus turn to examine whether USP22 associates with
ERα in cells. Co-immunoprecipitation (Co-IP) experiments
were performed in MCF-7 cells and T47D cells. The
endogenous interaction was determined reciprocally by
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using anti-ERα or anti-USP22 antibody, demonstrating that
the endogenous USP22 interacts with ERα (Figs. 2b, c
and S4). GST Pull-down experiment was further performed
with GST-tagged ERαAF1 or ERαAF2 expression
vector. The results suggested that binding domain in
ERα with USP22 is mainly in ERαAF2 region (Fig. 2d).
Co-IP experiments were performed with generated USP22

mutant expression plasmid (USP22 HH/AA) [14] carrying
loss-of-function mutation in deubiquitinase activity of
USP22 as shown in Fig. 2a. Our results demonstrated that
ERα was precipitated with USP22 or USP22 HH/AA,
indicating that deubiquitinase activity of USP22 is not
required for the interaction of USP22 with ERα in BCa cells
(Fig. 2e).

Fig. 2 USP22 associates with ERα in cells. a Diagram representation
of USP22, USP22 wt, and USP22 (HH/AA) (loss of function of
USP22 deubiquitinase activity mutation). b, c Endogenous ERα and
USP22 are associated with each other in MCF-7 cells. Reciprocal Co-
IP and immunoblotting were performed with antibodies as indicated. A
5% fraction of the input cell lysate before immunoprecipitation was
loaded as a control. d USP22 directly binds GST-ERαAF2 in vitro.
GST, GST-ERαAF1, and ERαAF2 fusion proteins were incubated
with 35S-USP22 in vitro. Bound proteins were detected with auto-
radiography. Black stars indicate GST and GST-fusion proteins.
e FLAG-USP22 wt or USP22 (HH/AA) associates with ERα in
HEK293 cells. HEK293 cells cotransfected with FLAG-USP22 or

USP22 (HH/AA) and ERα expression plasmids with or without E2
treatment, the cell lysates were immunoprecipitated using anti-USP22
antibody and IgG as a control. Precipitates were analyzed by western
blotting using indicated antibodies. f Subcellular localization of
USP22 and ERα by immunofluorescence. HEK293 cells were
cotransfected with FLAG-USP22 and ERα. Cells were stained with
anti-ERα antibody (green) or anti-USP22 (red). DAPI was used to
visualize the nucleus (blue). Merged images were illustrated as indi-
cated. Scale bar, 20 μM. g Subcellular distribution of the endogenous
USP22 and ERα in MCF-7 cells. Scale bar, 15 μM. h Subcellular
distribution of the endogenous USP22 and ERα in T47D cells. Scale
bar, 15 μM.
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Fig. 3 USP22 is involved in maintenance of ERα stability via ERα
deubiquitination. a Depletion of USP22 decreases endogenous ERα
protein stability in MCF-7 cells. Cells transfected with siUSP22 or
siCtrl were treated with 100 mmol/l cycloheximide (CHX) as indi-
cated. The expression levels of ERα and USP22 were determined by
western blot analysis. b MCF-7 cells were transfected with FLAG-
USP22 wt or USP22 HH/AA expression plasmid. The expression of
ERα was detected by western blot. GAPDH was used as internal
control. c Immunoprecipitation of ubiquitinated proteins from MCF-7
cell extracts upon overexpression of USP22. Protein was harvested
after MG132 (10 μM) treatment for 3 h and ubiquitinated ERα species
were detected by western blots with anti-His. d Detection of

ubiquitinated ERα upon USP22 depletion. Immunoprecipitation of
ubiquitinated ERα from MCF-7 cell extracts upon shUSP22 were
detected by western blot with anti-His. e HEK293 cells were trans-
fected with expression plasmid encoding ERα and His-ub together
with FLAG-USP22 wt or USP22 HH/AA. Protein was harvested after
MG132 (10 μM) treatment for 3 h and immunoprecipitated with anti-
ERα and immunoblotted with anti-His. f, g HEK293 cells were
transfected with expression plasmid encoding ERα and FLAG-USP22
or USP22 HH/AA together with HA-tagged ubiquitin mutants,
including K0 (lysineless), K48 (only K48-linked Ub) and K63 (only
K63-linked Ub) as indicated. Cells were immunoprecipitated with
ERα and immunoblotted with anti-HA.
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To study the subcellular distribution of USP22 and ERα
in cells, HEK293 cells were cotransfected with ERα and
FLAG-USP22 expression plasmids. We observed that

