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USP14 deubiquitinates ERα to maintain its stability in
ECEndometrial cancer (EC) is one of the common gynecological malignancies of which the incidence has been rising for
decades. It is considered that continuously unopposed estrogen
exposure is the main risk factor for EC initiation. Thus,
exploring the modulation of estrogen/estrogen receptor α
(ERα) signaling pathway in EC would be helpful to well understand the mechanism of EC development and ﬁnd the potential target for EC therapy. Ubiquitin-speciﬁc peptidase 14
(USP14), a member of the proteasome-associated deubiquitinating enzyme family, plays a crucial role in a series of tumors.
However, the function of USP14 in EC is still elusive. Here, our
results have demonstrated that USP14 is highly expressed in
EC tissues compared with that in normal endometrial tissues,
and higher expression of USP14 is positively correlated with
poor prognosis. Moreover, USP14 maintains ERα stability
through its deubiquitination activity. Our results further
demonstrate that USP14 depletion decreases the expression of
ERα-regulated genes in EC-derived cell lines. Moreover,
knockdown of USP14 or USP14-speciﬁc inhibitor treatment
signiﬁcantly suppresses cell growth and migration in EC cell
lines or in mice. We further provide the evidence to show that
the effect of USP14 on EC cell growth, if not all, at least is
partially related to ERα pathway. Our study provides new sights
for USP14 to be a potential therapeutic target for the treatment
of EC, especially for EC patients with fertility preservation
needs.

Endometrial cancer (EC) is one of the gynecological malignancies, with an increasing incidence in the world (1, 2). It
has been reported that EC patients who are at advanced stage
or suffer from recurrence have poor prognosis (3). According
to the updated statistics, there are about 66,570 new cases and
* For correspondence: Yue Zhao, yzhao30@cmu.edu.cn; Yi Zhang, syzi@163.
com.

12,940 deaths in the United States in 2021 (4), indicating an
increase in the morbidity and mortality of EC. Importantly,
because of the younger age of EC onset, the treatment strategies with fertility preservation are critical and challenging.
Therefore, it is necessary to understand the molecular mechanism of EC development and explore more effective and
therapeutic target for EC treatment.
In consideration of hormonal dependence in EC, it is
divided into two types, including type I hormone dependent
and type II hormone independent (5). Type I accounts for 80%
of the EC cases, with the feature of positive estrogen receptor α
(ERα) expression (6). It is generally known that long-term
unopposed estrogen (E2) exposure is the main risk factor for
type I EC, indicating that E2–ERα signaling pathway plays a
signiﬁcant role in EC development and progression. Previous
studies have shown that ERα, as a transcription factor, is
involved in the pathogenic process in breast cancer (BCa) (7).
A number of coregulators involved in the modulation of ERα
activity promote tumorigenesis and contribute to endocrine
therapy resistance in BCa (8–10). However, the regulation of
ERα signaling pathway and its underlying biological function
in EC progression are still largely unknown.
Ubiquitin-speciﬁc protease 14 (USP14), as one of the
proteasome-associated deubiquitinase, exerts important roles
in several carcinomas (11, 12). It has been reported that USP14
appears to have quite different functions in modulating
intracellular proteolytic degradation involving in both maintenance of protein stability and protein degradation (13, 14).
Ubp6, a yeast homolog of USP14, participates in delaying
protein degradation to lead to protein accumulation (15).
Studies have been shown that USP14 stabilizes androgen receptor (AR) protein through its deubiquitination activity.
USP14 can also promote cell growth and inhibit cell apoptosis
in AR-positive ERα-negative BCa (16). USP14 interacts with
murine double minute 2 and stabilizes murine double minute
2, leading to tumor progression in cervical cancer (17). USP14
regulates cisplatin resistance in ovarian cancer through
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stabilizing BCL6 protein (18). However, the functional analysis
of USP14 in EC is still largely elusive.
In this study, we have demonstrated that USP14 is highly
expressed in EC clinical samples compared with that in noncarcinoma endometrial tissues. The higher expression level of
USP14 is positively correlated with the poor prognosis of EC.
Our results also provide the evidence that USP14 is involved in
the maintenance of ERα stability through its deubiquitinating
activity. USP14 deubiquitinates ERα at lysine 48 (K48)-linked
ubiquitination. In addition, depletion of USP14 downregulates
ERα-induced gene transcription. Knockdown of USP14 decreases the recruitment of ERα to estrogen-response element
(ERE) of c-Myc, which is one of the putative ERα target genes.
Furthermore, USP14 depletion or USP14-speciﬁc inhibitor
attenuates cell growth and migration in EC-derived cell lines
or in mice. Taken together, our study may provide a potential
therapeutic target for the treatment of EC, especially for EC
patients with fertility preservation needs.

