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Abstract

Diabetes mellitus is a n arising public health concern, and diabetic foot is one of the most common complications
of diabetes. Current management for diabetic foot cannot reach optimal remission. In this study, we aim to explore
the mechanism underlying the pathogenesis of diabetic foot and provide novel strategies for the treatment of
diabetic foot. A total of 10 normal skin tissues and 20 diabetic foot ulcer specimens are collected. Cell proliferation
is determined by CCK-8 assay. Cell cycle is determined by flow cytometry, and cell senescence is evaluated by B-
galactosidase staining. Co-immunoprecipitation assay is used to explore the interaction between USP7 and p53.
Advanced glycation end products (AGEs) are used to establish diabetic cell model, and streptozotocin (STZ) is used
to establish diabetic rat model. Our results showed that USP7 expression is increased in diabetic foot ulcer and in
human umbilical vein endothelial cells (HUVECs) after treatment with AGEs. Inhibition of USP7 can reduce cell
cycle arrest and cell senescence in HUVECs. Moreover, USP7 can interact with p53 and promote its expression
through mediating its deubiquitination. Knockdown of p53 can reverse USP7-mediated cell cycle arrest and cell
senescence in HUVECs. In diabetic rats, HBX 41108, the specific inhibitor of USP7, can significantly accelerate
wound healing. Our study reveals that the inhibition of USP7 can suppress AGEs-induced cell cycle arrest and cell
senescence of HUVECs through promoting p53 ubiquitination. USP7 is a potential target for the treatment of
diabetic foot ulcers.
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Introduction

Diabetes mellitus is an arising public health concern with increasing
prevalence around the world. Uncontrolled diabetes leads to per-
ipheral neuropathy and peripheral arterial disease, which results in
various complications [1]. Diabetic foot is one of the most common
complications of diabetes, in which ischemia mediated by periph-
eral arterial disease is the key contributor of diabetic foot ulcers [2].
In conventional wound healing, inflammation can remove patho-
gens and cell debris, then growth factors and extracellular matrix
are orchestrated to fill the wound area [3]. However, in diabetic foot
ulcer, consistent inflammation impairs the formation of new tissues
and blood vessels [4]. Angiogenesis is critical for wound healing
and is regulated by various angiogenic factors. In diabetes, hy-
perglycemia can decrease the number of endothelial progenitor

cells, which impairs angiogenesis [5]. In addition, hyperglycemia
will elevate the level of advanced glycation end products (AGEs),
which can suppress angiogenesis and wound healing [6]. Therefore,
approaches to combat AGE-mediated effects appear to be promising
therapeutics for diabetic foot ulcers.

Age and obesity are main risk factors of diabetes and are corre-
lated with increased level of senescent cells, indicating the asso-
ciation between cell senescence and diabetes. Cell senescence is
characterized by growth arrest in response to cell stress [7]. A ge-
netic marker of cell senescence, CDKN2A, is implicated to increase
the risk of diabetes and cardiovascular disease [8], and the senes-
cence of adipose tissue can result in insulin resistance and type 2
diabetes [9]. Moreover, p53 is commonly known as a tumor sup-
pressor and is also reported to regulate adipogenesis and cell se-
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nescence. The activation of p53 can prevent the differentiation of
normal adipose, reduce insulin-induced glucose transportation, and
increase lipolysis, which contributes to the inflammation and in-
sulin resistance in adipocytes [10]. p21 is the downstream of p53
and is shown to regulate cell senescence [11]. However, the asso-
ciation between p21 and cell senescence in diabetes remains
unclear.

Ubiquitination is a common type of post-translation modifica-
tion. The ubiquitination process relies on three protein families:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligases (E3) [12]. E1 is an ATP-dependent en-
zyme which initiates ubiquitination, then E2 transfers ubiquitin
from E1 to E2, and E3 is responsible for the final step of ubiquiti-
nation through interacting with E2 and substrate proteins. The
ubiquitination will lead to the degradation of proteins [13-15]. In
contrast, deubiquitination enzyme can remove ubiquitin from
substrate proteins to prevent their degradation. Ubiquitin has been
implicated in various diseases. A previous study indicated that E3
ubiquitin ligase MG53 is associated with the maintenance of me-
tabolic homeostasis [16]. Moreover, the E3 ubiquitin ligase STUB1
could promote the ubiquitination of BMALI to alleviate cell se-
nescence [17]. Therefore, ubiquitination may be associated with
diabetes and cell senescence.

USP7 is a deubiquitinating enzyme and is implicated to correlate
with glucose metabolism and insulin signaling [18]. However, its
role in diabetic foot ulcers remains unclear. Herein, we aimed to
explore the role of USP7 in diabetic foot ulcers and provide novel
strategies for the treatment of diabetic foot ulcers.

Materials and Methods

Clinical specimens of diabetic foot ulcer

A total of 20 skin tissues of patients with diabetic foot ulcer were
collected in Qingpu Branch of Zhongshan Hospital (Shanghai,
China), which included 10 lesions with 1-2 diabetic ulcer severity
score (DUSS) and 10 lesions with 3-4 DUSS. The control group was
composed of 10 normal skin tissues in patients with trauma. Written
informed consents were obtained from all patients. This study was
approved by the Ethics Committee of Qingpu Branch of Zhongshan
Hospital.

