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Abstract
The ectopic expression of ubiquitin-specific peptidase 21 (USP21) is common in different types of cancer. However, its 
relationship with radio-sensitivity in cervical cancer (CC) remains unclear. In this study, we aimed to uncover the effect of 
USP21 on CC radio-resistance and its underlying mechanism. Our results showed that the expression of USP21 was mark-
edly increased in CC tissues of radio-resistant patients and CC cells treated with radiation. Besides, knockdown of USP21 
restrained the survival fractions, and facilitated apoptosis of CC cells in the absence or presence of radiation. Additionally, 
USP21 in combination with FOXM1 regulated the stability and ubiquitination of FOXM1. However, FOXM1 reversed the 
effects of USP21 knockdown on the radio-resistance of CC cells. Furthermore, FOXM1 knockdown activated the Hippo 
pathway by inhibiting the nuclear translocation of Yes-associated protein 1 (YAP1), and FOXM1 knockdown attenuated 
the radio-resistance of CC cells via inhibiting the Hippo–YAP1 pathway. USP21 activated the Hippo pathway by mediating 
FOXM1. Knockdown of USP21 enhanced the radio-sensitivity of CC cells in vivo. In summary, USP21 contributed to the 
radio-resistance of CC cells via FOXM1/Hippo signaling, and may serve as a promising target for radio-sensitizers in the 
radiotherapy of CC.
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Introduction

Cervical cancer (CC) is the fourth-most common female 
malignant tumor in the world [1–3]. Surgery, radiotherapy, 
chemotherapy, and immunotherapy are the main treatment 
options for CC [3]. Although radiotherapy and chemotherapy 
have been shown to improve the prognosis of patients with 
locally advanced CC, radiation resistance of cancer cells 

is still considered to be a major reason for therapy failure 
[4]. An in-depth understanding of underlying mechanisms 
related to radio-resistance and exploring new therapeutic 
targets are essential to evaluate the prognosis and further 
improve the treatment of CC patients.

Ubiquitination, a prominent post-translational modifica-
tion, is the process of addition of specific ubiquitin tags at 
appropriate locations [5]. Deubiquitinating enzymes (DUBs) 
are a family of proteases that remove ubiquitin tags from 
ubiquitinated proteins [6]. DUBs are considered to be key 
regulators of tumorigenesis and progression of cancers, 
including CC [7]. Ubiquitin-specific peptidase 21 (USP21) 
is identified as an efficient DUB that plays a vital role in 
signal transduction, apoptosis, and DNA repair due to the 
stability of its substrate [8, 9]. Studies have confirmed that 
USP21 is related to the occurrence and development of a 
variety of tumors, including bladder carcinoma [10], breast 
cancer [11], and non-small cell lung cancer [12]. However, 
the regulatory capacity and potential mechanism of USP21 
in CC have not yet been reported.

FOXM1, a member of the Forkhead box transcription 
factor family, is ubiquitously expressed in cells undergoing 
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proliferation [13]. Notably, the regulatory function of 
FOXM1 in the cell cycle has also been widely reported [14]. 
Targeting FOXM1 is considered to be a promising strat-
egy to enhance the chemo-sensitivity of tumor cells [15]. 
Recent studies have shown that FOXM1 is associated with 
decreased radio-sensitivity for gastric cancer and glioma 
[16, 17]. More importantly, USP21 has been identified as a 
potential regulator of FOXM1 stability [11]. USP21 binds 
and removes the poly-ubiquitin chain from FOXM1 to pro-
tect it from proteasomal degradation. However, the roles of 
USP21 and FOXM1 in CC and CC radio-resistance remain 
unclear.