Results
USP14 is highly expressed in EC tissues, and the higher
expression of USP14 is positively correlated with the poor
prognosis of EC patients
Previous studies have shown that USP14 is highly expressed
in a variety of malignancies and plays a critical role in tumor
progression (19). However, the expression level and functions
of USP14 in EC remain poorly deﬁned. To this end, we then
analyzed the expression of USP14 in EC tissues and normal
endometrial tissues using UALCAN (http://ualcan.path.uab.
edu/index.html). The results demonstrated that USP14 has a
higher expression in EC tissues (Fig. 1A) (20). We then
analyzed the expression level of USP14 at different clinical
stages and histological subtypes. The results indicated that
there was no obvious difference among the stages and various
histological subtypes (Fig. S1, A and B). To further investigate
whether there was a correlation between USP14 and the

Figure 1. USP14 is overexpressed in EC and negatively associated with the prognosis. A, USP14 was overexpressed in EC patients according to the
UALCAN database. B and C, Kaplan–Meier analysis was used to detect the overall survival and relapse-free survival for the EC patients based on the Cancer
Genome Atlas. D and E, immunohistochemical assay was used to detect the USP14 expression in normal tissues and cancerous tissues. Magniﬁcation:
10×/20×: the scale bars represent 100 μm/50 μm. F and G, expression level of USP14 was detected by Western blot and quantitated with ImageJ in the
normal tissues (n = 19) and cancerous tissues (n = 31). H and I, Western blot was used to determine the expression of USP14 and ERα in 20 EC tissues.
Pearson correlation test showed the statistical signiﬁcance between USP14 and ERα. EC, endometrial cancer; ERα, estrogen receptor α; USP14, ubiquitinspeciﬁc peptidase 14.
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clinical outcomes of the patients, we performed an analysis
through Kaplan–Meier plotter based on the Cancer Genome
Atlas (21); the results showed that the aberrant expression of
USP14 was negatively associated with the overall survival and
relapse-free survival (Fig. 1, B and C).
We then detected the expression of USP14 in the
collected 31 normal tissues and 99 EC tissues from the First
Hospital of China Medical University. Hereafter, Western
blot was conducted to further determine the expression of
USP14 in 19 noncarcinoma tissues and 31 EC tissues. The
results from immunohistochemistry assay or Western blotting showed that the expression level of USP14 was signiﬁcantly higher in the EC tissues compared with that in the
noncarcinomous tissues (Fig. 1, D–G). Having established
that ERα plays a signiﬁcant role in EC progression, we then
examined the corresponding expression of USP14 and ERα
in 20 EC samples. Our results showed that the expression of
USP14 was positively correlated with that of ERα in EC
samples (Fig. 1, H and I).

USP14 participates in the maintenance of ERα stability
Having known the correlation between the expression of
USP14 and ERα, we then turned to investigate the underlying
mechanism between them. We measured the expression of
ERα following ectopic expression of USP14, which indicated
USP14 could affect ERα at protein level in a dose-dependent
manner (Figs. 2A and S2A). Then, in the EC cell lines with
USP14 depletion or treated with indicated IU1, a speciﬁc inhibitor of USP14 (22), a signiﬁcant decrease in ERα expression
was noted at the protein level but not at the mRNA level
(Figs. 2, B–D and S2, B and C). These results suggested that
USP14 affected ERα by inhibiting its degradation but not
regulating its transcription. To further verify this opinion, we
treated the cells with protein synthesis inhibitor, cycloheximide to determine the inﬂuence of USP14 on ERα in human
embryonic kidney 293 and human endometrial adenocarcinoma 1A (HEC-1A) cells. The results demonstrated that
USP14 overexpression retarded ERα degradation, whereas inhibition of USP14 accelerated ERα degradation (Fig. 2, E–J). In