Cell culture and cell transfection

HUVECs (American Type Culture Collection, Manassas, USA) were
used in this study. Cells were cultured in DMEM (Gibco, Carlsbad,
USA) with 10% fetal bovine serum (FBS). To modulate the ex-
pressions of USP7 and p53, three short hairpin RNAs (shRNAs)
were designed and cloned into linearized pLKO.1 plasmid (Addgen,
Watertown, USA). The sequences of shRNAs were shown as fol-
lows: shUSP7#1, 5'-GGTGTGAAATTCCTAACAT-3’; shUSP7#2, 5'-
GCAGTTGGTGGAGCGATTA-3'; and shUSP7#3, 5-CCAGGTGGA-
CATAGACAAA-3'; shP53#1, 5-GGAAGACTCCAGTGGTAAT-3';
shP53#2, 5-GCGCACAGAGGAAGAGAAT-3'; and shP53#3, 5'-
CCACTGGATGGAGAATATT-3'. To elevate the expression of USP7,
the coding sequence of USP7 was synthesized and cloned into
pLVX-Puro plasmid (Clontech, Mountain View, USA). The re-
combinant plasmids together with the packaging plasmids psPAX2
and pMD2G were co-transfected into 293T cells using Lipofectamine
2000 (Invitrogen, Carlsbad, USA). At 48 h after transfection, re-
combined vectors were collected and used for transducing cells.
Cells that were transduced with pLKO.1-scramble shRNA plasmid
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(shNC; 5'-GCCGACTATGGTAGAGAAT-3") or blank pLVX-Puro
plasmid (vector) were used as the negative controls.

Experimental grouping

Treatments were divided into three groups as follows: in Group 1,
HUVECs were treated with different concentrations of AGEs (125,
250, and 500 pg/mL) for 12, 24, or 48 h; in Group 2, HUVECs were
treated with USP7 inhibitor HBX 41108 (5 pM) or transduced with
shUSP7 lentivirus for 24 h, followed by the application of
250 pg/mL AGEs for 24 h; and in Group 3, HUVECs were trans-
duced with 0eUSP7 lentivirus and shP53 lentivirus.

Cell counting kit (CCK)-8 assay

After treatments, cells were plated in 96-well plates at 5 x 103 cells/
well and cultured for 0, 12, 24, and 48 h. In each well, cells were
incubated with 10 uL of CCK-8 reagent (Dojindo, Kumamoto, Ja-
pan) for 1 h according to the manufacturer’s protocol. Finally, the
optical density was measured at 450 nm with a microplate reader
(Bio-Rad, Hercules, USA).

Flow cytometry of cell cycle

After treatments, cells were plated in 6-well plates at 2 x 10° cells/
well, centrifuged at 1000 g for 5 min, fixed with 700 pnL pre-cooled
absolute ethyl alcohol, incubated with 1 mg/mL of RNase A
(100 pL) in the dark for 30 min and stained with 50 pg/mL of pro-
pidium iodide (PI; 400 pL) for 20 min. Finally, cells were analyzed
by flow cytometry with a FACScan flow cytometer (Becton Dick-
inson, Franklin Lakes, USA) using Cell Quest software.

Senescence B-galactosidase staining

After treatments, cells were washed with PBS for 3 times and
stained with freshly prepared SA-B-Gal staining solution (Beyotime,
Shanghai, China) according to the manufacturer’s protocol. The
stained cells were examined under a microscope.

Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen) and the
c¢DNA was synthesized by using a PrimeScript kit (TaKaRa, Dalian,
China). RT-PCR was performed using SYBR green PCR master mix
(Applied Biosystems, Foster City, USA) in an ABI 9700 real-time
PCR system (Applied Biosystems). Fold-changes of mRNA expres-
sion were determined using the 2722CT method, and normalized to
that of GAPDH. Primer sequences are listed in Table 1.

Western blot analysis

Total protein was extracted using Radio Immunoprecipitation Assay
(RIPA) lysis buffer (BYL40825; JRDUN Biotechnology, Shanghai,
China). Proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica,
USA). The membrane was blocked with 5% skim milk and then
incubated with primary antibodies against p53 (2524; Cell Signaling
Technology, Danvers, USA), p21 (2947; Cell Signaling Technology),
USP7 (ab4080; Abcam, Cambridge, USA,), or GAPDH (5174; Cell
Signaling Technology), followed by incubation with the corre-
sponding horse radish peroxidase (HRP)-conjugated secondary
antibodies (A0208 and A0216; Beyotime). The content of protein
was detected by using enhanced chemiluminescence reagents (Bio-
Rad).
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Table 1. Sequence of primers used in this study