USP22 is distributed in the nucleus regardless of estrogen
(E2, 10−8 M) treatment (Fig. 2f, red). ERα is mainly located
in cytoplasm without E2 (Fig. 2f, green). In the presence of

Fig. 4 USP22 co-activates ERα-induced transactivation through
its deubiquitnase activity. a USP22 enhances ERα-induced transac-
tivation. MCF-7 cells were cotransfected with ERE-tk-luc and pRL-tk
together with the expression plasmids as indicated with or without E2.
b USP22 enhances the transcriptional activity induced by ERα or its
two truncated mutants (ERαAF1 and ERαAF2) in HEK293 cells.
c USP22 HH/AA carrying loss of function in deubiquitinase activity
exhibits reduced coactivation function on ERα action. d The efficiency
of USP22 depletion by siRNA against USP22 (siUSP22) detected by

quantitative real-time PCR (qPCR) in MCF-7 cells. e The effects
of USP22 on mRNA expression of endogenous ERα target genes.
f, g The effects of USP22 on protein expression of endogenous ERα
target genes as indicated. GAPDH was used as a control. h, i The
influence of USP22 on HIF1α transcription under the hypoxic con-
dition. MCF-7 cells were transfected with siUSP22 and siCtrl and
treated with 10 nM E2 and 100 µM cocl2 for 24 h. mRNA expression
(h) or protein expression for USP22, HIF1α (i). β-actin was used as a
negative control.
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E2, ERα is distributed in nucleus and co-located with
USP22 (Fig. 2f). In consistent with the above results, we
observed that the endogenous USP22 co-localizes with ERα
in the nucleus in the presence of E2 in MCF-7 cells and
T47D cells (Fig. 2g, h). Taken together, these data
demonstrated that USP22 physically associates with ERα in
BCa cells. These results, in concert with our analysis con-
cerning the associated partners of USP22 with database
STRING (http://www.bork.embl-heidelberg.de/STRING/)
(Supplementary Fig. S2), demonstrated that USP22
associates with ERα encoded by ESR1.

USP22 maintains ERα stability by triggering
deubiquitination of ERα

Having shown that USP22 is a core component of the
deubiquitination module and USP22 associates with ERα
in cells, we thus turn to investigate whether USP22 is
involved in the deubiquitination of ERα and maintenance
of ERα stability. Our data showed that upon inhibition of
protein synthesis by cycloheximide, USP22 depletion
accelerated ERα degradation, suggesting that USP22
maintains the stability of ERα (Fig. 3a). Meanwhile,
USP22 HH/AA decreased ERα protein stability, compared
with the effect of USP22 on ERα protein (Fig. 3b).
Immunoprecipitation (IP)-based ubiquitination assays was
further performed to provide the evidence that the influ-
ence of USP22 on ERα ubiquitination. Ubiquitinated
proteins were enriched using ubiquitin (Ub) antibody from
MCF-7 cell extracts with overexpression of ERα together
with USP22. The results demonstrated that ectopic
expression of USP22 significantly reduced the level of
ERα ubiquitination (Fig. 3c). USP22 depletion or USP22
deubiquitinase inactive mutant (USP22 HH/AA) increased
ubiquitination of ERα (Fig. 3d, e), indicating that deubi-
quitinase activity of USP22 is required for the function of
USP22 on ERα deubiquitination and maintenance of ERα
stability. Taken together, these findings indicate that
USP22 stabilizes ERα by triggering ERα deubiquitination.

