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Abstract
Overexpression of Cyclin E has been seen in many types of cancers. However, the underlying mechanism remains
enigmatic. Herein, we identified ubiquitin-specific peptidase 27 (USP27) as a Cyclin E interactor. We found that USP27
promoted Cyclin E stability by negatively regulating its ubiquitination. In addition, suppression of USP27 expression
resulted in the inhibition of the growth, migration, and invasion of hepatocellular carcinoma. Furthermore, we detected a
positive correlation between USP27 and Cyclin E expression in hepatocellular carcinoma tissues. Finally, we found that
USP27 expression is inhibited by 5-fluorouracil (5-FU) treatment and USP27 depletion sensitizes Hep3B cells to 5-FU-
induced apoptosis. USP27-mediated Cyclin E stabilization is involved in tumorigenesis, suggesting that targeting USP27
may represent a new therapeutic strategy to treat cancers with aberrant overexpression of Cyclin E protein.

Introduction

Cell cycle are controlled by cyclin-dependent kinases
(CDKs), which form a complex with a specific cyclin that
periodically activates and directs its kinase activity toward
specific substrates with temporal and spatial selectivity [1,
2]. Different cyclins promote distinct cell cycle events [3].
Cyclin E, one of the cyclin family members, forms a
complex with CDK2 to function at G1/S transition [4, 5].
Cyclin E-Cdk2 activity is lowest in quiescent cells and
highest in G1–S cells. This periodicity is caused by many
factors including transcriptional and proteolysis control of
Cyclin E abundance, regulation of CDK2 activity by inhi-
bitory and activating phosphorylations, and the binding of
Cip/Kip CDK inhibitors [6]. These multiple layers of con-
trol ensure that the activity of Cyclin E/CDK2 is finely
tuned during cell cycle progression [3]. In contrast, Cyclin
E is frequently dysregulated in tumor cells and this may

contribute to the development of various types of cancers
including adrenocortical tumors and carcinomas (breast,
lung, cervix, endometrium, and gastrointestinal tract),
lymphoma, leukemia, and sarcomas [7–18]. In addition,
overexpression of Cyclin E causes aneuploidy [19], geno-
mic instability [20], or drives the cell cycle progression by
curtailing the G1 to S transition, and thus accelerates cell
proliferation and oncogenesis [5, 21–27].

Ubiquitination and deubiquitination are important
mechanisms for regulating cell cycle progression. A number
of components of the cell cycle apparatus, including various
cyclins and inhibitors of CDK, are modified by ubiquiti-
nation [28]. Ubiquitin-specific peptidase 27 (USP27)
belongs to a family of over 70 deubiquitinases (DUB) in
human and mammals. It contains an N terminus and an
ubiquitin-specific peptidase domain at its C terminus.
USP27 is required for normal cell proliferation and its
depletion suppresses tumor growth [29]. How USP27 reg-
ulates cell proliferation and tumorigenesis remains unclear.
We previously depicted a molecular mechanism by which
USP22 regulates cell cycle progression by affecting
CCNB1 stability [30]. Whether USP27 affects cell pro-
liferation and tumorigenesis through cyclin regulation needs
investigation.

Herein, we demonstrate that USP27 regulates Cyclin E
abundance to accelerate cell cycle progression, cell pro-
liferation, and tumor cell growth as well. In support of this

* Zhenghong Lin
zhenghonglin@cqu.edu.cn

1 Laboratory of Pathology, School of Life Sciences, Chongqing
University, Chongqing 401331, China

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41388-018-0137-z) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0137-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0137-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-018-0137-z&domain=pdf
mailto:zhenghonglin@cqu.edu.cn
https://doi.org/10.1038/s41388-018-0137-z


notion, we found that USP27 and Cyclin E expression are
positively correlated in human hepatocellular carcinoma.