Gene Primer sequence (5'—3’)
USP1 Forward GATTATTTGCGGTTGTGATGC

Reverse CATTCAATGGTTCTGGCTTACC
USP4 Forward CTACTTTGGTTTGCCCAGAATG
Reverse AGAGCCTCGCACAGGTCGG
usr7 Forward ATGATGTTCAGGAGCTTTGTCG
Reverse CCCCAGCGTCGTATTTATTGTC
USP14 Forward CGAGAAAGGTGAACAAGGACAG
Reverse TGCCGATGCAGATGAGGAG
USP15 Forward GACGCTGCTCAAAACCTCG
Reverse CTCCCATCTGGTATTTGTCCC
USP20 Forward TGCGGAACGGAGTGAAGTAC
Reverse AAGGAGACGTGGCTGTTGATC
USP25 Forward ACACCCCACCAGAAACCG
Reverse CCTATAATCCTGATGCCACTCC
UsP47 Forward TTTGCTACCTGAACAATCCCC
Reverse GCTGCTGTCCCCATTATCTCC
p53 Forward CCCCTCCTCAGCATCTTATCC
Reverse ACAAACACGCACCTCAAAGC
GAPDH Forward AATCCCATCACCATCTTC
Reverse AGGCTGTTGTCATACTTC

Co-immunoprecipitation (Co-IP) and ubiquitination assay
Cell lysates were prepared using RIPA lysis buffer, incubated with
anti-USP7 (ab264422; Abcam), anti-p53 (9282; Cell Signaling
Technology,), or IgG antibody (Santa Cruz Biotech, Santa Cruz,
USA), and then with Protein A/G PLUS-Agarose beads (Santa Cruz
Biotech). The immunocomplexes were washed three times with
lysis buffer, and then the ubiquitination level was detected by
western blot analysis using anti-ubiquitin antibody (10201-2-AP;
Proteintech, Rosemont, USA).

Animal models

A total of 36 male SD rats (4-6 weeks, 180-200 g; Shanghai SLAC
Laboratory Animal Co., Ltd., Shanghai, China)) were used in this
study. They were randomized into three groups: in the control
group, rats received saline; in the diabetic group, rats were in-
traperitoneally administrated with 60 mg/kg STZ citrate buffer to
induce diabetes; and in diabetes + HBX 41108 group, rats received
60 mg/kg STZ citrate buffer and 100 mg/kg/day HBX 41108 (in-
traperitoneally injected once a day for 14 consecutive days). The
diabetes model was established when the blood glucose of rats
exceeded 16.7 mM after 48h of STZ administration. The skin
wounds (1.3 cm x 1.3 cm) were made using a scissor on the mid-
back of rats. Blood and wounds were detected on day 0, 7 and 14.
All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committee of Qingpu Branch of
Zhongshan Hospital.

Hematoxylin and eosin (HE) staining

Wound tissues collected on day 0, 7 and 14 were fixed with 4%
paraformaldehyde. HE staining was performed as previously de-
scribed [19]. Digital images were captured at 200 x magnification
using an Olympus BX51 microscope equipped with an Olympus
DP71 charge-coupled device camera (Olympus, Tokyo, Japan).
Image analyses were performed by blinded operators.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 8.0.2.

Experiments were conducted in triplicates and data were presented
as the mean + standard deviation (SD). Group comparisons were
performed by Student’s t test or one-way ANOVA followed by Tu-
key’s post-multiple test. P<0.05 was considered to be statistically
significant.

Results

USP7 expression is increased in diabetic foot ulcer and
in HUVECs after AGEs treatment

To explore the role of USP family members in diabetic foot ulcer, we
detected the mRNA expressions of several USP family members in
diabetic foot ulcer with different DUSS and in normal skin tissues.
USP7 expression was significantly elevated in diabetic foot ulcer
tissues and further increased in lesions with high DUSS (Figure 1A).
AGEs were applied in HUVECs to mimic the situation of diabetes.
CCK-8 assay revealed that AGEs significantly inhibited the pro-
liferation of HUVECs in a dose-dependent manner (Figure 1B).
Meanwhile, the mRNA and protein levels of USP7 were significantly
increased by AGEs (Figure 1C,D). These results preliminarily de-
monstrated that USP7 might play a pathogenic role in diabetic foot
ulcer.

Inhibiting USP7 expression and its deubiquitinating
activity reduces cell cycle arrest and cell senescence in
HUVECs after AGEs treatment

To explore the biological function of USP7 in diabetic foot ulcer, we
transduced corresponding shRNAs targeting USP7 in HUVECs
treated with AGEs. The three shRNAs significantly inhibited the
mRNA and protein levels of USP7 in HUVECs, and the shUSP7-2
exhibited the highest efficiency (Figure 2A,B). The application of
AGEs significantly reduced the proliferation of HUVECs, and the
inhibition of USP7 by shUSP7 or HBX 41108 (a specific inhibitor of
USP7 deubiquitinating activity) exerted opposite effects against
AGEs (Figure 2C). Moreover, the proportion of cells in the G0/G1
phase was significantly increased by AGEs, which was decreased by
USP7 knockdown or HBX 41108, whereas that of cells in the S phase
was significantly decreased by AGEs, which was increased by USP7
knockdown or HBX 41108 (Figure 2D,E). In addition, AGEs mark-
edly increased the level of cell senescence, whereas the inhibition of
USP7 by shUSP7 or HBX 41108 could reverse this effect (Figure 2F).
p53 and p21 are markers of cell senescence. Western blot analysis
revealed that the expressions of p53 and p21 were elevated by AGEs
and decreased by shUSP7 and HBX 41108 (Figure 2G,H). These
results indicated that inhibition of USP7 expression and its deubi-
quitinating activity could reduce cell cycle arrest and cell senes-
cence in HUVECs.