During different types of poly-ubiquitination pro-
cesses, lysine 48 (K48)- and K63-linked ubiquitination
have been reported to be implicated in protein degradation
and deliberately regulate protein fate [32, 33], we next
examine the type of polyubiquitin chains on ERα by
USP22. Our results demonstrated that ectopic expression
of USP22 markedly reduced K63- as well as K48-linked
ubiquitination of ERα (Fig. 3f). To further investigate
whether deubiquitinase activity of USP22 is necessary for
its function on reduction of polyubiquitin chains on ERα,
the cells were transfected with USP22 wt or USP22 UCH
mutant (USP22 HH/AA) for IP-based ubiquitination
assays with HA-tagged Ub K48 or K63. Our results
showed that USP22 wt cleaved the K48- and K63-linked

polyubiquitin chains on ERα, whereas USP22 UCH
mutant (USP22 HH/AA) did not (Fig. 3g). Taken toge-
ther, these results suggest that the deubiquitinase activity
of USP22 is essential for ERα deubiquitination through at
least, if not all, K48- and K63-linkage.

The deubiquitinase activity of USP22 is required for
its coactivation function on ERα-mediated
transactivation

Having shown that USP22 associates with ERα to be
involved in maintenance of ERα stability, we thus turn to
ask whether USP22 regulates ERα-mediated transcriptional
activity. The luciferase reporter assay was performed in
MCF-7 cells. USP22 significantly enhanced ERα-mediated
transcriptional activity (Fig. 4a). These results demonstrate
that USP22 obviously enhances ERα action.

ERα contains two functional domains including con-
stitutive activation function 1 (AF1) at its N-terminus and
ligand-dependent activation function 2 (AF2) at its C-
terminal region. We thus turn to ensure which domains in
ERα are regulated by USP22. Luciferase assay results
showed that USP22 upregulated both ERαAF1 and
ERαAF2 activity (Fig. 4b). Moreover, we want to ask
whether the deubiquitinase activity is required for mod-
ulation function of USP22 on ERα action. The results
showed that USP22 HH/AA had almost no effect on ERα-
induced transactional activity, compared with the enhance-
ment of ERα activity mediated by USP22 wt (Fig. 4c).
These results indicate that USP22 potentiates ERα-induced
transactivation, and the deubiquitinase activity of USP22 is
indispensable for its co-regulation function on ERα action.

In order to examine whether USP22 is involved in
modulation of the endogenous ERα target gene, quantitative
PCR (qPCR) was perform. USP22 was knocked down by
siRNA against USP22 (siUSP22) in MCF-7 or BT474 cell
lines (Fig. 4d). USP22 depletion significantly decreased the
mRNA expression of ERα target genes, including hTERT,
c-Myc, E2F1, pS2, and GBEB1, compared with control
(siCtrl) in the present of E2, while depletion of USP22 had
no effect on ERα gene transcription level in MCF-7 and
BT474 cells (Fig. 4e and Supplementary Fig. S5a). We also
examined the influence of USP22 on protein expression of a
series of ERα target genes. The results showed that USP22
depletion decreased, and ectopic expression of USP22
increased the protein levels of hTERT, c-Myc, and Cyclin
D1 (Fig. 4f, g and Supplementary Fig. S5b). It is previously
shown that HIF1α expression is directly modulated by ERα,
and the expression of HIF1α or hypoxia meta gene sig-
nature is cooperated with a poor prognosis to endocrine
treatment in ERα+ BCa. Thus, we turn to ask whether
USP22 regulates ERα-induced HIF1α expression in
hypoxia. The results demonstrated that USP22 depletion
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obviously reduced mRNA and protein expression of HIF1α
under hypoxia (Fig. 4h, i and Supplementary Fig. S6).
These results indicate that USP22 acts as a novel coactivator

of ERα, and its deubiquitinase activity is required for reg-
ulation function of USP22 on ERα action.

USP22 and ERα were recruited to cis-regulatory
element of ERα target gene

In order to determine whether USP22 or ERα is recruited to
estrogen response elements, which are cis-regulatory ele-
ments of ERα target genes. Chromatin immunoprecipitation
(ChIP) assays were performed with ectopic expression of
USP22 or depletion of USP22 induced by lentivirus infec-
tion in MCF-7 cells. Our data showed that USP22 or ERα
was recruited to cis-regulatory elements of c-Myc promoter.
In addition, ectopic expression of USP22 remarkably
increased the recruitment of ERα to cis-regulatory elements.
Meanwhile, USP22 depletion led to the contrary effect on
ERα recruitment (Fig. 5a, b and Supplementary Fig. S7).
These results suggest that USP22 or ERα is recruited to cis-
regulatory elements of c-Myc promoter. USP22 facilitates
ERα recruitment to the same region of ERα target gene.