Figure 2. USP14 participates in the maintenance of ERα stability. A, overexpression of USP14 increases the ERα protein level in a dose-dependent
manner in both Ishikawa and HEC-1A cell lines. B, depletion of USP14 in EC cell lines can decrease the ERα protein level. C, protein lysate was collected
with indicated concentration of USP14-speciﬁc inhibitor (IU1) for 48 h in both EC cell lines. D, total RNA of Ishikawa cells transfected with siCtrl or siUSP14
was used to analyze the ESR1 mRNA level. E and F, HEK293 was transfected with ERα and USP14. The cell was treated with 50 mg/ml cycloheximide (CHX)
for 0, 4, and 8 h, and then the ERα protein level was detected with Western blot. G and H, HEC-1A cells were transfected with USP14 and treated with 50 mg/
ml cycloheximide (CHX) for indicated time points. The remaining ERα protein level was quantitated by ImageJ. I and J, HEC-1A cells were transfected with
siCtrl or siUSP14 and treated with CHX as HEK293. The ERα protein level was calculated as described above. K, depletion of USP14 decreased ERα protein
level in both Ishikawa cells and HEC-1A cells. The cell lysate was treated with MG132 (5 μM) for 6 h before collected. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. EC, endometrial cancer; HEK293, human embryonic kidney 293 cell line; ERα, estrogen receptor α; USP14, ubiquitin-speciﬁc peptidase 14.
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addition, in the presence of the proteasome inhibitor MG132,
the increase of ERα by USP14 overexpression was reversed in
both Ishikawa and HEC-1A cell lines (Figs. 2, K and S2D).
Taken together, these data suggested that USP14 might be
involved in the maintenance of ERα stability via inhibiting the
proteasome pathway in EC cell lines.
USP14 interacts with ERα and deubiquitinates ERα with K48linkage
We further turn to determine whether USP14 interacts with
ERα. The expression plasmids of FLAG-tagged-USP14 and
hemagglutinin (HA)-tagged-ERα were then transfected to
perform coimmunoprecipitation (co-IP) experiments in COS7
cell lines. The results demonstrated that USP14 interacted with
ERα with or without E2 treatment (Fig. 3A). To further conﬁrm
these results, we performed co-IP in EC cell lines (Ishikawa and
HEC-1A cell lines); the results suggested an endogenous
interaction between USP14 and ERα in EC-derived cell lines
(Fig. 3, B and C). Because of the deubiquitination activity
of USP14, we wonder whether USP14 can participate in inﬂuence of ERα ubiquitination. Immunoprecipitation-based

ubiquitination assays were then performed as indicated. The
results demonstrated that the ectopic expression of USP14
apparently reduced the level of ERα ubiquitination in EC cell
lines (Fig. 3D). Moreover, USP14 depletion or USP14 inhibitor
treatment signiﬁcantly increased ERα ubiquitination (Fig. 3, E
and F). Thus, these results indicated that USP14 participated in
deubiquitination of ERα to maintain stabilization of ERα
protein.
It has been well established that different polyubiquitination
types of protein exert various functions, of which K48- and
lysine 63 (K63)-linked polyubiquitin chain represents a signal
for proteasomal degradation (23, 24). We turned to determine
which type of polyubiquitin chain on ERα was affected by
USP14. Our results showed that ectopic expression of USP14
decreased K48-linked ubiquitination of ERα but not K63linked ubiquitination in HEC-1A cells (Fig. 3G). Furthermore, different dose of the ectopic expression of USP14
showed a signiﬁcant reduction of K48-linked ubiquitination of
ERα in a dose-dependent manner in HEC-1A cells (Fig. 3H).
Above all, our results suggested that USP14 was involved in
ERα deubiquitination with K48-linkage to maintain the stability of ERα.