Results

Library screening identified USP27 as Cyclin E
interactor

To determine the molecular mechanisms underlying the
aberrant protein expression of the cell cycle protein Cyclin
E in tumorigenesis, we used a DUB library to screen Cyclin
E-interacting protein, which might be responsible for its
dysregulation. Briefly, we transfected each of Flag-tagged
DUB (USP1, 2, 3, 4, 7, 8, 10, 12, 14, 15, 17, 18, 19, 21, 22,
25, 26, 27, 28, 29, 30, 33, 36, 37, 38, 39, 42, 44, 46, 47, 51,
OTUB1, and A20) with myc-tagged Cyclin E or Flag-
tagged Cyclin E with myc-tagged DUB (USP5, 11, 16,
COPS5, COPS6, BRCC3, UCHL1, UCHL3, UCHL5,
JOSD1, JOSD2, CYLD, ATXN3, ATXN3L, OTUB1,
OTUB2, OTUD6A, STAMBP, STAMBPL1, DUB3,
EIF3S3,MPND, PSMD7, PSMD14, PARP11, BAP1,
EIF3S5, MYSM1, and ZRANB1) constructs into
293T cells, and 48 h later we test the interactions between
Cyclin E and each DUB by co-immunoprecipitation (Co-IP)
and western blotting (WB). As seen in Fig. 1a, USP27 was
identified as Cyclin E interaction partner among 60 DUBs
(other DUBs not shown). To further confirm that the
interaction between Cyclin E and USP27 was specific, we
transfected them alone or together into HEK293T cells and
evaluated their interaction by immunoprecipitation and WB.
As shown in Fig. 1b, USP27 could be pulled down by
Cyclin E, suggesting that USP27 are true Cyclin E inter-
action partner. In addition, we examined whether endo-
genous Cyclin E interacts with USP27 in the Hep3B cells.
As expected, Cyclin E was detected in the anti-USP27 but
not normal rabbit IgG immunoprecipitates from the cell
lysate (Fig. 1c).

Next, we mapped the regions of USP27 that mediate its
interaction with Cyclin E by generating truncated mutants.
USP27 protein carries an N terminus and C-terminal UCH
domain (Fig. 1d). Co-IP and WB assay uncovered that the
C-terminal UCH domain of USP27 is required for its
interaction with Cyclin E, as deletion of this region com-
pletely abolished its interaction with Cyclin E. In contrast,
expression of the USP27 C-terminal 77–438 fragment alone
is sufficient to pull Cyclin E protein down (Fig. 1e). Simi-
larly, truncated mutation analyses showed that the N ter-
minus of Cyclin E is required for its interaction with USP27
(Fig. 1f,g). Furthermore, we detected a colocalization of
USP27 and Cyclin E in Hep3B cells (Fig. 1h). Taken
together, these data suggested that USP27 interacts and
colocalizes with Cyclin E.

USP27 negatively regulates Cyclin E ubiquitination

As USP27 is a DUB that might protect its substrate from
proteasome-mediated degradation, we determined whether
this DUB removes ubiquitin from Cyclin E. Cyclin E and
ubiquitin were transfected into 293T cells without or with
USP27 addition. As shown in Fig. 2a, in the presence of
USP27 expression, the ubiquitination of Cyclin E protein
was largely inhibited. USP27-mediated Cyclin E deubi-
quitination is highly specific, as co-expression of USP15,
which was recently shown to be a PRP31-specific DUB
[31], and USP28, did not have any effect on Cyclin E
ubiquitination (lane 1 and 3 in Fig. 2b and Figure S1E).
Next, we generated a DUB-inactive mutant of USP27 [29]
(Fig. 2c) and assessed the effect of the mutation on Cyclin E
ubiquitination. As seen in Fig. 2d, this mutant failed to
inhibit the ubiquitination of Cyclin E protein, implying that
the DUB activity is required for USP27 to remove ubiquitin
from Cyclin E. Finally, we examined the endogenous ubi-
quitination of Cyclin E in Hep3B cells. As shown in Fig. 2e,
knockdown of USP27 expression resulted in elevated
Cyclin E ubiquitination compared with nonspecific short
hairpin RNA (shRNA) control. Importantly, reintroducting
wildtype but not the CA mutant form of USP27 could
rescue Cyclin E from ubiquitination. Collectively, these
data suggested that USP27 is a Cyclin E DUB.