We further investigated whether USP22 is recruited to
ERα target gene together with ERα. ChIP–re-ChIP assays
were performed in MCF-7 cells. ChIP assays were first
performed with antibodies against USP22 or ERα in the
soluble chromatin derived from MCF-7 cells. Then, pre-
cipitates and supernatants from the first ChIP were respec-
tively subjected to re-IP with antibodies against a second
protein as indicated (Fig. 5c, d). The data suggest that
USP22 and ERα act in a combinatorial pattern at cis-reg-
ulatory elements of ERα target gene.

USP22 promotes the cell growth in ERα-positive
breast cancer

To further investigate the potential function of USP22 in
BCa progression, we constructed the MCF-7 cell lines with
stable knockdown of USP22 (shUSP22) or ectopic
expression of USP22 induced by lentivirus infection, a
scramble shRNA or vector as a control (shCtrl or Ctrl). The
ectopic expression of USP22 tagged with FLAG or USP22
depletion by shUSP22 in MCF-7 cell line was confirmed by
western blot (Fig. 6a). The cell cycle distribution was per-
formed by flow cytometry in MCF-7 cells. The results
showed that USP22 depletion significantly decreased the
proportion of S phase in MCF-7 cells and T47D cells,
thereby suppressing cell proliferation (Fig. 6b and Supple-
mentary Fig. S9b). In addition, ectopic expression of ERα
partially reversed the reduced proportion of S phase fol-
lowing USP22 depletion (Supplementary Fig. S8). These
results indicate that USP22 is involved in the regulation of
cell cycle distribution, and the function of USP22 is par-
tially related to ERα. We further examined the influence of
USP22 on cell growth in BCa cell line. The colony

Fig. 5 USP22 is recruited to cis-regulatory elements of ERα target
gene, and regulates histone H2A/H2B ubiquitination. a, b The
regulation function of USP22 on histone H2A/H2B ubiquitination.
MCF-7 cells with ectopic expression of USP22 (a) or depletion of
USP22 (b) in the presence or absence of E2 were performed for the ChIP
assay with antibodies as indicated. The precipitated cis-regulatory ele-
ments of c-Myc were normalized to convert DNA signal into percentage.
Data represent the mean values (±SD) of triplicate real-time PCR. IgG
was used as a nonspecific control for ChIP. GAPDH promoter regions
were used as negative control. c, d USP22 and ERα are recruited together
to cis-regulatory elements of c-Myc. ChIP/re-ChIP experiments were
performed using antibodies as indicated. DNA eluted from unprecipitated
chromatin was used as input. Chromatin samples were analyzed by qPCR.
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formation assay was performed to determine the cell pro-
liferative capability in MCF-7 cell line. The data demon-
strated that when USP22 was knocked down (shUSP22),

the MCF-7 cells formed a lower number of colonies than
that in control cells (shCtrl). Meanwhile ectopic expression
of USP22 led to a significant increase in number of colonies

Fig. 6 USP22 promotes cell growth in breast cancer. a Confirma-
tion of MCF-7 cell lines with stable knockdown of USP22 (shUSP22)
or ectopic expression of USP22 induced by lentivirus infection,
a scramble shRNA or vector as a control (shCtrl or Ctrl). b Cell cycle
analysis by flow cytometry for MCF-7 cell line with knockdown of
USP22 (shUSP22). c, d Effects of USP22 on cell growth in MCF-7
cells or MDA-MB-231 cells as illustrated by the colony formation
assay. All experiments were performed in both E2-free and 10−8 M E2
media and repeated at least three times. e Effects of USP22 on cell
growth in MCF-7 cells as illustrated by the colony formation assay

under hypoxic conditions. MCF-7 cells were treated with 10 nM E2
and 100 µM Cocl2 or vehicle for 24 h. f Representative images of
tumor-bearing nude mice 28 days after injection as indicated.
g Representative photographs of tumors in each group isolated from
nude mice 4 weeks after injection. h The growth curves of tumor
xenografts with ectopic expression of USP22 or control plotted from
tumor volumes at points representing different time. i Average tumor
weights from tumors as indicated after 28 days. j Average tumor
volume from tumors as indicated after 28 days. The results represent
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 6c). However, USP22 depletion did not show obvious
change in cell proliferation in ERα-negative BCa cell line
(MDA-MB-231) (Fig. 6d). It has been previously described

that ERα regulates the HIF1α pathway to confer endocrine
resistance. We then examined the proliferative capability in
MCF-7 cell line with ectopic expression of USP22 under