The Hippo pathway, named after the Drosophila Hpo 
kinase, plays major roles in multiple development and regen-
erative processes [18]. Studies have shown that dysregula-
tion of the Hippo pathway is closely associated with the 
occurrence of several types of cancers, including cervical 
cancer, lung cancer, and ovarian cancer [19, 20]. Addition-
ally, it was reported that Hippo signaling mediates radio-
resistance by participating in DNA damage repair [21]. 
These data reveal that Hippo signaling exerts a vital func-
tion in tumorigenesis and radio-resistance. Yes-associated 
protein 1 (YAP1), the major transcriptional mediator of the 
Hippo pathway, plays a major role in the regulation of apop-
tosis and drug resistance in a variety of human malignancies 
[22, 23]. In the state of the Hippo signal inactivation, YAP1 
enters the nucleus and fuses with the transcription factor 
TEAD, inducing the dysregulation of certain important 
genes related with cellular regulatory functions, including 
CYR61 and CTGF [24]. Inhibition of Hippo signaling leads 
to enhanced YAP1 activity, which can lead to the occurrence 
or recurrence of cancer [25, 26]. Notably, FOXM1 has been 
shown to be involved in regulating the activity of YAP1 
[27]. Considering the potential role of USP21 in FOXM1 
signaling, we hypothesized that USP21 regulated the activ-
ity of YAP1 by regulating the stability of FOXM1, thereby 
regulating the radio-sensitivity of CC.

Materials and methods

Tissues, cell lines, and treatment

CC tissues were obtained from Yantaishan Hospital. This 
study was reviewed and approved by the Ethics Commit-
tee of Yantaishan Hospital. Various human CC cell lines, 
including SiHa, HeLa, C33A, and Me-180 were obtained 
from Procell (Wuhan, China). The human cervical squa-
mous cell line (Ect1/E6E7) was obtained from the Ameri-
can Tissue Culture Collection (Rockville, MD, USA). The 
CC cells (SiHa, HeLa, and C33A) were cultured in MEM 
medium (Gibco, Gaithersburg, MD, USA) containing 10% 
fetal bovine serum (FBS; Gibco BRL, Grand Island, NY, 

USA) and penicillin/streptomycin (100 units/0.1 mg/ml) 
in a 5% CO2 atmosphere at 37 °C. Me-180 cells were cul-
tured in McCoy’s 5A medium supplemented with 10% FBS 
and penicillin/streptomycin (100 units/0.1 mg/ml) in a 5% 
CO2 atmosphere at 37 °C. Ect1/E6E7 cells were cultured in 
keratinocyte-serum free medium (Invitrogen, Carlsbad, CA, 
USA) containing penicillin/streptomycin (100 units/0.1 mg/
ml), human recombinant epidermal growth factor (0.1 ng/
ml), bovine pituitary extract (0.05  mg/ml), and CaCl2 
(44.1 mg/l, final concentration 0.4 mM). Irradiation (IR) was 
performed using an AGO HS MP1 X-ray machine (AGO 
X-ray Limited, UK) at a dose rate of 2 Gy/min. Prior to 
harvesting, cells were cultivated in an incubator.

Cell transfection

The small interfering RNA (siRNA) targeting USP21 (si-
USP21: 1#: 5′-GCU​AGA​AGA​ACC​UGA​GUU​A-3′, 2#: 
5′-GAG​CUG​UCU​UCC​AGA​AAU​A-3′, 3#: 5′-CUG​UGA​
AGC​CCU​UUA​AAC​A-3′) or negative control (si-NC: 
5′-UUC​UCC​GAA​CGU​GUC​ACG​U-3′), si-FOXM1 (1#: 
5′-GGA​CCA​CUU​UCC​CUACU-3′, 2#: 5′-CUC​UUC​UCC​
CUC​AGA​UAU​A-3′), shRNA targeting USP21 (sh-USP21: 
5′-GCC​TTT​CTA​CTC​TGA​TGA​CAA-3′) or negative con-
trol (sh-NC: CGT​ACG​CGG​AAT​ACT​TCG​A) was obtained 
from Songon Biotech (Shanghai, China). For the upregula-
tion of FOXM1 expression, the full length of FOXM1 was 
amplified from human complementary DNA (cDNA) and 
cloned into pcDNA3.1 vector (oe-FOXM1; Invitrogen). The 
transfection was performed using Lipofectamine 2000 (Inv-
itrogen) in accordance with the manufacturer’s instructions.

