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Abstract. An improved understanding of the mechanism of 
interferon (IFN)α activation in systemic lupus erythematosus 
(SLE) is likely to aid the identification of effective therapeutic 
targets. Increasing evidence has indicated that the activity of 
IFNα is mediated by the interplay of ubiquitylation/deubiq-
uitylation enzyme regulators. The present study identified 
the deubiquitylation enzyme ubiquitin‑specific‑processing 
protease 7 (USP7) as a critical regulator of the human IFNα‑2 
receptor (IFNAR1) protein levels. A co‑immunoprecipitation 
assay was used to demonstrate that USP7 was physically 
associated with IFNAR1 in vivo. A glutathione S‑transferase 
pull down assay revealed that USP7 interacted with IFNAR1 
directly in vitro. Furthermore, USP7 may disassemble IFNAR1 
dependent poly‑ubiquitin chains and stabilize IFNAR1 in vivo. 
The activation effects of USP7 on the IFNα pathway were 
confirmed by reverse transcription‑quantitative polymerase 
chain reaction and western blot analysis. Knockdown of USP7 
expression consistently reduced the expression levels of signal 
transducer and activator of transcription (STAT)‑1, STAT‑2 
and selected IFN‑inducible genes, including IFN‑induced 
protein with tetratricopeptide repeats 3, MX dynamin like 
GTPase 1 and 2'‑5'‑oligoadenylate synthetase 1. The present 
study demonstrated that USP7 was significantly overex-
pressed in 210 SLE patients compared with healthy controls. 
Furthermore, the association between USP7 levels, IFN scores, 
SLE disease activity index scores and anti‑double stranded 
DNA were analyzed and, as expected, positive correlations 
were demonstrated, indicating that USP7 may be associated 
with SLE disease activity through the stabilization of IFNAR1.

Introduction

Systemic lupus erythematosus (SLE) is a complex systemic 
autoimmune disease, characterized as a loss of tolerance to 
nuclear antigens, the deposition of pathogenic autoantibodies 
and the formation of immune complexes leading to inflamma-
tion in multiple organs (1,2). Dysregulated T cells and their 
associated mechanisms are important in the pathogenesis of 
this complicated disease. Epigenetic modifications including 
DNA methylation, histone tail modifications and microRNAs 
may additionally serve roles in SLE.

The ubiquitin‑proteasome and deubiquitination systems 
are important cellular mechanisms of protein degradation and 
stabilization, which may influence gene expression and alter 
cellular functions without modifying the genomic sequence. 
Understanding the molecular mechanisms that are involved 
in the pathophysiology of autoimmune diseases is essential 
for the introduction of effective, target‑directed and accepted 
therapies (3,4).

One notable feature in SLE is the continuous activation 
of the type I interferon (IFN) system, shared by the majority 
of SLE patients  (5‑7). The vascular damage, endothelial 
progenitor cell misbalance and induced expression of broad 
signature gene transcripts that reflect induction are primarily 
due to the central involvement of IFNα (8,9). The type I 
interferon receptor complex consisting of the human IFN 
α‑2 receptor (IFNAR)1 and IFNAR2 subunits, and cellular 
responses to IFNα, require adequate expression levels of 
IFNAR1  (10). It has been reported that IFNAR1 may be 
ubiquitinated by the Skp1‑Cullin1‑HOS‑Roc1 ubiquitin 
ligase in vitro  (11), however, whether the protein level of 
IFNAR1 is regulated by the deubiquitination system and 
whether these deubiquitinating enzymes exhibit a role in the 
clinical outcomes of SLE patients, remains to be elucidated. 
The deubiquitinases contain two major groups: the ubiquitin 
C‑terminal hydrolase families and the ubiquitin‑specific 
protease (USP) families. Of the USP families, USP7 is an 
evolutionarily conserved protease that was first reported in 
1997 (12) and was revealed to possess various substrates, 
including Ci/Gli (13), phosphatase and tensin homolog (14), 
forkhead box protein O4 (15), histone H2B (16) and tumor 
protein p53  (17), indicating that USP7 exhibits a role in 
multiple cellular processes. However, the expression pattern 
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and function of USP7 in SLE progression remains to be 
elucidated.

The present study demonstrated that IFNAR1 acted as 
a substrate for USP7, and that USP7 functioned to stabilize 
IFNAR1, which was responsible for greater disease activity 
in SLE.

Materials and methods

Patient samples. A total of 210 patients with SLE were recruited 
from the Chinese Medicine Hospital of Zhejiang (Hangzhou, 
China) between January 2010 and December 2014; all SLE 
patients fulfilled the American College of Rheumatology 
criteria for the disease (18), and gave written informed consent. 
A further 210 control samples were recruited from the outpa-
tient clinics of the Chinese Medicine Hospital of Zhejiang 
between January 2010 and December 2014, including those 
diagnosed as normally healthy or with an unrelated condition. 
Written informed consent was also obtained from control 
patients. Patients with other autoimmune diseases including 
celiac disease, autoimmune hepatitis, sarcoidosis, or autoim-
mune thyroid disease were excluded from the present study. 
All procedures were approved by the institutional review 
board of Jiangsu University. Peripheral blood (5 ml) samples 
were drawn from healthy donors and SLE patients. The clinical 
disease activity was measured and assessed according to the 
SLE disease activity index (DAI) 2000; SLEDAI scores ≥10 
were defined as active SLE, while SLEDAI scores <10 were 
defined as stable disease (19).