Fig. 7 Knockdown of USP22 enhances the sensitivity of breast
cancer cells to ERα antagonists. Confirmation of the effects of ICI
182,780 (a) or tamoxifen (TAM) (b) on ERα stability or ERα action as
indicated. c Confirmation of the efficiency of USP22 depletion in MCF-7
cell lines with stable knockdown of USP22 (shUSP22) induced by len-
tivirus infection, a scramble shRNA as a control (shCtrl). d Knockdown
of USP22 inhibits cell proliferation in MCF-7 cells. e, f USP22 knock-
down enhances the sensitivity of MCF-7 cells to ERα antagonists. MCF-7
cells carrying lentivirus-mediated USP22 knockdown (shUSP22) or the
control cells (shCtrl) were treated with 0.1 µM of ICI 182,780 or 0.5 µM

of TAM in the presence of E2 (10 nM) for the indicated days. Cell
viability was measured using the MTS assay, and proliferation rates were
calculated by values relative to the value of “0 day”. Points represent
mean of three replicates. *P < 0.05, **P < 0.01, ***P < 0.001. g Con-
firmation of BT474 cell lines with stable knockdown of USP22
(shUSP22) induced by lentivirus infection, a scramble shRNA as a
control (shCtrl). h Effect of USP22 depletion on cell growth in BT474
cells treated with TAM. i Schematic diagram illustrating the function of
USP22 on modulation of ERα action and the role of USP22 in promotion
of cell growth and endocrine resistance in breast cancer.
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hypoxic condition. The colony formation assay demon-
strated that when cocl2 was added, MCF-7 cell line with
ectopic expression of USP22 formed a larger number of
colonies than that in the control cells (Fig. 6e). USP22
knockdown also formed a lower number of colonies in
T47D cells (Supplementary Fig. S9c, d). Conclusively,
these results suggest that USP22 promotes cell proliferation
even under the hypoxia condition.

To determine the effect of USP22 on BCa cell growth
in vivo, the MCF-7 cell line carrying ectopic expression of
USP22 and control shRNA (Ctrl) were, respectively,
injected into the left (USP22) or right (Ctrl) flank of the 4-
week-old female BALB/C-null mice at per injection site
(Fig. 6f). Subsequently, we measured the tumor size every
week after hypodermic injection. As shown in Fig. 6g, the
size of tumor from USP22-MCF-7 cells was mostly much
larger in size than those from ctrl-MCF-7 cells. After
1 week of the cell injection, we measured long diameter and
short diameter of tumor for every other week and calculated
the tumor volume. As shown in Fig. 6h, tumors from
USP22-MCF-7 cells were mostly much larger in size than
those from ctrl-MCF-7 cells. After 4 weeks, tumors were
harvested and weighed. The tumor weight of USP22-MCF-
7 cells was obviously higher than those from Ctrl-MCF-7
cells (Fig. 6i). Furthermore, the tumor volume of USP22-
MCF-7 cells exhibited markedly greater growth rate than
those from Ctrl-MCF-7 cells (Fig. 6j). The results above
indicate that USP22 promotes BCa cell growth in mice.