RNA extraction and quantitative reverse 
transcription polymerase chain reaction (qRT‑PCR)

Total RNA was isolated from the cultured CC cells with 
TRIzol reagent (Vazyme, Nanjing, China). Reverse tran-
scription was performed using 1.0 µg total RNA and the 
PrimeScript RT Kit (Takara, Kusatsu, Japan). cDNA was 
used to perform qRT-PCR on the ABI7500 qPCR instru-
ment (Applied Biosystems, Carlsbad, CA, USA) using 
Maxima SYBR Green/ROX qPCR Master Mix (2 ×) qPCR 
Kit (Thermo Fisher Scientific, Inc.). Results were expressed 
as fold differences relative to the level of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) using the 2–ΔΔCT 
method. The primer sequences used were as follows: USP21 
forward: 5′-AGG​TGT​CTC​TGC​GGG​ATT​GTT-3′, USP21 
reverse: 5′-CGA​TTC​AGA​TGG​AGC​ACG​AGG-3′; FOXM1 
forward: 5′-GGG​CGC​ACG​GCG​GAA​GAT​GAA-3′, FOXM1 
reverse: 5′-CCA​CTC​TTC​CAA​GGG​AGG​GCTC-3′; GAPDH 
forward: 5′-CGC​TCT​CTG​CTC​CTC​CTG​TTC-3′, GAPDH 
reverse: 5′-ATC​CGT​TGA​CTC​CGA​CCT​TCAC-3′.
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Western blotting

Total proteins from CC cells were isolated and purified 
using RIPA assay buffer (Vazyme) in accordance with the 
manufacturer’s instructions. NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Fisher Scientific) 
were used to isolate the nuclear and cytoplasmic proteins, 
respectively, from cultured CC cells in accordance with the 
manufacturer’s protocol. Next, an equal amount of protein 
sample from each group was separated using 10% sodium 
dodecyl sulfate–polyacrylamide gel, and then transferred 
onto PVDF membranes. The membranes were blocked 
with 5% bovine serum albumin for 1 h. After blocking, 
the membranes were incubated with primary antibodies 
at 4 °C overnight, followed by treatment with secondary 
antibody for 1 h. Anti-USP21 (Catalog Number: MA5-
34953; Thermo Fisher Scientific, Waltham, MA, USA), 
anti-GAPDH (Catalog Number: #AF0911; Affinity Bio-
sciences, Changzhou, China), anti-FOXM1 (Catalog Num-
ber: ab207298; Abcam, Cambridge, MA, USA), anti-YAP1 
(Catalog Number: ab52771; Abcam), anti-H3 (Catalog 
Number: #AF0863; Affinity Biosciences), anti-CYR61 
(Catalog Number: #39382; Cell Signaling Technology, 
Beverly, MA, USA), and anti-CTGF antibodies (Catalog 
Number: #DF7091; Affinity Biosciences) were used in this 
study. Bands were visualized with ECL reagent (Vazyme).

Clonogenic formation

Cells (6 × 105 cells/well) were seeded in 60 mm dishes and 
irradiated alone using graded single doses of irradiation 
(0–8 Gy) for 24 h after indicated transfection. For res-
cue experiments, cells were pretreated with XMU-MP-1 
(6 μM; the inhibitor of Hippo pathway to activate YAP1) 
for 6 h after indicated transfection, followed by irradiation 
treatment. After 12 days, the colonies were treated with 
methanol for 10 min and then subjected to staining proce-
dures. Colonies containing at least 50 cells were counted. 
Results were presented as survival fractions depicted on 
a logarithmic scale and plotted against applied irradiation 
doses.