Figure 3. USP14 interacts with ERα and deubiquitinates ERα via K48-linkage. A–C, USP14 interacted with ERα. Coimmunoprecipitation (Co-IP) assay was
performed in COS7 cells and EC cell lines with indicated antibodies. D and E, IP-based ubiquitination assays were conducted in both EC cell lines. Overexpression or depletion of USP14 could decrease or increase ERα ubiquitination level in EC cell lines. F, HEC-1A cells were treated with indicated IU1 for 48 h.
IP-based ubiquitination assays were performed with ERα antibodies. G and H, HEC-1A cells were transfected with expression plasmid encoding FLAG-USP14
and ERα together with HA-tagged ubiquitin mutants, including K0 (lysineless), K48 (only K48-linked Ub), and K63 (only K63-linked Ub) as indicated. The cells
were treated with MG132 (5 μM) before collected. The cell lysate was immunoprecipitated with anti-ERα and immunoblotted with anti-HA. EC, endometrial
cancer; ERα, estrogen receptor α; HA, hemagglutinin; USP14, ubiquitin-speciﬁc peptidase 14.
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USP14 promotes the transcription level of ERα target genes
Having established that USP14 may increase the accumulation of ERα, we then turn to study whether the downstream
genes of ERα were modulated by USP14 in EC-derived cells.
Quantitative PCR (qPCR) was performed to detect the mRNA
expression level of ERα target genes. We examined the mRNA
level of MYC, E2F1, and UBe2C in EC-derived cell lines with
knockdown of USP14. Our results showed that depletion of
USP14 carrying three different sequences of siUPS14 (siUSP14
#1, #2, and #3) obviously inhibited the expression of ERαregulated genes in the presence of E2 in Ishikawa cells (Fig. 4,
A–C). To further conﬁrm this result, the Ishikawa cells were
transfected with USP14 expression plasmid with cotreatment
of 10 nM fulvestrant (antiestrogen) as indicated. The result
showed that the upregulation of ectopic USP14 expression on
ERα-regulated genes was signiﬁcantly reduced by fulvestrant
treatment (Fig. 4D). We further investigated the protein

expression levels of ERα downstream genes by Western blot,
and our data demonstrated that depletion of USP14 decreased
the protein expression levels of ERα-regulated genes. While
ectopic expression of USP14 increased these protein expressions of ERα-regulated genes as indicated in EC-derived cells
(Fig. 4, E and F). We then tried to detect whether USP14 had
any impact on the recruitment of ERα on the promoter region
of ERα target gene. With JASPAR database, we tried to search
the putative ERE, which contains the sequence of AGGGGAAAGAGGACCTG on the promoter region of ERα-regulated gene, MYC, as indicated (Fig. 4G). Chromatin
immunoprecipitation (ChIP) assay was then performed to
determine the recruitment of ERα at the ERE in the Ishikawa
cells carrying shRNA against USP14 (shUSP14). The depletion
of USP14 was shown to decrease the recruitment of ERα on
the ERE region of MYC gene (Fig. 4H). Taken together, USP14
was involved in promotion of the transcription of ERα-

Figure 4. USP14 promotes the expression of ERα target genes and enhances the recruitment of ERα to ERE region of ERα target gene. A–C, the
effect of USP14 on the mRNA level of endogenous ERα target genes with three independent siRNAs against USP14 (siUSP14 #1, 2, and 3). D, the effect of
ectopic USP14 expression on mRNA level of endogenous ERα target genes with the treatment of fulvestrant and E2 as indicated. E and F, the effect of USP14
on the protein level of endogenous ERα target genes with 10 nM E2. G, the schematic diagram of the ERα-binding site on the promoter region of MYC. H,
the recruitment of ERα on ERE with the depletion of USP14 in Ishikawa cells. E2, unopposed estrogen; ERα, estrogen receptor α; ERE, estrogen-response
element; USP14, ubiquitin-speciﬁc peptidase 14.

J. Biol. Chem. (2023) 299(1) 102734

5

USP14 deubiquitinates ERα to maintain its stability in EC
regulated genes, and USP14 also increased the recruitment of
ERα on the promoter region of ERα-regulated gene.
USP14 promotes the cell proliferation and migration in
EC-derived cell lines
To further examine the function of USP14 in EC-derived
cells, we constructed the stable knockdown of USP14 in Ishikawa and HEC-1A cells carrying shUSP14. The efﬁciency of
USP14 knockdown by shUSP14 in EC-derived cell lines was
detected with Western blot (Fig. 5A). Then colony formation
assay was performed in Ishikawa cells, which showed that the
depletion of USP14 could inhibit the ability of colony formation. Moreover, Ishikawa cells and HEC-1A cells were treated
with different concentrations of USP14-speciﬁc inhibitor, IU1
(0, 25, and 50 μM). The results showed that IU1 inhibited the
colony formation in a dose-dependent manner in EC-derived
cell lines (Figs. 5B and S3, A and B). We then further determined whether USP14 inﬂuences the cell cycle, and the ﬂow