USP27 stabilizes Cyclin E

The observation that USP27 interacts with and deubiquiti-
nates Cyclin E led us to think that USP27 might involve in
cell cycle progression by regulating Cyclin E stability.
Indeed, USP27 but not its mutant markedly extended the
half-life of Cyclin E as seen in Hep3B cells (Fig. 3a, b). In
addition, the regulation of USP27 on Cyclin E stability
might occur at the posttranscriptional level, as we did
not see mRNA change of Cyclin E in USP27 knockdown
Hep3B cells (Fig. 3c). Then we determined whether
the DUB activity is required for USP27 to regulate Cyclin E
stability. As shown in Fig. 3d, e, catalytically inactive
USP27/CA mutant failed to protect Cyclin E from degra-
dation, implying that the DUB activity is required
for USP27-mediated Cyclin E stabilization. To further
confirm our notion that USP27 regulates Cyclin E stability,
we knocked down USP27 expression and found that the
endogenous Cyclin E protein levels decreased more
rapidly than control (Fig. 3f, g). Finally, we determined
whether USP27-mediated Cyclin E stability is through
proteasome. As seen from Fig. 3h, i, MG132 (proteasome
inhibitor) treatment could rescue the USP27 knockdown-
mediated degradation of Cyclin E protein. In
conclusion, our data suggested that USP27 regulates Cyclin
E stability.
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USP27 regulates cell cycle progression and cell
proliferation

Cyclin E overexpression has been reported to promote cell
proliferation by passing Rb-imposed G1 control on rate
limiting [32]. Our discovery that USP27 mediated Cyclin E
stabilization implied that USP27 might modulate cell cycle
and cell proliferation through Cyclin E regulation. We first
examined whether USP27 protein expression is oscillated
during cell cycle progression. As shown in Fig. 4a, USP27
expression was oscillated during 24 h. Notably, the oscil-
lation of USP27 expression was similar to Cyclin E,

implying a correlation between two proteins during cell
cycle progression. In agreement with above results,
knocking down USP27 expression, the cell cycle phase was
delayed about 2–4 h as judged by the expression level of
Cyclin E and Cyclin B1 as well as the results from the flow
cytometry analysis (Fig. 4a and S2A–C). The corresponding
relative mRNA levels were determined by quantitative
reverse-transcriptase PCR (qRT-PCR) (Figure S2D). It
seemed that USP27 was also transcriptionally regulated in
the cell cycle progression (Figure S2D). Interestingly,
USP27 expression might also be regulated by Fbxw7, a
well-known E3 ubiquitin ligase of Cyclin E, which interacts

Fig. 1 USP27 interacts and colocalizes with Cyclin E. a Identification
of Cyclin E interaction partner. The interactions between Cyclin E and
DUBs (a library containing about 60 deubiquitinases) were tested in
293T cells. 293T cells were transfected with Cyclin E and each of
DUBs and immunoprecipitation and immunoblot were performed with
indicated antibodies. b USP27 plasmid was transfected alone or with
Cyclin E into HEK293T cells and their interaction was determined by
immunoprecipitation and immunoblot. c The endogenous interaction

of USP27 and Cyclin E was tested in Hep3B cells. d Schematic picture
of USP27 and its mutants. e Cyclin E interactions with USP27 and its
mutants were tested as indicated. f Cyclin E and its domains. NLS,
nuclear localization signal. g The interactions of Cyclin E and its
mutants with USP27 protein were tested. h Localization of Cyclin E
and USP27 in Hep3B cells. DAPI was used to stain the DNA. DAPI,
4, 6-diamidino-2-phenylindole
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with and degrades USP27 (Figure S3A–C). Next, we
investigated whether USP27 regulates cell cycle progres-
sion. We found that USP27 knockdown suppresses cell
cycle progression by increasing the percentage of cells in
G0/G1 phase (Fig. 4b, S1A, S2E, and S2F), which can be
reversed by the addition of Cyclin E expression (Fig. 4b). In
contrast, USP27 overexpression facilitates cell cycle pro-
gression by increasing the percentage of cells in G2/M
phase but also by decreasing the percentage of cells in G0/
G1 phase (Fig. 4c, S1B, and S2G). To further support our
notion that USP27 promotes cell cycle progression, we
detected a statistically significant reduction in the growth of
Hep3B (Fig. 4d and S2H) and MHCC97H cells (Fig. 4e,
S1C, and S2I) compared with that of control cells with
single stable knockdown of USP27. Notably, reintroducing
Cyclin E expression into USP27-depleted hepatoma cells
(shUSP27+Cyclin E) reversed the growth-retarding effect

caused by single USP27 knockdown (Fig. 4d, e). In
accordance with this, ectopic expression of USP27 leads to
an increase in cell proliferation (Fig. 4f). Taken together,
USP27 is involved in cell cycle progression and cell pro-
liferation through Cyclin E regualtion.