Flow cytometry

The Annexin V-FITC/Propidium lodide (PI) Apoptosis Kit 
(Beyotime) was applied to assess cell apoptosis in SiHa and 
HeLa cells. The collected SiHa and HeLa cells were stained 
with Annexin V-FITC and PI for 15 min according to the 
manufacturer’s instructions. The apoptotic cell percentage 
was analyzed and calculated using a BD FACS flow cytom-
eter (BD Biosciences).

Co‑immunoprecipitation (Co‑IP) assay

The Co-IP Assay Kit was obtained from Cell Signaling 
Technology (Danvers, MA, USA). In brief, SiHa cells were 
lysed using RIPA lysis buffer (Beyotime). Genomic DNA 
was isolated and sheared into 200–600 bp fragments using 
sonication. Following centrifugation, the supernatants were 
collected and chromatin was precipitated with antibodies at 
4 °C overnight. The immune complexes were precipitated 
with protein A/G-Sepharose beads for 4 h. The immune pre-
cipitates were eluted using elution buffer and reversal of 
cross-linking at 65 °C overnight. Next, the immuno-com-
plexes were subjected to western blotting.

In vitro deubiquitination assay

A mixture 5 μg of FOXM1 overexpression construct and 
2 μg of HA-ubiquitin overexpression construct was co-trans-
fected with scrambled control or USP21 siRNA (50 nM) in 
SiHa cells. At 48 h after transfection, cells were subjected 
to MG132 (25 μM) treatment for 1 h. Cells were lysed using 
RIPA buffer. Cell lysates were pre-cleared, followed by incu-
bation with FOXM1 antibody-conjugated agarose on a rota-
tor at 4 °C for 3 h. Beads were washed with lysis buffer and 
proteins were eluted from the beads with the addition of 
Laemlli sample buffer, followed by boiling. The ubiquitina-
tion status of FOXM1 was evaluated using western blotting.

In vivo xenograft mouse model

A total of 20 Balb/c mice (5-week-old; female) were ran-
domly divided into four groups, five in each group. HeLa 
cells were stably transfected with sh-NC or sh-USP21, and 
a total of 5 × 106 cells were subcutaneously injected into 
the flank region. Tumor length (L) and width (W) were 
recorded weekly, and tumor volume (V) was estimated using 
the formula: V = (L × W2)/2. When the average tumor vol-
ume reached about 100 mm3, the mice were randomized 
and treatment was started. A dosage of 15 Gy was used to 
irradiate the mice (once every 2 days for 5 treatments; 3 Gy/
time). The tumor was subjected to radiation treatment with 
the rest of the animal shielded. In the end, nude mice were 
sacrificed by cervical dislocation four weeks after exposure 
to irradiation and the tumors were excised. The tumor sam-
ples were fixed with formalin and then prepared for immu-
nohistochemical analysis of Ki67 and caspase-3. All animal 
experimental procedures were reviewed and approved by the 
Ethics committee of Yantaishan Hospital.

Statistical analysis

Data are presented as the mean ± standard (SD) of three 
independent experiments. A two-tailed unpaired Student’s 
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t test was used for comparing two groups of data. One-
way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test was used for multiple comparisons. Statis-
tical analysis was performed using SPSS version 22.0 
software (SPSS Inc., Chicago, IL, USA). Statistical sig-
nificance was determined when p < 0.05.

Results

USP21 expression was increased in CC cells 
after radiation treatment

The expression level of USP21 in radio-resistant patients 
was higher than that in radio-sensitive patients (Fig. 1A). 
The expression of USP21 was remarkably increased in CC 
cells compared to that in Ect1/E6E7 cells (Fig. 1B). SiHa 
and HeLa cells with higher expression levels of USP21 
were selected for follow-up experiments. SiHa and HeLa 
cells were radiated with different doses of radiation, 
and the expression of USP21 was assessed. The results 
showed that USP21 expression was markedly increased 
in SiHa and HeLa cells treated with different doses of 
radiation (Fig. 1C).