cytometry analysis was performed in Ishikawa cells with indicated IU1. The results indicated that IU1 could induce G0/G1
arrest (Fig. 5, C and D). To study the effect of USP14 on the cell
proliferation in EC-derived cells, MTS (3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) and colony formation assay were performed in the
absence or the presence of E2 in Ishikawa and HEC-1A cells.
Our data demonstrated that USP14 obviously promoted cell
proliferation in EC-derived cell lines (Figs. 5, E–G and S3, C
and D). In addition, to determine whether ERα is required for
the biological function of USP14 on cell growth in EC-derived
cells, overexpression plasmid of ERα was transfected into the
Ishikawa cells carrying shUSP14. Our results demonstrated that
ectopic expression of ERα could partially reverse the growth
inhibition caused by shUSP14 (Fig. 5H). Taken together, USP14
is involved in promotion of cell growth in EC-derived cells at
least partially via E2–ERα.
To investigate the effect of USP14 on cell migration, the
wound healing assay was performed in Ishikawa cells carrying

Figure 5. USP14 promotes the cell proliferation, partly depending on ERα. A, the conﬁrmation of USP14 knockdown efﬁciency in EC cell lines. B, the
effect of USP14 on cell growth by colony formation assay. The concentration of E2 was 10 nM. C and D, ﬂow cytometry was performed on Ishikawa cells
treated with indicated IU1 for cell cycle analysis. E and F, depletion of USP14 could inhibit cell proliferation under the stimulation of 10 nM E2 in EC cell lines.
G, depletion of USP14 could inhibit cell colony formation under the stimulation of E2 in EC cell lines. H, the inhibition function of USP14 depletion could be
partly reversed by ectopic ERα overexpression. E2, unopposed estrogen; EC, endometrial cancer; ERα, estrogen receptor α; USP14, ubiquitin-speciﬁc
peptidase 14.
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shUSP14 or IU1 treatment. The results showed that inhibition
of USP14 signiﬁcantly decreased the cell migration in Ishikawa
cells (Fig. 6, A and B). Furthermore, with different concentrations of IU1 treatment, the results from the transwell assay
showed that the migration ability of Ishikawa cells was
inhibited by IU1 treatment in a dose-dependent manner
(Fig. 6, C and D). Subsequently, the transwell assay was further
performed with Ishikawa cells under the treatment of E2. The
results demonstrated that USP14 depletion inhibited cell
migration, and conversely, ectopic expression of USP14 promoted cell migration in the presence of E2 (Fig. 6, E–H).
Depletion of USP14 or USP14-speciﬁc inhibitor suppresses cell
growth in EC-derived cell lines and in mice
To further examine the biological function of USP14 in cell
growth in vivo, we conducted subcutaneous xenograft tumor
experiments in nonobese diabetic/severe combined immunodeﬁciency mice to detect the effect of USP14 depletion on cell
growth in EC-derived cells. The Ishikawa cells (1 × 107 cells/
mouse) transfected with shCtrl or shUSP14 were, respectively,
injected into the left and right ﬂanks of the 4-week-old female

mice. The results demonstrated that the combination of
shUSP14 and IU1 appeared to show the best antitumor activity. The tumors with shUSP14 or treated with IU1 alone
were similar in size (Fig. 7A). The tumor weight and volume
signiﬁcantly declined under the treatment of shUSP14 or IU1
alone and declined more obviously under the combined
treatment of shUSP14 and IU1 (Fig. 7, B and C). Immunohistochemical (IHC) experiments were then performed to
detect the expression level of USP14 in xenograft tumor
derived from Ishikawa cells (Fig. 7D). In addition, Western blot
was performed to examine the protein level of USP14, ERα,
and c-Myc in the above xenograft tumor. The results further
demonstrated that USP14 depletion signiﬁcantly decreased
ERα and c-Myc expression (Fig. 7E). Taken together, our results suggest that knockdown of USP14 or IU1 treatment inhibits EC-derived cell growth in mice.