Depletion of USP27 inhibits tumor growth

The observation that USP27 promotes cell cycle progres-
sion and cell proliferation prompted us to imagine that
depletion of USP27 expression might suppress tumor pro-
gression. To test this hypothesis, we performed colony
formation assay to determine whether the tumor growth is
affected by suppression of USP27 expression. As indicated
in Fig. 5a, b and S4, a soft agar assay revealed that USP27
knockdown dramatically inhibited the colony formation of
Hep3B and MHCC97H cells. Reintroducing Cyclin E into

Fig. 2 USP27 inhibits Cyclin E
ubiquitination. a Flag-Ubiquitin,
HA-USP27, and myc-Cyclin E
plasmids were transfected alone
or cotransfected into
HEK293T cells and the
ubiquitination of Cyclin E was
detected by
immunoprecipitation and
western blotting. The expression
of Cyclin E and USP27 were
confirmed. b Flag-Ubiquitin and
myc-Cyclin E expression
plasmids were cotransfected
with USP15, USP27, or USP28
into HEK293T cells and Cyclin
E ubiquitination was performed
as in a. c Schematic diagram of
USP27 and its mutants. The
cysteine residue in position 87 in
the UCH domains was replaced
by alanine a. d The effects of
USP27 and its mutants on
Cyclin E ubiquitination were
analyzed as in a. e The
ubiquitination of endogenous
Cyclin E in Hep3B cells was
analyzed by
immunoprecipitation and
western blotting. GAPDH are
used as loading control
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USP27-depleted cells restored the malignant phenotype,
while further suppression of Cyclin E rescued the cells from
transformation phenotype. Conversely, USP27 over-
expression got more colonies compared with the vector
control (Fig. 5c). As expected, this effect was reversed by
knockdown of Cyclin E expression in USP27-
overexpressing cells (Fig. 5c). Next, we used a xenograft
model to assess the effect of USP27 suppression on tumor
growth. USP27 knockdown significantly inhibited the
tumor growth in nude mice (Fig. 5d). Both the tumor weight
and tumor volume were remarkably shrinked in mice that
had been inoculated with USP27-knockdown Hep3B cells
(Fig. 5e, f). Importantly, double knockdown of USP27 and
Cyclin E expression rescued the mice from malignant
phenotype (Fig. 5d, third panel). Collectively, these findings
suggested that depletion of USP27 inhibited the tumor
growth.

Down regulation of USP27 suppresses
hepatocellular migration and metastasis

To further explore the pathological roles of USP27 in
HCC cancer progression, we examined HCC cell migration
and invasion by knockdown or overexpression of USP27.
As shown in Figure S5A–D, depletion of USP27 expression
significantly decreased cell migration compared with
the control in Hep3B (Figure S5A and S5B) and
MHCC97H (Figure S5C and S5D) cells using wound-
healing assay. Consistent with this notion, knockdown of
USP27 markedly decreased the invasion of Hep3B and
MHCC97H cells in transwell matrigel invasion assays
(Figure S5E and S5F). Conversely, overexpression of
USP27 evidently enhanced cell invasion (Figure S5G).
Taken together, these results suggested that USP27 might
promote hepatoma metastasis.