USP21 knockdown enhanced the radio‑sensitivity 
of CC cells

To analyze the effect of USP21 on radio-sensitivity in CC, 
si-USP21 was transfected into SiHa and HeLa cells. The 
expression of USP21 was successfully decreased following 
si-USP21 transfection (Fig. 2A, B). si-USP21-1# was used 
in subsequent experiments. SiHa and HeLa cells transfected 
with si-USP21 were exposed to graded doses of ionizing 
radiation, and clonogenic assay and flow cytometry analy-
sis were performed to assess radio-sensitivity. Results con-
firmed that knockdown of USP21 markedly restrained the 
survival fractions of CC cells in the presence of radiation 
(Fig. 2C). Additionally, knockdown of USP21 facilitated 
apoptosis of CC cells in the absence or presence of radia-
tion (6 Gy) (Fig. 2D). These findings demonstrated that the 
radio-sensitivity of CC cells was enhanced after USP21 
knockdown.

USP21 repressed the ubiquitination of FOXM1 in CC 
cells

TCGA datasets revealed a positive correlation between 
USP21 and FOXM1 expression in CC cells (Fig. 3A). 
To confirm the interaction between USP21 and FOXM1, 
Co-IP was performed in SiHa cells. As shown in 
Fig. 3B, endogenous USP21 and endogenous FOXM1 

Fig. 1   USP21 was upregulated 
in CC cells after radiation treat-
ment. A The expression level 
of USP21 in radio-resistant 
patients was higher than that 
in radio-sensitive patients. 
B The expression of USP21 
mRNA and protein in CC cells 
and normal cervical epithelial 
cell line (Ect1/E6E7). C The 
expression of USP21 mRNA 
and protein in SiHa and HeLa 
cells radiated with 2, 4, 6, and 
8 Gy. *p < 0.05, **p < 0.01, and 
***p < 0.001
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co-precipitated in SiHa cells, suggesting that they may 
interact with each other. Subsequently, the ubiquitination/
deubiquitination assay was used to determine the effects 
of si-USP21 on the ubiquitination of FOXM1 in SiHa 
cells. Results confirmed that si-USP21 transfection pro-
moted the ubiquitination of FOXM1 (Fig. 3C). Addition-
ally, SiHa cells transfected with si-USP21 were treated 

with the proteasome inhibitor, MG132. Results revealed 
that MG132 treatment attenuated the si-USP21-induced 
decrease in FOXM1 expression (Fig. 3D), suggesting that 
USP21 knockdown led to a decrease in FOXM1 stabil-
ity. Moreover, knockdown of USP21 had no effect on the 
level of FOXM1 mRNA, but reduced the level of FOXM1 
protein (Fig.  3E, F). These data revealed that USP21 

Fig. 2   USP21 knockdown enhanced the radio-sensitivity of CC cells. 
The expression of USP21 mRNA (A) and protein (B) in SiHa and 
HeLa cells transfected with USP21 siRNA. C Clonogenic survival of 

SiHa and HeLa cells transfected with USP21 siRNA. D Flow cyto-
metric analysis of apoptosis in SiHa and HeLa cells transfected with 
USP21 siRNA. **p < 0.01 and ***p < 0.001
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interacted with FOXM1 to regulate the stability and ubiq-
uitination of FOXM1.

FOXM1 reversed the effects of USP21 knockdown 
on the radio‑resistance of CC cells

To determine whether the effect of USP21 on CC cell 
radio-sensitivity was mediated by FOXM1, si-USP21 and 
oe-FOXM1 were co-transfected into SiHa and HeLa cells. 
oe-FOXM1 transfection successfully upregulated the mRNA 
and protein expression of FOXM1 in SiHa and HeLa cells 
(Fig. 4A, B). Clonogenic assay showed that the survival 
fraction of SiHa and HeLa cells was markedly decreased by 
si-USP21 transfection after irradiation; however, this effect 
was reversed by co-transfection with oe-FOXM1 (Fig. 4C). 
Additionally, co-treatment with si-USP21 and oe-FOXM1 

resulted in a decrease in apoptosis of SiHa and HeLa cells 
compared to treatment with si-USP21 alone in the presence 
of radiation (Fig. 4D).