Discussion
EC is one of the common carcinomas in women’s reproductive system. The treatment of hysterectomy is efﬁcacious in
patients at an early stage. However, the intervention strategy

Figure 6. USP14 facilities the cell migration via ERα. A and B, USP14 depletion or USP14 inhibition (IU1) could inhibit cell migration by wound healing
assay in Ishikawa cells. The scale bars represent 100 μm. C and D, transwell assay was performed with IU1 as indicated. IU1 could inhibit cell migration in a
dose-dependent manner. The scale bars represent 100 μm. E and F, overexpression of USP14 (oe-USP14) promoted cell migration in the presence of E2.
Three independent experiments were statistically analyzed as indicated. The scale bars represent 100 μm. G and H, depletion of USP14 could suppress cell
migration in the presence of E2. Three independent experiments were statistically analyzed as indicated. The scale bars represent 100 μm. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. E2, unopposed estrogen; ERα, estrogen receptor α; USP14, ubiquitin-speciﬁc peptidase 14.
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Figure 7. Depletion or inhibition of USP14 can suppress cell growth in mice. A, photos were shown to representative the tumor bearing as indicated.
The scale bars represent 1 cm. B and C, tumor weight and volume of different groups were shown as indicated. D, immunohistochemical assay was
performed to detect the expression of USP14 in the xenograft tumor tissues. The scale bars represent 50 μm. E, protein level of USP14 in every xenograft
tumor tissue was detected by Western blot. F, schematic diagram was presented to demonstrate the interaction between USP14 and ERα and the function
of USP14 in the development of EC. EC, endometrial cancer; ERα, estrogen receptor α; USP14, ubiquitin-speciﬁc peptidase 14.

for the relapse patients and the advanced stage patients is
limited. Although EC belongs to one of the hormonedependent tumors, the endocrine therapy in EC is not effective compared with that in BCa. It has been considered that
E2–ERα signaling pathway is essential for the development of
EC. However, the biological function of ERα coregulator in EC
is still elusive. In this study, our results have demonstrated that
USP14 is involved in the maintenance of ERα stabilization to
contribute to the progression of EC, providing a potential
therapeutic target for EC patients, especially for fertility preservation of EC patients (Fig. 7F).
It has been reported that USP14 is highly related to cancer
occurrence and progression in various kinds of carcinomas.
As one of the proteasome-associated deubiquitinating enzymes, USP14 has a dual function in protein degradation and
proteasome function. USP14 is elevated in prostate cancer
and AR-positive BCa, and the expression of USP14 is positively correlated with that of AR. Downregulation of USP14
may suppress cell proliferation, migration, and promote cell
apoptosis via stabilizing AR in prostate cancer or ARpositive BCa (16, 25). In addition, USP14 enhances Wnt/βcatenin signaling pathway via stabilizing β-catenin to
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promote tumor development in lung cancer and hepatocellular cancer (26, 27). However, the biological function and
underlying molecular mechanism of USP14 in EC progression is still unclear. Previous study has indicated that USP14
is a predictor of recurrence for EC patients, and pharmacological inhibition of USP14 with VXL1570 may increase
the EC patients’ chemotherapeutic response rate (28).
Similar biological function results are found in our study.
Our results suggest that USP14 is upregulated in EC clinical
samples, and the high expression of USP14 is positively
correlated with the poor prognosis of EC patients. Different
from previous studies, our study focuses more on providing
insight into the relationship between USP14 and E2–ERα,
which is a main risk factor for the initiation of EC. Our study
has demonstrated that USP14 is involved in the maintenance
of ERα through ERα deubiquitination. Moreover, we also
provide the evidence that USP14 depletion or USP14 inhibitor treatment abrogates cell growth in EC-derived cell
lines and mice, suggesting that the interaction between
USP14 and ERα may promote EC progression.
Unopposed estrogen exposure is one of the main risk factors
for type I EC. It has been putatively considered that almost