USP7 interacts with p53 and mediates its deubiquitination
USP7 has been demonstrated to mediate the deubiquitination of p53
in cancers [20,21]. Therefore, we further explored the correlation
between USP7 and p53 in HUVECs. Transduction of 0eUSP7 lenti-
virus successfully increased the mRNA and protein levels of USP7 in
HUVECs (Figure 3A,B). Overexpression of USP7 markedly pro-
moted the expressions of USP7 and p53, whereas knockdown of
USP7 decreased the expressions of USP7 and p53 (Figure 3C). Co-IP
assay revealed that USP7 could interact with p53 (Figure 3D). When
the proteasome inhibitor, MG132, was applied in HUVECs, knock-
down of USP7 failed to decrease the expression of p53, indicating
the involvement of ubiquitination underlying the reduction of p53
(Figure 3E). Moreover, Co-IP assay revealed that inhibition of USP7
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Figure 1. USP7 expression is increased in diabetic foot ulcer and HUVECs after AGEs treatment (A) USP1, USP4, USP7, USP14, USP15, USP20,
USP25 and USP47 mRNA expressions in normal skin tissues (n=10) and diabetic foot ulcers (n=20). (B-D) HUVECs were treated with AGEs. (B)
Cell viability of HUVECs. The mRNA level (C) and protein level (D) of USP7 in HUVECs. *P<0.05, ***P<0.001 vs control.

could promote the ubiquitination level of p53 (Figure 3F). Ad-
ditionally, the expressions of USP7 and p53 were notably higher in
diabetic foot ulcer skin specimens than those in the control group
and further elevated in high-DUSS specimens (Figure 3G). Pearson
analysis revealed that the protein level of USP7 was positively as-
sociated with the protein level of p53 (Figure 3H). These results
indicated that USP7 could promote the expression of p53 by indu-
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cing its deubiquitination.

P53 silencing ameliorates USP7 overexpression-
mediated cell cycle arrest and cell senescence in
HUVECs

Then we verified the biological activities of USP7 and p53 in HU-
VECs. Three shRNAs targeting p53 were transfected into HUVECs,



USP7 inhibits ubiquitination of p53 315
A B 3 10
%1.0- T g . -
< 089 USP7 [ w — = — 5087
o - <]
0.6 5 0.6
',;E_ GAPDH s e sl s s o
0.4 A\ N (o) ) 0.4 Fkk
3 R Q'\’*‘q’ S =
g 0.2+ ok -r i 00 ) 0% 0% \)% 02) 0.2+ -
s S & & ko
¢ 0.0- 2 0.0- T T
S & W & P &
I A A § LS
P S P ¥ O NN RN
S & F &
C D
. 1.5+ Control 80 Control
§ -# AGEs+shNC+vehicle g mm AGEs+shNC+vehicle
#
§ 127+ AGEs+shUSP7#2 - 607 W= AGEs+shUSPT7#2
~ #Hit -
5 - AGEs+HBX 41108 ik < mm AGEs+HBX 41108
= 0.9 = 40+
kol 3 5
s ey
S 0.6 20+ i
% -
o
0.3 1 1 1 1
Oh 12h 24h 48h GO0-G1 S G2-M
E G Control
AGEs 1.5- )
mm AGEs+shNC+vehicle
Control shNC+vehicle shUSP7#2 HBX 41108 T 1.2+ — mm AGEs+shUSP7#2
- mm AGEs+HBX 41108
250] 500 200 - 400 @ 0.9- ok
400 e #Hi
1509 300 | Q.
. 300 | 200 N g 0.6 i - "
. 1004 % 0.34 =
L 100 100 M o
TR T TN T 'ree = 0.0 .
p53 p21
F H
AGEs
P53 w —— —
Control shNC+vehicle shUSP7#2 HBX 41108 P21 - ——
- i A - GAPDH /s s s s
; B - ol S & P
i @ ;. ; - g S & KL o
. - o A N (@) ~ )
= vk 7 % & ¢
$
AGEs

Figure 2. Inhibiting USP7 expression and its deubiquitinating activity reduces cell cycle arrest and cell senescence in HUVECs after AGEs
treatment (A,B) USP7 expression in HUVECs after the transduction of shUSP7 lentivirus. (C) Cell viability, (D,E) cell cycle, (F) cell senescence (scale
bar=100 pm), and (G,H) expressions of p53 and p21 in HUVECs transduced with shUSP7 lentivirus or treated with USP7 inhibitor HBX 41108 (5
uM), following treatment with 250 ug/mL AGEs. *P<0.05, ***P<0.001 vs control. #P<0.01, ##P<0.001 vs AGEs +shNC + vehicle.