USP22 increases the resistance of breast cancer cells
to ERα antagonists

Endocrine therapy against the ERα signaling pathway has
been putatively considered as a potential method to deal
with ERα+ BCa. An ERα antagonist, ICI 182,780 induces
ERα degradation and blocks ERα-mediated transactivation.
4-Hydroxytamoxifen (tamoxifen) acting as an ERα
antagonist inhibits estrogen binding to ERα, thereby sup-
pressing ERα action. The effects of the ERα antagonists,
ICI 182,780 and tamoxifen, on ERα protein stability and
ERα activity were detected as shown in Fig. 7a, b. We thus
turn to examine the influence of USP22 on cell growth/
proliferation with the treatment of E2 and ERα antagonists
in MCF-7 cells, T47D cells and tamoxifen resistant BT474
cells. As shown in Fig. 7d, our results demonstrated that
USP22 knockdown suppressed E2-induced cell prolifera-
tion, meanwhile ectopic expression of USP22 increased E2-
induced cell proliferation in MCF-7 cells (Supplementary
Fig. S10b). Furthermore, knockdown of USP22 reduced the
inhibition of cell proliferation by ICI 182,780 or tamoxifen
(Fig. 7e, f). On the other hand, cell proliferation inhibition
mediated by ICI 182,780 or tamoxifen was remitted by
USP22 in time-response analysis in MCF-7 cells

(Supplementary Fig. S10c, d). Consistently, the effect of
USP22 on cell proliferation in T47D cells with the treatment
of E2 or ERα antagonists was similar as that in MCF-7 cells
(Supplementary Fig. S9e–g). In addition, knockdown of
USP22 enhances the sensitivity of BT474 cells to tamoxifen
(Fig. 7g, h), and when MCF-7 cells were transfected with
USP22, the cells became more resistant to tamoxifen
(Supplementary Fig. S10e). These data indicate that USP22
increases the resistance to antagonists in MCF-7, T47D, or
BT474 cells.

Discussion

It is known that ERα-induced nongenomic and genomic
signaling pathways are crucial for ERα+ BCa progression
and development of endocrine resistance. Identification of
novel co-regulators of ERα would provide the potential
therapeutic targets for endocrine resistance in ERα+ BCa. In
this study, our findings demonstrate that high expression of
USP22 was significantly associated with poor overall survi-
val in BCa (Fig. 1a, b). We further show the high expression
of USP22 is positively correlated with that of ERα in clinical
BCa samples (Fig. 1c–f). Our data, which demonstrate the
function of USP22 on modulation of ERα stability in BCa,
further provide a mechanism for the clinical findings.

USP22 maintains the stability of ERα via triggering
ERα deubiquitination

USP22 belonging to ubiquitin-specific proteases (USP)
family participates in protein deubiquitination on histone or
nonhistone proteins. Here, our data have demonstrated that
USP22 maintains ERα stability by triggering the deubi-
quitination of K48- and K63-linked polyubiquitin chains on
ERα (Fig. 3). It has been shown that several deubiquitinases
(DUB), including USP5, CYLD, and UCH37, deubiquiti-
nate both K48- and K63-linked polyubiquitinated proteins,
here we provide the evidence that USP22 is a novel deu-
biquitinase reducing K48/K63 ubiquitination of ERα.

It has been demonstrated that a series of E3 Ub ligases
trigger ERα ubiquitination to promote ubiquitin-mediated
ERα proteolysis and regulate ERα-induced transcriptional
activity, thereby to be essential for BCa progression.
MDM2 as a Ub ligases interacts with ERα to promote ERα
degradation and acts as an ERα co-activators in BCa cells
[34]. Several lines of evidence demonstrate that although
BRCA1 functions as an E3 ligase for ERα, the influences
of BRCA1 on ERα action are controversial, it can act as
a co-repressor or coactivator of ERα in deferent cellular
contexts [35, 36]. The carboxyl terminus of Hsc70-
interacting protein (CHIP) containing Ub ligase activity
promotes ERα degradation and attenuates ERα-mediated
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transactivation [37]. The previous studies have demon-
strated that ubiquitination-mediated ERα degradation links
co-active or co-repressive regulation on ERα action, sug-
gesting that the amount of ERα protein is not necessary for
ERα activity. Our findings here identify USP22 as a DUB
participates in maintenance of ERα stability enhances ERα-
mediated transactivation.