Fig. 3 USP27 promotes Cyclin E abundance. a, b 293T cells were
transfected with indicated plasmids and two days later were treated
with 10 mg/ml cycloheximide (CHX) for 2 h and harvested. The
expression of Cyclin E, USP27, and GAPDH were analyzed by
western blotting a and quantified b. c The mRNA levels of Cyclin E
and USP27 were determined by real-time PCR. The error bar repre-
sents the SEM of triplicate experiments. d, e Cyclin E protein stability

was examined by cotransfection of USP27 or its mutant and quanti-
fied. f, g Hep3B cells were transfected with control shRNA or with
shRNA specifically against USP27. Cyclin E stability was analyzed f
and quantified g. h, i USP27 knockdown or control plasmids were
transfected into Hep3B cells and cell were treated with the proteasome
inhibitor MG132 2 h before collecting. The expression of Cyclin E and
USP27 were determined and quantified
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USP27 and Cyclin E expression are upregulated in
hepatocellular carcinoma

The observation that USP27 expression promotes the
colony formation of Hep3B cells and tumor growth
prompted us to think that USP27 might be upregulated in
hepatocellular carcinoma. We first examined the expression
of USP27 and Cyclin E in various types of cancer cell
lines. As seen in Fig. 6a, USP27 and Cyclin E highly
expressed in MDA-MB-231 (breast cancer), MHCC97H
(hepatoma), A375 (melanoma), and HEK293T (kidney)
cells, whereas the upstream E3 ubiquitin ligase of Cyclin E,
Fbxw7, showed a reverse expression pattern. Next,
we evaluated their expression in different hepatoma cell
lines and found that they expressed in all of these cells (Fig.
6b). In fact, WB analysis detected dramatically higher
protein expression of USP27 and Cyclin E in hepatoma
tissues (in 8 of 10 patients) compared with those in adjacent
normal control tissues (Fig. 6c, d). Consistent with the
correlated upregulation of both proteins, USP27 and Cyclin
E were co-localized in hepatoma tissues as revealed by
immunohistochemical staining, whereas Fbxw7 showed an
opposite expression pattern (Fig. 6e). Notably, a strong
correlation between USP27 and Cyclin E protein expression
was found, indicating that the USP22-Cyclin E interaction
is associated with human hepatocellular cancer
development.

Anti-cancer drug 5-FU regulates cell cycle
progression and inhibits hepatocellular proliferation
by downregulating USP27 expression

To evaluate the therapeutic potential of the USP27-Cyclin E
interaction targeting in cancer treatment, we treated Hep3B
cells with or without serum starvation. As shown in Fig. 7a,
USP27 and Cyclin E expression were downregulated by 5-
fluorouracil (5-FU) treatment. The protein expression of
USP27 decreased in a dose-dependent manner (Fig. 7b) or
changed with time increasing following 5-FU treatment
(Fig. 7c). This downregulation of USP27 expression can be
rescued by MG132 treatment, suggesting that the regulation
might occur at the posttranscriptional level (Fig. 7d). In
agreement with this notion, we did not see mRNA change
of USP27 following 5-FU treatment (data not shown). Next,
we examined the effects of USP27 overexpression or
knockdown on cell cycle progression, apoptosis, and cell
proliferation with or without 5-FU treatment. As shown in
Fig. 7e, USP27 knockdown suppresses cell cycle progres-
sion by increasing the percentage of cells in G1/S phase but
decreasing the percentage of cells in G2/M phase, similar to
5-FU treatment. In contrast, USP27 overexpression facil-
itates cell cycle progression by increasing the percentage of
cells in G2/M phase but also by decreasing the percentage
of cells in G0/G1 phase (Fig. 7f). Notably, knockdown of
USP27 expression together with 5-FU treatment greatly

Fig. 4 USP27 regulates cell
cycle progression and cell
proliferation. a Hep3B cells
stably expressing control or
USP27 knockdown plasmids
were synchronized at G2/M
stage by treatment of nocodazole
(50 ng/ml) twice for 20 h
separately and then released into
fresh medium and analyzed by
western blot. b, c The effects of
USP27 knockdown, USP27
knockdown plus Cyclin E
overexpression b or single
overexpression of USP27 c
together with their respective
controls on Hep3B cell cycle
progression were measured by
flow cytometry analysis. d–f
The growth of Hep3B d, f or
MHCC97H e cells stably
expressing shUSP27, shUSP27
+ Cyclin E, USP27, or their
corresponding control vector
was examined
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reduced the percentage of cells in G2/M phase, whereas
introducing Cyclin E to the USP27 knockdown cells
(shUSP27+Cyclin E) could increase the percentage (Fig.
7e). Consistent with this, USP27 knockdown sensitized
Hep3B cells to apoptosis and Cyclin E overexpression plus
USP27 knockdown (shUSP27+ Cyclin E) rescued cells
from apoptosis, suggesting a therapeutic potential of USP27
inhibition for cancer treatment. Furthermore, cell prolifera-
tion was also remarkably reduced in the combination of
USP27 knockdown and 5-FU treatment, whereas over-
expression of USP27 (Fig. 7h) or addition of Cyclin E in
USP27 knockdown cells could raise cell proliferation (Fig.
7i). Collectively, these results implied that USP27 might be
targeted in cancer therapy for hepatocellular carcinoma
patients (Fig. 8).