which significantly inhibited the mRNA and protein levels of p53
(Figure 4A,B). Given the fact that shP53#1 exhibited the highest
efficiency, we transduced the corresponding lentivirus into HU-
VECs. The proliferation rate of HUVECs was significantly sup-

pressed by the overexpression of USP7 but rescued by the inhibition
of p53 (Figure 4C; P<0.05). Meanwhile, the proportion of cells in
the GO/G1 phase was significantly promoted by 0eUSP7 and de-
creased by shP53, whereas that of cells in the S phase was reduced
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##P < 0.001 vs shNC or DUSS.

by USP7 but increased by shP53 (Figure 4D,E). Moreover, the in-
hibition of p53 could reverse the elevated level of cell senescence
mediated by USP7 (Figure 4F). Additionally, the expressions of p53
and p21 could be promoted by the overexpression of USP7, which
was reversed by the downregulation of p53 (Figure 4G,H). These
results suggested that p53 silencing could reverse USP7-mediated
cell cycle arrest and cell senescence in HUVECs.

HBX 41108 facilitates wound healing in diabetic rats
We further validated the therapeutic effects of HBX 41108 in vivo.
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Rats were intraperitoneally administrated with 60 mg/kg STZ ci-
trate buffer to establish a diabetic rat model. Then, HBX 41108
(100 mg/kg/day) was intraperitoneally administrated once a day
for 14 days. Results showed that untreated diabetic rats (STZ) had
higher blood glucose levels than nondiabetic rats (control) on day 0,
7 and 14 post-injury. Treatment of diabetic rats with HBX 41108
decreased blood glucose levels on 14 post-injury (Figure SA). STZ
significantly reduced the wound healing rate, whereas the appli-
cation of HBX 41108 could rescue the STZ-mediated effects (Figure
5B,C). HE staining of tissue sections showed that epithelial tissue
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Figure 4. p53 silencing ameliorates USP7 overexpression-mediated cell cycle arrest and cell senescence in HUVECs (A,B) p53 expression in
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expressions of p53 and p21 in HUVECs transduced with 0eUSP7 vector and shP53 lentivirus. ***P<0.001 vs shNC or vector + shNC. ##P<0.001 vs
0eUSP7 +shNC.

Li et al. Acta Biochim Biophys Sin 2022



318

USP7 inhibits ubiquitination of p53

A B
507 mm Control
S 404 ™= STZ+vehicle
E = STZ+HBX 41108
2 304 .. - o
§ #
D 20
-
o 104 A
0- 0 day
0 7 14
100 -~ Control
—. 8o ™ STZtvehicle
B w [ day
> ~+ STZ+HBX 41108 A
£ 604 -
©
i}
F
T 40+
3
; 20
14 day
0 T 1
0 7 14
Time (d)
E
USP7 1.0-
P53 e — — s — T 0.8+ T
k)
P21 | w— e _—— A — ‘50.6- -
<}
GAPDH = c e o— — — 30_4_
>
A 2 o > 4 =
0&\0 é}-\\c} b-"\Q L é,,\'\\é \\QQ’ o 0.2
S &4 o +b\ o
LR < X 0.0-
) ,v‘ ) ,v<
9& é,\ USP7 p53
Day 7 Day 14

1.2 Day 14 == Control
) o s W STZ+vehicle
- 3 0.9 .
- wm STZ+HBX 41108
= éo.e- -
=
2
© 0.3 I
Q
4
0.0-
p21 USP7  p53 p21

Figure 5. HBX 41108 facilitates wound healing in diabetic rats Rats were divided into control group, the STZ group, and HBX 41108 group (A)
Blood glucose level (mM) changes in different groups of rats. (B) The images of skin wounds at day 0, 7, and 14 post-injury. (C) The wound healing
rates at day 0, 7, and 14. (D) HE staining of wound tissues (scale bar =100 um). (E) Expressions of USP7, p53 and p21 in tissues at day 7 and 14 post-
injury in each group. ***P<0.001 vs control. #P<0.05, ##P<0.001 vs STZ + vehicle. S, scab; E, epidermis.

was newly formed in wounds treated with HBX 41108 on day 7 post-
injury (Figure 5D). Meanwhile, on day 7 and day 14, the expres-
sions of USP7, p53, and p21 were found to be increased by STZ and
decreased by the application of HBX 41108 (Figure 5E). These re-
sults showed that HBX 41108 could facilitate wound healing in
diabetic rats through inhibiting USP7 deubiquitinating activity.

Discussion

Diabetic foot is a long-term complication of diabetes that intensively
impairs the quality of patients’ lives. Current management of dia-
betic foot remains a challenge and requires long-term management.
Herein, we found that USP7 is highly expressed in patients with
diabetic foot ulcer and in HUVECs after AGEs treatment. Inhibition
of USP7 could reduce cell cycle arrest and cell senescence in HU-
VECs. Moreover, USP7 could increase the expression of p53 through
promoting its deubiquitination. As a specific inhibitor of USP7
deubiquitinating activity, HBX 41108 could significantly accelerate
wound healing in diabetic rats. Our study revealed a novel signaling
pathway underlying the pathogenesis of diabetic foot and provided
a potential strategy to treat diabetic foot. USP7 was found to be
highly expressed in diabetic foot ulcers with high DUSS. Meanwhile,
a previous study indicated that AGEs could promote cell senescence
and induce oxidative stress in human trabecular meshwork cells
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[22]. Furthermore, the receptor of AGEs was shown to be one of the
targets of metformin in the treatment of diabetes [23]. Therefore,
AGEs were applied to establish diabetic cell model and the ex-
pression of USP7 was promoted by AGEs. USP7 is a member of USP
family that contains a multitude of deubiquitinases. Accumulating
studies suggested that USP7 is closely associated with the patho-
genesis of various diseases, such as neurodegenerative diseases
[24], myocardial ischemia [25] and cancer [26].