USP22 co-activates ERα-induced transactivation

ERα is a crucial factor for ERα+ BCa progression and
transforming to endocrine resistance. ERα exerts its onco-
genic functions on BCa through the recruitment of a large
number of co-regulators participating in modulation of ERα
action. In this study, by analyzing TCGA data, we found
that a series of genes regulated by USP22 were common to
those induced by ESR1 in BCa clinical samples (Fig. 1g and
Supplementary Table S2). These findings prompted the
hypothesis that USP22 may function as a coactivator of
ERα. The luciferase assay results demonstrated that USP22
obviously enhances ERα-induced transactivation, whereas
USP22 with deubiquitinase activity mutant (USP22 HH/
AA) had no co-active effect on ERα action. We further
observed the upregulation of endogenous ERα target genes
with ectopic expression of USP22 and downregulation of
ERα target genes upon deletion of USP22 (Fig. 4). Co-IP
experiments supported USP22 and ERα association (Fig. 2).
ChIP assay analyses further strengthened the findings that
USP22–ERα complex was recruited to cis-regulatory ele-
ments of ERα target gene. Our studies indicate that USP22
as a key ERα co-regulator enhances the transcription of
ERα target genes.

USP22 acts as a therapeutic target for ERα-positive
breast cancer

A growing body of findings have demonstrated that DUB-
family members are implicated in multiple carcinomas.
Thus, development of active site inhibitors would be crucial
for tumor therapy [38, 39]. Proteasome-associated DUB
(USP14 and UCHL5) inhibitors b-AP15 and platinum
pyrithione enhance ubiquitin-mediated ERα degradation
and inhibit ERα action, thereby inducing cell growth inhi-
bition in BCa [40]. P5091 as a USP7 inhibitor has been
reported to induce apoptosis in multiple myeloma cells and
overcomes bortezomib resistance [41]. However, no agents
that specifically target USP22 enzymatic activity are in
experimental and clinical trials. A small molecule WP1130
acting as a deubiquitinase inhibitor has been found to
induce rapid accumulation of K48/K63-linked poly-
ubiquitinated proteins into juxtanuclear aggresomes [42].
Our results have shown that USP22 is capable to deubi-
quitinate K48- and K63-linked polyubiquitin chains of

ERα. Thus, WP1130 might be a potential inhibitor for
USP22, although the specific inhibitor for USP22 is still
unknown.

In summary, our study has demonstrated that USP22 as a
modulator of ERα protein level associates with ERα to
participate in deubiquitination of K48- and K63-linked Ub
chains of ERα, thereby inhibiting ERα degradation. On the
other hand, USP22 emerges as a novel coactivator of ER
signaling, thereby promoting cell growth and proliferation
in BCa. These results support the concept that USP22 is a
major driver of BCa progression and a potential therapeutic
target for BCa and endocrine resistance (Fig. 7i).

Materials and methods

Antibodies

The antibodies used in this study were: anti-FLAG (cat#
PA1-984B, Sigma), anti-His (cat# 66005, Proteintech), anti-
HA (cat# GNI4110 Shanghai genomics), anti-USP22 (cat#
A78455, Sigma), anti-ERα (cat# 8644, Cell Signaling),
anti-c-Myc (cat# 10828, Proteintech), anti-hTERT (cat#
C2C3-2, Genetex), anti-Cyclin D1 (cat# 2926, Cell Sig-
naling), anti-HIF1α (cat# 20960, Proteintech), anti-GAPDH
(cat# AC036, ABclonal), and anti-β-actin(cat# 60008,
Proteintech). The detailed description of cell culture,
transfections, and luciferase dual-reporter assays has been
included in Supplementary Data.

Cell culture, transfections, and luciferase dual-
reporter assays

Human BCa cell line MCF-7, T47D, BT474, and MDA-
MB-231 were obtained from Prof. Yujie Sun’s lab.
HEK293 cell line were obtained from the American Type
Culture Collection. The above cell lines were authenticated
by STR profiling. The HEK293, T47D, and MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle’s med-
ium, the MCF-7 cell was cultured in MEM, the BT474 cell
was cultured in RPMI1640 (GIBCO-BRL). All the culture
media were contained 10% fetal bovine serum, 2 mM
glutamine.

Cell lines were cotransfected with the listed constructs
according to the manufacturer’s instructions by using jet-
PRIMETM DNA Transfection Reagent (Polyplus transfec-
tion). After 24 h of transfections, cells were harvested and
lysed in 80 μl of passive lysis buffer (Promega). Luciferase
activities were analyzed using a Promega dual-luciferase
reporter assay system. Firefly luciferase activity was nor-
malized to the activity of Renilla luciferase control. Relative
luciferase activity was analyzed using the luminometer
Lumat LB 9507 (Berthold Technologies, Germany). All the
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results represent the means ± SD based on at least three
independent experiments.