Discussion

Our discovery demonstrates that USP27 is a Cyclin E DUB.
This conclusion is supported by the following observations.
First, USP27 interacts with and colocalizes with Cyclin E.
Second, USP27 negatively regulates Cyclin E ubiquitina-
tion. Third, USP27 positively regulates Cyclin E protein
level. Fourth, USP27 and Cyclin E expression are oscillated
and show a similar pattern during cell cycle progression.
Finally, both USP27 and Cyclin E protein expression are
elevated and positively correlated in human hepatocellular
carcinomas. Collectively, our study implied that USP27
functions as a Cyclin E DUB and might be involved in
hepatocellular carcinogenesis.

Cyclin E abundance is periodically changed and tightly
controlled during cell cycle progression. Its abundance is
determined by control of transcription and proteolysis.

Fig. 5 Suppression of USP27
expression delayed tumor
growth. a Hep3B cells stably
expressing control shRNA,
shRNA against USP27
(shUSP27), Cyclin E
overexpression plasmids plus
shUSP27 (shUSP27+Cyclin
E), or double knockdown
plasmids of Cyclin E and USP27
(shUSP27+ shCyclin E) were
seeded in soft agar and cultured
for 3–4 weeks. Colonies were
visualized by light microscopy
and quantified. b MHCC97H
cells stably expressing indicated
plasmids were seeded in soft
agar and the numbers of colonies
were quantified as in a. c Hep3B
cells stably expressing indicated
plasmids were seeded in soft
agar and the numbers of colonies
were quantified as in a. d–f
Hep3B cells stably expressing
control, single knockdown of
USP27 or double knockdown of
USP27 and Cyclin E plasmids
were inoculated subcutaneously
into nude mice. Six weeks after
injection, mice were killed,
photographed, and weighed.
Tumor size was measured every
week
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Transcriptional activity of the Cyclin E genes is primed
during G1 phase and depends on mitogenic input, which is
integrated through Myc and E2F activities [32, 33]. Cyclin
E is able to stimulate its own transcription by an E2F-
involved mechanism [33]. Its periodicity and turnover is
mainly determined by ubiquitin-mediated proteolysis [34].
Cyclin E abundance is controlled by at least two distinct
ubiquitin-proteasome pathways: BCR (BTB-Cul-3-Rbx1)
pathway [35] and the SCFFbxw7 pathway [36–38]. Our
findings demonstrated that USP27-mediated Cyclin E deu-
biquitination promoted its stability, thus adding another
layer of control to the complexity of the cellular network
that regulates Cyclin E transcription, proteolysis, and

activity. Whether and how USP27 and Fbxw7 cooperatively
regulate Cyclin E abundance deserves investigation. In our
study, USP27 protein is also oscillated during cell cycle
progression (Fig. 4a). The question how USP27 is regulated
during cell cycle progression remains to be answered. It is
possible that Fbxw7 regulates USP27 protein stability in the
cell cycle progression.

How is Cyclin E overexpression involved in tumor-
igenesis? One possibility is when Cyclin E overexpressed,
cell cycle progression passes Rb-imposed G1 control and
becomes partially independent of the rate-restricting mito-
gens [34]. The other possibility is that Cyclin E over-
expression may cause aneuploidy [19] or genomic

Fig. 6 USP27 and Cyclin E expression are upregulated in hepatocel-
lular carcinoma cells and tissues. a Western blot analysis of Cyclin E,
USP27, and Fbxw7 expression in various kinds of cancer cell lines.
GAPDH was used as loading control. b Cyclin E, USP27, and Fbxw7
expression in various kinds of hepatocellular carcinoma cell lines were

analyzed. c, d The expression of USP27, Cyclin E, and Fbxw7 were
measured in HCC and normal tissue c and quantified d. e Repre-
sentative images of immunohistochemical staining of USP27, Cyclin
E, and Fbxw7. Scale bars, 100 μm
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instability [20]. Our data showed that USP27 promotes cell
proliferation and migration. Whether USP27 cause aneu-
ploidy or genomic instability through stabilizing Cyclin E
need further investigation. How does USP27 promote
migration and metastasis? Is Cyclin E dependent or

independent? Although Cyclin E has been reported to
involve in metastasis [15], how USP27 promotes migration
and metastasis also need further detailed exploration.