Although the tumor suppressing activity of p53 has been well
characterized, p53 was also shown to be involved in other diseases
such as diabetes [27]. Minamino et al. [28] revealed that p53 could
lead to insulin resistance and increase the risk of diabetes in mice.
Knockout of p53 could ameliorate cell senescence and reduce in-
flammation in adipose tissues of mice, which avoided the devel-
opment of insulin resistance [28]. Moreover, p53-mediated
senescence would diminish self-replication of pancreatic beta cell
and severe diabetes [29]. In addition, as the downstream of p53 and
a regulator of cell cycle, p21 was reported to regulate the re-
generation capacity of pancreatic beta cells [30]. Therefore, p53 and
p21 are promising targets for the treatment of diabetes. In this study,
we showed that inhibition of p53 expression significantly promoted
the proliferation of HUVECs and reduced cell senescence. Mean-
while, inhibition of p53 expression significantly reduced cell cycle
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arrest. Therefore, our study indicated that p53 is a potential target
for the treatment of diabetic foot ulcers.

It has previously been reported that USP7 is a gene required to
maintain a healthy lifespan, and lifespan is shortened when the
USP7 is knockdown in Drosophila and Caenorhabditis elegans
[31,32]. In this study, HBX 41108, a cyanoindenopyrazine-derived
compound that acts as a potent, reversible, and substrate compe-
titive USP7 inhibitor [33], was used to investigate the influence of
USP7 deubiquitinase activity on AGEs-induced cell cycle arrest and
senescence of HUVECs. Inhibition of USP7 deubiquitinating activity
using HBX 41108 could activate and stabilize p53 to inhibit the
proliferation of cancer cells [34]. Knockdown of USP7 can also ac-
tivate p53 signaling and lead to cell cycle arrest [20], which makes
USP?7 as a therapeutic target due to its activation of p53 [26]. It has
been reported that inhibition of USP7 can eliminate senescent cells
[35], which is in line with our finding that there is a clear decrease in
p53 expression after HBX 41108 treatment or USP7 silencing, sug-
gesting that USP7 may directly or indirectly regulate p53 expression
and/or stability under different pathological conditions. Since p53 is
highly associated with diabetic foot ulcers, USP7 may be a potential
target for the treatment of diabetic foot ulcers. In addition to p53,
p21 has also been reported to be involved in the decreased cell growth
of HUVECs induced by AGEs via modulation of MEG3/miR-93 [36].
Thus, AGE-induced p53 and/or p21 might be a novel regulatory
network in diabetic vascular cells, and possess potential therapeutic
value for diabetes mellitus.In summary, our study revealed that
inhibition of USP7 could suppress AGEs-induced cell cycle arrest
and cell senescence of HUVECs through promoting p53 ubiquiti-
nation. USP7 may be a promising target for the treatment of diabetic
foot ulcers.

Funding

This work was supported by the grants from the Shanghai Health
Committee Youth Project (No. 20194Y0286) and Shanghai Health
Committee General Project (No. 202140227).

Conflict of Interest
The authors declare that they have no conflict of interest.

References

1. Lim JZ, Ng NS, Thomas C. Prevention and treatment of diabetic foot
ulcers. J R Soc Med 2017, 110: 104-109

2. Mishra SC, Chhatbar KC, Kashikar A, Mehndiratta A. Diabetic foot. BMJ
2017: j5064

3. Singh MR, Saraf S, Vyas A, Jain V, Singh D. Innovative approaches in
wound healing: trajectory and advances. Artificial Cells Nanomed Bio-
technol 2013, 41: 202-212

4. Galkowska H, Wojewodzka U, Olszewski WL. Chemokines, cytokines,
and growth factors in keratinocytes and dermal endothelial cells in the
margin of chronic diabetic foot ulcers. Wound Repair Regen 2006, 14: 558-
565

5. Loomans CJM, de Koning EJP, Staal FJT, Rookmaaker MB, Verseyden C,
de Boer HC, Verhaar MC, et al. Endothelial progenitor cell dysfunction.
Diabetes 2004, 53: 195-199

6. Shaikh-Kader A, Houreld NN, Rajendran NK, Abrahamse H. The link
between advanced glycation end products and apoptosis in delayed
wound healing. Cell Biochem Funct 2019, 37: 432-442