USP14 deubiquitinates ERα to maintain its stability in EC
80% of type I EC is ERα positive, indicating that modulation of
E2–ERα signaling pathway would be essential for the development of ERα-related cancers, such as BCa and EC. It is well
known that ERα protein stability is strictly controlled by
ubiquitin proteasome system. Previously, studies have established that E3 ligases, such as RNF8 and TRIM11, may
modulate ERα monoubiquitination to stabilize ERα and then
promote BCa progression (9, 29). USP22 has been identiﬁed to
deubiquitinate ERα with both K48-linkage and K63-linkage to
enhance the stability of ERα, thereby promoting cell growth
and endocrine resistance in BCa (30). As a deubiquitinase,
UCH-L1 suppresses ERα transcription through the
deubiquitinase-mediated stability of epidermal growth factor
receptor, which is a corepressor of ERα (10). Thus, understanding well the modulation of ERα in ERα-related tumors
would provide the potential therapeutic strategy for tumor
treatment. In this study, our results have shown that USP14
associates with ERα to maintain the stability of ERα via its
deubiquitination activity in EC. USP14 depletion or USP14
inhibitor treatment enhances ERα polyubiquitination level
with K48-linkage but not K63-linkage. Our data suggest that
USP14 involved in the enhancement of ERα stability in EC
may be a new strategy for developing the endocrine therapeutic target for EC treatment.
Our previous study has demonstrated that Ash2L acting
as a coactivator of ERα is associated with MLL1–WDR5
complex to enhance ERα action and participate in the promotion of EC progression (31). In addition, it has been reported that mutations in the ligand-binding domain of ERα
may cause continuous activation of the ERα signaling
pathway in EC (32). Our data have demonstrated that USP14
enhances the recruitment of ERα on the ERE sites of ERαregulated genes, thereby increasing the transcription of these
genes, such as MYC, UBe2C, and so on (Fig. 4). UBe2C has
been identiﬁed as an ERα target gene to promote epithelial–
mesenchymal transition in EC (33). In concordance with
this, our results have shown that UBe2C was also upregulated by USP14 in EC. Taken together, our results suggest
that USP14 might act as the coregulator of ERα, promoting
the development of EC.
In summary, this study has demonstrated that USP14 associates with ERα to maintain the stability of ERα through its
deubiquitination activity with the K48-linkage polychain.
USP14 leads to an enhancement of ERα recruitment on ERE
regions of ERα downstream target genes, thereby upregulating
ERα action. Moreover, depletion of USP14 or USP14-speciﬁc
inhibitor treatment inhibits cell proliferation and migration
in EC, indicating that USP14 may be a novel therapeutic target
in EC treatment.

Experimental procedures
Cell culture and reagents
The human EC cell lines Ishikawa and HEC-1A were
cultured in RPMI1640 (Gibco-BRL). Human embryonic
kidney 293 and COS7 cells were cultured in Dulbecco’s
modiﬁed Eagle’s medium (Gibco-BRL). All the culture media

contained 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 ng/ml) at 37  C with 5% CO2 in the
incubator.
USP14 inhibitor, IU1, and cycloheximide were ordered from
AbMole. MTS was purchased from Promega. 17β-estradiol
was obtained from Sigma. MG132 was bought from Selleck
(CAS no.: 133407-82-6).
Antibodies
The antibodies in our research were anti-ERα (Cell
Signaling Technology; catalog no.: 8644), anti-GAPDH
(Shanghai Kangchen; catalog no.: KC5G4), anti-His (Proteintech; catalog no.: 66005-1-lg), anti-USP14 (Santa; catalog
no.: sc-398099), anti-USP14 (Bethyl; catalog no.: A300-919A),
anti-Ub (Proteintech; catalog no.: 10210-2-AP), anti-rabbit/
mouse (ABclonal), anti-MYC (Proteintech; catalog no.:
10828-1-AP), anti-E2F1 (Proteintech; catalog no.: 66515-1-lg),
anti-UBe2C (Proteintech; catalog no.: 66087-1-lg), and antiimmunoglobulin G (Santa; catalog no.: sc-2025).
Co-IP and Western blot analysis
For exogenous co-IP, COS7 cells were transfected with
FLAG-USP14 and HA-ERα with jetPRIME DNA transfection
reagent (Polyplus); after 4 to 6 h, the cells were treated with E2
for 48 h. The whole-cell lysates were extracted after 48 h. The
lysates were incubated with anti-HA for 12 h and then with
protein G Sepharose for 4 h. The immune complexes were
detected with indicated antibodies. Endogenic co-IP was
similar as the aforementioned procedures.
Western blot analysis was performed by the standard process introduced in our previous study (34).
RNA isolation and real-time qPCR
Cells transfected with siCtrl or siUSP14 for 24 h were prepared for RNA isolation. Total RNA was extracted with Trizol
(Vazyme), and complementary DNA was reversed using PrimeScript RT–PCR Kit. Then qPCR was performed with SYBR
qPCR Master Mix (Vazyme) on LightCycler96 (Roche). All the
primers used in our experiment were showed in Table 1.
siRNA transfection and lentiviral infection
siRNA was purchased from Sigma, and the shUSP14 lentivirus was bought from GeneChem. EC cells were transfected
with them according to the protocol.
Table 1
The primer sequences for the indicated genes used in qRT–PCR
Name

Sense (F0 )

Antisense (R0 )