In addition to USP27, USP2, USP22, and USP37 have
been involved in cell cycle regulation by acting as DUB for

Fig. 7 5-FU blocks cell cycle progression and inhibits hepatocellular
proliferation by downregulating USP27 expression. a Hep3B cells
were treated with 5-FU (5 µg/ml). The expression of USP27 and
Cyclin E were measured. b Hep3B cells were treated with 5-FU (5 µg/
ml) at indicated time. USP27 and Cyclin E expression were measured
by western blotting. c Hep3B cells were treated with 5-FU (5 µg/ml) at
different concentrations as indicated for 12 h. USP27 and Cyclin E
expression were examined by western blotting. d Hep3B cells were
not treated or treated with MG132 or 5-FU (5 µg/ml) or together.
USP27 and Cyclin E expression were measured by western blotting. e,
f The cell cycle stage of Hep3B cells stably expressing indicated

plasmids with or without 5-FU treatment was determined by PI
staining and flow cytometry analysis. g Hep3B cells stably expressing
USP27 knockdown constructs, USP27 knockdown plus Cyclin E
overexpression plasmids, or control vectors were treated with 5-FU for
12 h, and apoptosis was evaluated by Annexin V-FITC and PI staining
followed by flow cytometry analysis. h, i Hep3B cells stably over-
expressing USP27 or its knockdown constructs or indicated combi-
nation of constructs together with their respective controls were treated
or not treated with 5-FU for indicated time. The growth of Hep3B cells
were evaluated as in Fig. 4d
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certain cyclin protein [30, 39, 40]. USP2 was previous
identified as a DUB specific for cyclin D1 by in vitro
screening of over than 70 DUBs, presumably to modulate
the G1–S transition [39]. USP22 is possibly responsible for
CCNB1 protein elevation during colon cancer progression
[30]. USP37 is suggested to promote S-phase entry by
acting as cyclin A DUB [40]. Therefore, different cyclin
protein is possibly regulated by its specific DUB during cell
cycle progression (Fig. 8).

As Cyclin E is frequently deregulated and may contribute
to the development of various types of cancers [7–18] as
well as the downstream effector of multiple cancer-related
processes, Cyclin E-Cdk2 is an attractive target for therapy.
However, CDKs and cyclins are required for the cell cycle
progression of normal and cancer cells. In our study, we
found that both USP27 and Cyclin E are downregulated by
5-FU treatment in a dose-dependent manner. In addition,
USP27 depletion sensitizes Hep3B cells to 5-FU-induced
apoptosis. Thus, selective USP27 inhibition by chemical
drugs may provide therapeutic benefit for certain human
neoplasias where USP27/Cyclin E is overexpressed.

Materials and methods

Nude mice

Animal experiments were conducted under the guidance of
Animal Management Regulations in Chongqing University.

Cells, plasmids, and antibodies

Hep3B cells were purchased from Procell Company
(Wuhan, China), and MHCC97H was from the Cell Bank of

Chinese Academy of Sciences (Shanghai, China). USP27,
Cyclin E, and their mutants were cloned into pCMV-myc or
pCMV-Flag2.0 (Addgene Company).