Knockdown of FOXM1 activated Hippo signaling 
by suppressing the nuclear translocation of YAP1

We further explored whether FOXM1 regulated the Hippo-
YAP1 pathway. FOXM1 siRNAs were transfected into 
SiHa and HeLa cells, following which the mRNA and pro-
tein expression of FOXM1 was successfully downregulated 
(Fig. 5A, B). si-FOXM1#1 was selected for used in subse-
quent experiments. The nuclear and cytoplasmic proteins 
in SiHa and HeLa cells were separated to detect YAP1 sub-
cellular expression. Our findings confirmed that the level 
of YAP1 was increased in the cytoplasm, but decreased in 

Fig. 3   USP21 repressed the ubiquitination of FOXM1 in CC cells. A 
Correlation between USP21 and FOXM1 in TCGA-CESC database. 
B SiHa cells were lysed, immunoprecipitation was carried out with 
the indicated antibodies, and the immuno-complexes were analyzed 
by western blotting. C The effect of USP21 knockdown on FOXM1 

ubiquitination in SiHa and HeLa cells. D The expression of USP21 
and FOXM1 protein in SiHa and HeLa cells transfected with si-
USP21 under MG132 treatment. E, F The expression of FOXM1 
mRNA and protein, as well as USP21 protein in SiHa and HeLa cells 
transfected with si-USP21. **p < 0.01
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the nucleus (Fig. 5C), suggesting that FOXM1 knockdown 
activated the Hippo pathway by suppressing the nuclear 
translocation of YAP1.

Knockdown of FOXM1 enhanced the radio‑sensitivity 
of CC cells via inhibiting YAP1

To verify whether the function of FOXM1 in the regula-
tion of CC cell radio-sensitivity was achieved via the Hippo 
signaling pathway, SiHa and HeLa cells transfected with 
si-FOXM1 were treated with XMU-MP-1 for 6 h and then 
exposed to 6 Gy of radiation, followed by additional culture 
for 24 h. Results showed that si-FOXM1 transfection mark-
edly decreased the survival fraction of SiHa and HeLa cells 
compared to si-NC transfection in the presence of irradiation 
(Fig. 6A). However, XMU-MP-1 treatment enhanced the 
survival fraction of SiHa and HeLa cells (Fig. 6A). Addi-
tionally, transfection with si-FOXM1 promoted the apoptosis 
of SiHa and HeLa cells in the presence or absence of irradia-
tion, and this effect was reversed by XMU-MP-1 treatment 
(Fig. 6B).

Knockdown of USP21 activated the Hippo pathway 
by mediating FOXM1

To determine the association between USP21 and FOXM1-
induced Hippo pathway in CC cells, the protein levels of the 
YAP1 target genes, CYR61 and CTGF, were detected by 
qRT-PCR. Results suggested that the expression of CYR61 
and CTGF was reduced in CC cells transfected with si-
USP21. Additionally, co-transfection with si-USP21 and 
oe-FOXM1 resulted in an increase in the expression of 
CYR61 and CTGF in the presence of irradiation (Fig. 7A). 
Moreover, SiHa and HeLa cells transfected with si-USP21 
alone displayed increased cytoplasmic YAP1 but decreased 
nuclear YAP1 levels in the presence of irradiation; however, 
this effect was reversed by co-transfection with oe-FOXM1 
(Fig. 7B).