18S
TTGACGGAAGGGCACCACCA GCACCACCACCCACGGAAT
USP14 TGTGCCTGAACTCAAAGATGC ATATACTGCGCTGAAG
CCATTT
ESR1 CTAACTTGCTCTTGGACAGGA CAGGACTCGGTGGATA
TGGT
Myc
CGTCCTCGGATTCTCTGCTC
GCTGGTGCATTTTCGGTTGT
UBe2C GGATTTCTGCCTTCCCTGAA
GATAGCAGGGCGTGA
GGAAC
E2F1 CAGAGCAGATGGTTATGGTGA AGATGATGGTGGTGG
TGACA
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ChIP assay
ChIP assay was performed similar to our previous study
(35). Ishikawa cells were collected for ChIP assay after treated
with E2 for 12 h. Immunoprecipitation of sonicated chromatin
solutions was conducted by overnight incubation at 4  C by
rotating with anti-ERα or anti-USP14. Protein A was added to
every sample the next day, and then the samples were washed
with low salt buffer, high salt buffer, lithium chloride buffer,
and Tris–EDTA buffer. Then the complexes were eluted and
puriﬁed. The DNA samples were then ampliﬁed by qPCR. The
speciﬁc primers of c-Myc were sense: 50 -TTGACGGAAGGGCACCACCA-30 , antisense: 50 -GCACCACCACCCACGGAAT-3’.

group was treated with placebo and the other group was
orally treated with IU1 (40 mg/kg/day) every 2 days. Tumor
diameter was measured every week. Tumor volume (mm3)
was calculated as volume = (short diameter)2 × (long diameter)/2 (38).
Patient samples
Human normal endometrium and EC tissues were obtained
from the First Hospital of China Medical University. All the EC
samples we used for IHC assay are endometrioid adenocarcinoma, including stage I (86 cases [86.9%]), stage II (7 cases
[7%]), and stage III (6 cases [6.1%]). And all the samples were
under patients’ informed contents.

Cell growth, colony formation assay, and transwell assay
For cell growth analysis, 4 × 103 Ishikawa or HEC-1A cells
were plated in 96-well plate and stimulated with 10−8 M E2 or
absolute ethanol. The cells were collected at indicated days and
measured at an absorbance of 490 nm.
Colony formation assay was performed with Ishikawa and
HEC-1A cells cultured with fetal bovine serum RPMI1640.
The cells were cultured in an atmosphere of 5% CO2 at 37  C
for 14 days. PBS was used to wash the cells, and then 4%
polyformaldehyde was added into the plate to ﬁx the cells for
20 min. After that, the cells were stained with 1% crystal violet
for 1 h or overnight.
Transwell assay was performed with Ishikawa cells. About
3 ×b104 cells were seeded in the transwell chambers with the
treatment of different concentrations of IU1. The indicated
concentration of E2 was 10−8 M. The cells were collected after
24 h.
IHC assay
Parafﬁn sections (5 μm thick) of benign endometrial tissues (n = 31) and EC tissue samples (n = 99) were deparafﬁnized, rehydrated, and antigen retrieval performed. After
blocked with donkey serum overnight, the slides were
incubated with rabbit anti-USP14 (1:2000 dilution) antibodies (36, 37). After washed in PBS, the sections were
incubated with goat anti-rabbit immunoglobulin G for 1 h at
room temperature, followed by visualization with diaminobenzidine of the expression of USP14 and visualization
with hematoxylin of the nuclei. All the images were captured
by an Olympus microscope. The samples were approved by
the Human Research Ethics Committee of China Medical
University.
Xenograft tumor growth
Nonobese diabetic/severe combined immunodeﬁciency
mice were purchased from Vital River Laboratory. All the
animal experiments were approved by the China Medical
University of Animal Care Center. Ishikawa cells (1.0 ×
107 cells/mouse) stably expressing shCtrl or shUSP14 were
subcutaneously inoculated into the 5-week-old female mice
for each side. The mice were divided into two groups: one
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Statistics
Unpaired Student’s t test was used to examine the statistical
signiﬁcance. Pearson correlation coefﬁcient was used to test
the expression level of USP14 and ERα. The overall survival
and relapse-free survival were calculated with Kaplan–Meier
plotter. p Value was calculated with GraphPad Prism 8
(GraphPad Software, Inc), and less than 0.05 was considered
statistically signiﬁcant.

Data availability
The data are included in the main ﬁle and supporting
information.
Supporting information—This article contains supporting information (20).
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