To knockdown USP27, lentiviral vector [41] was
obtained from GeneCopoeia (Rockville, MD) and packa-
ging was performed in 293T cells. Nonspecific shRNA was
used as a control. The sequences were shown as follows:
shCtrl forward: 5′-GATCCGTTCTCCGAACGTGTC
ACGTAATTCAAGAGATTACGTGACACGTTCGGAG
AATTTTTTC-3′, Reverse: 5′-AATTGAAAAAATTCTCC
GAACGTGTCACGTAATCTCTTGAATTACGTGACAC
GTTCGGAGAACG-3′, shUSP27-1 forward: 5ʹ-CCGGG
ACGCCGTTTATGGCCTCAAGTAAACTCGAGTTTAC
TTGAGGCCATAAACGGCGTCTTTTT-3ʹ, Reverse: 5ʹ-
AATTAAAAAGACGCCGTTTATGGCCTCAAGTAAA
CTCGAGTTTACTTGAGGCCATAAACGGCGTC-3ʹ.
shUSP27-2 forward: 5′-CCGGCACTGGTACATATCC
TATATTCTCGAGAATATAGGATATGTACCAGTGTT
TTTG-3′, Reverse:5′-AATTCAAAAACACTGGTACATA
TCCTATATTCTCGAGAATATAGGATATGTACCAG
TG-3′.

Antibodies used in the study included anti-USP27
(Abcam-ab130642), anti-Cyclin E (Cell Signaling-Dan-
vers-4129), anti-CCNB1 (Santa Cruz, sc-4073), anti-Flag
(Sigma-Aldrich, F1804), anti-Myc (Santa Cruz, sc-40), anti-
HA (Santa Cruz, sc-805), anti-Ub (Santa Cruz, sc-9133),
and anti-FBXW7 (BBI Life Science, D122081).

WB and immunoprecipitation

WB analysis and immunoprecipitation were conducted as
previously depicted [30]. If necessary, membranes were
stripped using stripping buffer (Bio-Rad, Hercules, CA,
USA) and reprobed with appropriate antibodies.

Immunofluorescence staining

Hep3B cells were grown on chamber slides and then
transfected with corresponding plasmids. Cells were
washed three times with phosphate-buffered saline (PBS),
and fixed with 4% paraformaldehyde, permeabilized with
PBS containing 0.1% Triton X-100 at room temperature,
and blocked with 0.8% bovine serum albumin. Immuno-
fluorescence staining was performed using the primary
antibodies depicted in figure legend.

Ubiquitination analysis

Cells were lysed with high concentration of SDS lysis
buffer, and immunoprecipitation with appropriate anti-
bodies was conducted as described previously [41].

Fig. 8 Working model of Cyclin E regulation by USP27. Cyclin E
abundance is positively regulated by USP27, which expression may be
downregulated by 5-fluorouracil
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RNA extraction and real-time PCR analysis

Total RNA was extracted using Trizol reagent (Invitrogen)
as described [21]. qRT-PCR was conducted according to
the manufacture’s protocol (Clontech). β-Actin was used to
normalize sample. Primers were listed as following. Cyclin
E forward: 5ʹ-AAGGAGCGGGACACCATGA-3ʹ, Reverse:
5ʹ-ACGGTCACGTTTGCCTTCC-3ʹ; USP27 forward: 5ʹ-
TCACCCACACGCCGATACT-3ʹ, Reverse: 5ʹ-CCAGA-
CACAACTCGGGACTC-3ʹ; β-actin forward: 5ʹ-CATG-
TACGTTGCTATCCAGGC-3ʹ, Reverse: 5ʹ-
CTCCTTAATGTCACGCACGAT-3ʹ.

Cell cycle and apoptosis analysis

Cells were seeded into six-well plate before analysis, then
collected, fixed in 70% ethanol, and incubated at − 20 °C
overnight. Cells were treated with 10 mg/ml RNase (Pro-
mega) for 30 min and stained with 5 mg/ml of propidium
iodide (Promega), and then subjected to cell cycle analysis
by a flow cytometry (Becton Dickinson, CA) [42].

Cell proliferation and colony-formation assay

Cell proliferation and colony-formation assay were con-
ducted as previously described. Colonies with more than 50
cells were counted [42].

Wound-healing assay

A single scratch wound was created by dragging a 10 μl
plastic pipette tip across the cell surface. The wound closure
was measured using Image J software over 24 h. The
experiments were repeated at least three times.

Statistical analysis

The statistical analyses of the experiment data was per-
formed by using a two-tailed Student’s paired T-test and
one-way ANOVA. Data were expressed as mean ± SEM of
at least three independent experiments and significance was
considered at either P-value ≤ 0.05.
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