7. Kirkland JL, Tchkonia T. Cellular senescence: a translational perspective.
EBioMedicine 2017, 21: 21-28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hannou SA, Wouters K, Paumelle R, Staels B. Functional genomics of the
CDKN2A/B locus in cardiovascular and metabolic disease: what have we
learned from GWASs? Trends Endocrinol Metab 2015, 26: 176-184
Palmer AK, Gustafson B, Kirkland JL, Smith U. Cellular senescence: at the
nexus between ageing and diabetes. Diabetologia 2019, 62: 1835-1841
Vergoni B, Cornejo PJ, Gilleron J, Djedaini M, Ceppo F, Jacquel A, Bouget
G, et al. DNA damage and the activation of the p53 pathway mediate
alterations in metabolic and secretory functions of adipocytes. Diabetes
2016, 65: 3062-3074

Chen Q, Sun X, Luo X, Wang J, Hu J, Feng Y. PIK3R3 inhibits cell se-
nescence through p53/p21 signaling. Cell Death Dis 2020, 11: 798

Dikic I, Robertson M. Ubiquitin ligases and beyond. BMC Biol 2012, 10: 22
Groettrup M, Pelzer C, Schmidtke G, Hofmann K. Activating the ubiquitin
family: UBAG6 challenges the field. Trends Biochem Sci 2008, 33: 230-237
van Wijk SJL, Timmers HTM. The family of ubiquitin-conjugating en-
zymes (E2s): deciding between life and death of proteins. FASEB J 2010,
24: 981-993

Metzger MB, Hristova VA, Weissman AM. HECT and RING finger families
of E3 ubiquitin ligases at a glance. J Cell Sci 2012, 125: 531-537

Jiang P, Ren L, Zhi L, Yu Z, Lv F, Xu F, Peng W, et al. Negative regulation
of AMPK signaling by high glucose via E3 ubiquitin ligase MG53. Mol Cell
2021, 81: 629-637.e5

Ullah K, Chen S, Lu J, Wang X, Liu Q, Zhang Y, Long Y, et al. The E3
ubiquitin ligase STUBI1 attenuates cell senescence by promoting the ubi-
quitination and degradation of the core circadian regulator BMALL1. J Biol
Chem 2020, 295: 4696-4708

Forand A, Koumakis E, Rousseau A, Sassier Y, Journe C, Merlin JF, Leroy
C, et al. Disruption of the phosphate transporter Pitl in hepatocytes im-
proves glucose metabolism and insulin signaling by modulating the USP7/
IRS1 interaction. Cell Rep 2016, 16: 2736-2748

Yang Y, Di T, Zhang Z, Liu J, Fu C, Wu Y, Bian T. Dynamic evolution of
emphysema and airway remodeling in two mouse models of COPD. BMC
Pulm Med 2021, 21: 134

Qi SM, Cheng G, Cheng XD, Xu Z, Xu B, Zhang WD, Qin JJ. Targeting
USP7-mediated deubiquitination of MDM2/MDMX-p53 pathway for can-
cer therapy: are we there yet? Front Cell Dev Biol 2020, 8: 233

Schauer NJ, Liu X, Magin RS, Doherty LM, Chan WC, Ficarro SB, Hu W, et
al. Selective USP7 inhibition elicits cancer cell killing through a p53-de-
pendent mechanism. Sci Rep 2020, 10: 5324

Park CH, Kim JW. Effect of advanced glycation end products on oxidative
stress and senescence of trabecular meshwork cells. Korean J Ophthalmol
2012, 26: 123-131

Chen XF, Tang W, Lin WD, Liu ZY, Lu XX, Zhang B, Ye F, et al. Receptor
for advanced glycation end as drug targets in diabetes-induced skin
lesion. Am J Transl Res 2017, 9: 330-342

Zhang T, Periz G, Lu YN, Wang J. USP7 regulates ALS-associated pro-
teotoxicity and quality control through the NEDD4L-SMAD pathway. Proc
Natl Acad Sci U S A 2020, 117: 28114-28125

Tang LJ, Zhou YJ, Xiong XM, Li NS, Zhang JJ, Luo XJ, Peng J. Ubiquitin-
specific protease 7 promotes ferroptosis via activation of the p53/TfR1
pathway in the rat hearts after ischemia/reperfusion. Free Radical Biol
Med 2021, 162: 339-352

Zhou J, Wang J, Chen C, Yuan H, Wen X, Sun H. USP7: target validation
and drug discovery for cancer therapy. Med Chem 2018, 14: 3-18

Kung CP, Murphy ME. The role of the p53 tumor suppressor in metabo-
lism and diabetes. J Endocrinol 2016, 231: R61-R75

Minamino T, Orimo M, Shimizu I, Kunieda T, Yokoyama M, Ito T, Nojima
A, et al. A crucial role for adipose tissue p53 in the regulation of insulin
resistance. Nat Med 2009, 15: 1082-1087