Knockdown of USP21 enhanced the radio‑sensitivity 
of CC cells in vivo

To confirm the role of USP21 in the radio-sensitivity of CC 
cells in vivo, HeLa cells stably transfected with sh-USP21 or 
sh-NC were inoculated into mice, and the mice were irradi-
ated with 6 Gy irradiation. The tumor volume and weight of 
mice were markedly lower in the USP21 knockdown group 
than those in the sh-NC group (Fig. 8A, B). Additionally, we 
analyzed the expression of Ki67 and caspase-3 in the tumors. 
IHC revealed that, compared to the sh-NC group, the Ki67 
positive rate was evidently decreased, while the caspase-
3-positive rate was obviously enhanced in the sh-USP21 
group (Fig. 8C), suggesting that interference of USP21 

reduced the tumor growth of CC cells in vivo. Furthermore, 
radiation treatment also markedly suppressed tumor growth 
relative to vehicle-treated animals. More importantly, USP21 
knockdown combined with radiation treatment exerted the 
most significant effects on tumor growth.

Discussion

In the current study, we demonstrated that USP21 level 
was significantly increased in CC tissues of radio-resistant 
patients and was related to the radio-sensitivity of CC cells. 
Additionally, our findings showed that USP21 is a deubiq-
uitinating enzyme that regulates FOXM1 deubiquitination 
and protein stabilization. Importantly, we found that USP21 
inhibited the activation of the Hippo signaling pathway by 
inducing the nuclear translocation of YAP1. Given that 
USP21 knockdown inhibited CC progression and radio-
resistance, targeting the USP21/FOXM1/Hippo pathway 
may serve as a promising radio-sensitization strategy for 
the clinical treatment of CC.

The carcinogenic effect of USP21 has been extensively 
studied. Upregulation of USP21 expression in breast can-
cer and human renal cell carcinoma was shown to promote 
the malignant phenotype and stem-like properties of cancer 
cells [11, 28]. Moreover, USP21 has also been shown to play 
an important role in the regulation of cell paclitaxel sensi-
tivity [11]. However, only a few studies have explored the 
effect of USP21 on the radio-resistance of CC cells. Here, 
our data indicated that USP21 is overexpressed in CC, sug-
gesting that USP21 may be an oncoprotein involved in CC 
tumorigenesis. Subsequent functional studies also confirmed 
the hypothesis that depletion of USP21 enhances the radio-
therapy sensitivity of CC cells in vivo and in vitro. For the 
first time, our findings revealed that USP21 had a previously 
unknown role in promoting CC radio-sensitivity.

It is well known that protein degradation can be regulated 
by E3 ubiquitin ligase and DUBs [29]. Previous studies have 
shown that USP21 promotes cancer genesis and develop-
ment through inhibition of EZH2 ubiquitination in bladder 
cells [10]. It was further reported that DUBs regulate the 
stability of FOXM1 by removing ubiquitin, thereby protect-
ing FOXM1 from degradation [30]. FOXM1 is considered to 
be one of the substrates of USP21, and USP21 regulates the 
FOXM1 transcription network by stabilizing FOXM1 [11]. 
Similarly, our results demonstrated that USP21 could bind 
to FOXM1 in CC cells and regulate its stability. FOXM1, a 
cell growth-specific transcription factor, plays an important 
role in controlling the transition from G1 to S phase and 
controlling G2/M phase [31, 32]. Upregulation of FOXM1 
results in uncontrolled cell division and an unstable cell 
microenvironment, while silencing of FOXM1 can enhance 
cell apoptosis and increase sensitivity to chemotherapy [33, 
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34]. In the current study, we found that FOXM1 overexpres-
sion attenuated the inhibitory effect of USP21 knockdown 
on the radio-resistance of CC cells. Hence, we speculated 
that the regulatory effect of USP21 on CC radio-resistance 
might be achieved by regulating the stability of FOXM1.