Co-Immunoprecipitation, western blot analysis, and
GST pull-down assays

For Co-IP, the whole cell lysates were extracted and equal
protein amounts were performed to Co-IP with specific
antibody. The crude extracts and immune complexes were
analyzed by western blotting. The Co-IP, western blot, and
GST pull-down assays used in this study have been
described previously in detail [43].

Immunofluorescence

Cells were fixed in 4% paraformaldehyde at room tem-
perature for 15 min, and then blocked in 1% donkey serum
albumin. The cells were incubated with primary antibody
overnight at 4 °C and subsequently secondary antibody
conjugated to FITC or Cy 3 or Cy 5 (Jackson Immunor-
esearch Laboratories Inc). Cells were stained with DAPI
(Roche) to visualize the nuclei.

RNA isolation, quantitative real-time PCR (qPCR),
siRNA transfection, and lentiviral production and
infection

These sections have been described in Supplementary Data.

Chromatin Immunoprecipitation (ChIP), and
ChIP–re-ChIP

Transfected MCF-7 cells were cross-linked with 1% for-
maldehyde (final concentration), and then were lysed with
lysis buffer and sonicated on ice. IP of sonicated chromatin
solutions was conducted by overnight incubation at 4 °C
with anti-USP22 or anti-ERα or Histone modification
antibodies. Protein A-sepharose beads were added, and then
washed sequentially with low salt buffer, high salt buffer,
LiCl buffer, and TE buffer. The protein–DNA complexes
were eluted and the crosslinking was reversed, the purified
DNA was resuspended in TE buffer. DNA samples (1 μl)
were then amplified by real-time PCR. Primer pairs for the
c-Myc promoter were sense: 5′-AGGCGCGCGTAGT
TAATTC-3′, antisense: 5′-CGCCCTCTGCTTTGGGA-3′.
The ChIP–re-ChIP assay has been performed in MCF-7
cells as previously described [44].

Xenograft tumor growth

Animal work was carried out in compliance with the ethical
regulations approved by the Animal Ethics Committee
of China Medical University. Two groups (six each) of

4-week-old female BALB/C-null mice were injected sub-
cutaneously into 5.0 × 106 MCF-7 cells with lentivirus-
mediated stable expression of USP22 and control vector,
respectively. MCF-7 cells were suspended in 100 µl med-
ium with half Metrigel (BD Biosciences). Tumors was
measured weekly using an electronic caliper and the volume
was calculated according to the formula 0.5236 × r12 × r2
(r1 < r2) [33].

The detailed description for FACS Analysis and Colony
Formation Assay has been added in Supplementary data.

Collection of clinical mammary tissues

Human BCa tissues and corresponding adjacent tissues
were obtained from the First Hospital of China Medical
University. All samples were obtained with patients’
informed contents.

Immunohistochemical experiments

Formalin-fixed paraffin-embedded sections of breast tissue
specimens were prepared from clinical mastectomy speci-
mens in the First Hospital of China Medical University.
Tissue sections were dewaxed, rehydrated, removed endo-
genous peroxidase, boiled for antigen retrieval, followed by
incubation with anti-USP22 antibody and streptavidin-
perosidase-conjugated second antibodies (Fuzhou Maixin
Biotech. Co., Ltd). The signals were visualized with dia-
minobenzidine and the nuclei were counterstained with
hematoxylin as previously described [44]. Images were
taken with an Olympus microscope. The collection of BCa
samples was approved by the Human Research Ethics
Committee of the first affiliated hospital to China Medical
University.

Statistics

All statistical analysis was performed using the SPSS sta-
tistical software program. For the real-time PCR and luci-
ferase assay, two-sided Student’s t test was used to
determinate the significant difference. For IHC,
Mann–Whitney U test was used to determinate the sig-
nificant difference between breast hyperplasia and malig-
nant BCa tissues in different clinical stages. Overall survival
curves were plotted according to the Kaplan–Meier method
with the log-rank test applied for comparison. Respective
P values as a measure of significance are indicated.
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