Li et al. Acta Biochim Biophys Sin 2022


https://doi.org/10.1177/0141076816688346
https://doi.org/10.1136/bmj.j5064
https://doi.org/10.3109/21691401.2012.716065
https://doi.org/10.3109/21691401.2012.716065
https://doi.org/10.1111/j.1743-6109.2006.00155.x
https://doi.org/10.2337/diabetes.53.1.195
https://doi.org/10.1002/cbf.3424
https://doi.org/10.1016/j.ebiom.2017.04.013
https://doi.org/10.1016/j.tem.2015.01.008
https://doi.org/10.1007/s00125-019-4934-x
https://doi.org/10.2337/db16-0014
https://doi.org/10.1038/s41419-020-02921-z
https://doi.org/10.1186/1741-7007-10-22
https://doi.org/10.1016/j.tibs.2008.01.005
https://doi.org/10.1096/fj.09-136259
https://doi.org/10.1242/jcs.091777
https://doi.org/10.1016/j.molcel.2020.12.008
https://doi.org/10.1074/jbc.RA119.011280
https://doi.org/10.1074/jbc.RA119.011280
https://doi.org/10.1016/j.celrep.2016.08.012
https://doi.org/10.1186/s12890-021-01456-z
https://doi.org/10.1186/s12890-021-01456-z
https://doi.org/10.3389/fcell.2020.00233
https://doi.org/10.1038/s41598-020-62076-x
https://doi.org/10.3341/kjo.2012.26.2.123
https://pubmed.ncbi.nlm.nih.gov/28337263/
https://doi.org/10.1073/pnas.2014349117
https://doi.org/10.1073/pnas.2014349117
https://doi.org/10.1016/j.freeradbiomed.2020.10.307
https://doi.org/10.1016/j.freeradbiomed.2020.10.307
https://doi.org/10.2174/1573406413666171020115539
https://doi.org/10.1530/JOE-16-0324
https://doi.org/10.1038/nm.2014

320

USP7 inhibits ubiquitination of p53

29.

30.

31.

32.

33.

Tavana O, Puebla-Osorio N, Sang M, Zhu C. Absence of p53-dependent
apoptosis combined with nonhomologous end-joining deficiency leads to
a severe diabetic phenotype in mice. Diabetes 2010, 59: 135-142
Mihailidou C, Papavassiliou AG, Kiaris H. A crosstalk between p21 and
UPR-induced transcription factor C/EBP homologous protein (CHOP)
linked to type 2 diabetes. Biochimie 2014, 99: 19-27

Heimbucher T, Liu Z, Bossard C, McCloskey R, Carrano AC, Riedel CG,
Tanasa B, et al. The deubiquitylase MATH-33 controls DAF-16 stability
and function in metabolism and longevity. Cell Metab 2015, 22: 151-163
Cui L, Song W, Zeng Y, Wu Q, Fan Z, Huang T, Zeng B, et al.
Deubiquitinase USP7 regulates Drosophila aging through ubiquitination
and autophagy. Aging 2020, 12: 23082

Tang Y, Lv L, Li W, Zhang X, Jiang Y, Ge W, Zhou Y. Protein deubiqui-

Li et al. Acta Biochim Biophys Sin 2022

34.

35.

36.

tinase USP7 is required for osteogenic differentiation of human adipose-
derived stem cells. Stem Cell Res Ther 2017, 8: 186

Colland F, Formstecher E, Jacq X, Reverdy C, Planquette C, Conrath S,
Trouplin V, et al. Small-molecule inhibitor of USP7/HAUSP ubiquitin
protease stabilizes and activates p53 in cells. Mol Cancer Ther 2009, 8:
2286-2295

He Y, Li W, Lv D, Zhang X, Zhang X, Ortiz YT, Budamagunta V, et
al. Inhibition of USP7 activity selectively eliminates senescent cells in part
via restoration of p53 activity. Aging Cell 2020, 19: e13117

Ju C, Sheng Z, Wang Q, Li Y, Wang X, Li S, Qi Q, et al. Advanced gly-
cation end products of bovine serum albumin affect the cell growth of
human umbilical vein endothelial cells via modulation of MEG3/miR-93/
p21 pathway. Acta Biochim Biophys Sin 2019, 51: 41-50


https://doi.org/10.2337/db09-0792
https://doi.org/10.1016/j.biochi.2013.11.003
https://doi.org/10.1016/j.cmet.2015.06.002
https://doi.org/10.18632/aging.104067
https://doi.org/10.1186/s13287-017-0637-8
https://doi.org/10.1158/1535-7163.MCT-09-0097
https://doi.org/10.1111/acel.13117
https://doi.org/10.1093/abbs/gmy147

	Inhibition of USP7 suppresses advanced glycation end-induced cell cycle arrest and senescence of human umbilical vein endothelial cells through ubiquitination of p53 
	Introduction
	Materials and Methods
	Clinical specimens of diabetic foot ulcer
	Cell culture and cell transfection
	Experimental grouping
	Cell counting kit (CCK)-8 assay
	Flow cytometry of cell cycle
	Senescence β-galactosidase staining
	Quantitative RT-PCR
	Western blot analysis
	Co-immunoprecipitation (Co-IP) and ubiquitination assay
	Animal models
	Hematoxylin and eosin (HE) staining
	Statistical analysis

	Results
	USP7 expression is increased in diabetic foot ulcer and in HUVECs after AGEs treatment
	Inhibiting USP7 expression and its deubiquitinating activity reduces cell cycle arrest and cell senescence in HUVECs after AGEs treatment
	USP7 interacts with p53 and mediates its deubiquitination
	P53 silencing ameliorates USP7 overexpression-mediated cell cycle arrest and cell senescence in HUVECs 
	HBX 41108 facilitates wound healing in diabetic rats

	Discussion