The Hippo pathway has become a major obstacle for car-
cinogenic transformation [35]. Hippo signaling suppresses 
the activity of YAP/TAZ by activating LATs kinases, which 
directly phosphorylate YAP/TAZ, resulting in the cytoplas-
mic retention and subsequent degradation of YAP/TAZ [36]. 
The activation of YAP/TAZ is common in many human 
cancers, and YAP/TAZ have been shown to be essential for 
cancer initiation, progression, or metastasis [37–39]. Higher 
YAP1 activity in tumors tissues is usually correlated with 
poor prognosis [40, 41]. Additionally, the activation of 
YAP1 also enhances the resistance of tumor cells to anti-
cancer drugs [23]. Notably, several evidences reveal that 
ubiquitin-mediated post-translational modifications regulate 
the Hippo pathway, which plays a vital role in human can-
cers [42, 43]. For instance, phosphorylated YAP1 is targeted 
by the bTrCP/SCF ubiquitin ligase system for degradation 

[43]. The renewal of YAP1 is regulated by the Ras path-
way, through regulating the expression of SOCS5/6, which 
recruits YAP1 to the Elongin B/C-Cullin5 ubiquitin ligase 
compound [44]. Furthermore, evidence shows that USP21 
indirectly controls YAP1/TAZ activity via modulating the 
stability of the members of the MARK family of protein 
kinases [45]. In the current study, knockdown of FOXM1 
activated the Hippo pathway by inhibiting the nuclear trans-
location of YAP1. Simultaneously, the inhibitory effect of 
USP21 knockdown on the Hippo pathway was eliminated by 
FOXM1 overexpression. Hence, we speculated that USP21 
deubiquitinated FOXM1 to control its stability, and FOXM1 
further regulated the activity of YAP1. However, the regula-
tory effect of USP21/FOXM1 on the phosphorylation and 
stability of YAP1/TAZ remains to be explored in-depth.

Conclusion

Our study provided evidence that high USP21 expression 
was associated with CC radio-resistance. Moreover, our 
findings demonstrated that knockdown of USP21 could 
enhance the radio-sensitivity of CC cells by inhibiting cell 
proliferation and inducing cell apoptosis. Mechanistically, 
USP21 may activate YAP1 by regulating the stability of 
FOXM1, thereby inhibiting Hippo signaling. Hence, our 
data provide new insights into the molecular mechanism 
of USP21 involved in CC occurrence and radio-resistance.

Fig. 4   FOXM1 reversed the effects of USP21 knockdown on the 
radio-resistance of CC cells. The expression of FOXM1 mRNA (A) 
and protein (B) in SiHa and HeLa cells transfected with oe-FOXM1 
or oe-Ctrl. C Clonogenic survival of SiHa and HeLa cells co-trans-
fected with si-USP21 and oe-FOXM1 in the presence of radiation. 
D Flow cytometric analysis of apoptosis in SiHa and HeLa cells co-
transfected with si-USP21 and oe-FOXM1 in the absence or presence 
of radiation (6 Gy). *p < 0.05, **p < 0.01, and ***p < 0.001

◂
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Fig. 5   Knockdown of FOXM1 
regulated the activation of the 
Hippo-YAP1 pathway. The 
expression of FOXM1 mRNA 
(A) and protein (B) in SiHa 
and HeLa cells transfected 
with si-FOXM1 or si-NC. C 
The expression of nuclear and 
cytoplasmic YAP1 in SiHa and 
Hela cells. ***p < 0.001
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Fig. 6   Knockdown of FOXM1 
enhanced the radio-sensitivity 
of CC cells via inhibiting 
the Hippo-YAP1 pathway. A 
Clonogenic survival of SiHa 
and HeLa cells transfected with 
si-FOXM1 and treated with 
or without XMU-MP-1, in the 
presence of radiation. B Flow 
cytometric analysis of apop-
tosis in SiHa and HeLa cells 
transfected with si-FOXM1 
and treated with or without 
XMU-MP-1 in the absence or 
presence of radiation. *p < 0.05, 
**p < 0.01, and ***p < 0.001
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Fig. 7   USP21 activated the Hippo pathway via inducing FOXM1. A 
The expression of CYR61 and CTGF in SiHa and HeLa cells. B The 
expression levels of nuclear and cytoplasmic YAP1 in SiHa and HeLa 
cells. **p < 0.01
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