Samples of peripheral blood mononuclear cells (PBMCs) 
for isolating T cells were purified using the Rosette Sep 
T cell isolation kit by negative selection (cat no. HY2015; 
HaoYang Biosciences, Tianjin, China). Serum complement 
3 and serum complement 4, double stranded (ds)DNA and 
anti‑nuclear antibodies (ANA) were measured in blood 
samples in the Department of Laboratory Medicine using 
a EUROIMMUN ANA profile kit (cat no.  DL 1590) and 
the Sprinter  XL  Immunofluorescence system (both from 
EUROIMMUN AG, Luebeck, Germany), according to the 
manufacturer's protocol, at the Chinese Medicine Hospital of 
Zhejiang.

Reagents and antibodies. The short interfering (si)RNA 
transfection was performed using Lipofectamine RNAiMAX 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and cells were transfected at 70% confluence, according 
to the manufacturer's protocol. The 2 USP7 siRNA oligonucle-
otide sequences that were used were as follows: siUSP7 1, 
5'‑CCG​GTG​TAT​CTA​TTG​ACT​GCCCTT​TCT​CGA​GAA​AGG​
GCA​GTC​AAT​AGA​TAC​ATT​TTT‑3'; siUSP7 2, 5'‑CCG​
GCC​TGG​ATT​TGT​GGT​TAC​GTT​ACT​CGA​GTA​ACG​TAA​
CCA​CAA​ATC​CAG​GTT​TTT‑3'. USP7‑targeting siRNA and 
non‑targeting siRNA (5'‑CCG​GUU​CUC​CGA​ACG​UCA​CGU​
TTT​TTT​TT‑3') were obtained from Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany).

Antibodies used were as follows: anti‑USP7 antibody 
(cat no. 4833; 1:1,000; Cell Signaling Technology, Danvers, 
MA, USA), anti‑IFNAR1 (cat no.  SAB1406003‑50UG; 
1:1,000; Sigma‑Aldrich; Merck KGaA) and anti‑β‑actin (cat 
no. 612656; 1:2,000; BD Biosciences, Franklin Lakes, NJ, 

USA). Horseradish peroxidase‑conjugated goat anti‑mouse 
immunoglobulin (Ig)G (cat no. sc‑2005; 1:3,000) and goat and 
anti‑rabbit IgG (cat no. sc‑2004; 1:3,000) secondary antibodies 
were obtained from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA).

Cell culture. HEK‑293T cells was purchased from American 
Type Culture Collection (Mannasas, VA, USA) and were 
cultured in Dulbecco's modified Eagle's medium (Invitrogen; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Hyclone; GE Healthcare Life Sciences, Logan, 
UT, USA), 100 U/ml of penicillin, and 100 U/ml of strepto-
mycin (Invitrogen; Thermo Fisher Scientific, Inc.). Cells were 
maintained at 37˚C in a humidified 5% CO2 atmosphere.

RNA isolation and reverse transcription quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was isolated 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). 
cDNA was synthesized from 1 µg of total RNA using reverse 
transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) and 
the cDNA (2 µg) was amplified using the TransStart Top Green 
qPCR SuperMix kit (cat no. AQ132‑23; TransGen, Beijing, 
China) on an ABI 7500 Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). GAPDH was used 
as an internal normalization control. Thermocycling condi-
tions were as follows: Initial denaturation at 95˚C for 5 min, 
followed by 40 cycles of denaturation at 95˚C for 10 sec, and 
annealing and extension at 60˚C for 30 sec. The primers used 
were as follows: GAPDH, forward GAG​AAG​TAT​GAC​AAC​
AGC​CTC‑3', reverse 5'‑ATG​GAC​TGT​GGT​CAT​GAG​TC‑3'; 
IFNAR1, forward GAC​TCA​TTT​ACA​CCA​TTT​CGC​A‑3', 
reverse 5'‑TCA​ATC​CTT​TCT​TCT​ACA​CCT​G‑3'; and USP7 
forward ATT​CCT​AAC​ATT​GCC​ACC​AG‑3' and reverse 
5'‑ATT​TAC​ACC​ATT​TGC​CAT​CC‑3'. Relative gene expres-
sion was calculated according to the 2‑∆∆Cq method (20) and 
normalized to GAPDH. All experiments were performed at 
least three times.

Co‑immunoprecipitation (co‑IP) assay. Cells were lysed using 
cold lysis buffer (50 mM Tris‑Cl, pH 7.4; 1% NP‑40; 150 mM 
NaCl; 1 mM EDTA; and, 0.5% sodium deoxycholate) and a 
protease inhibitor cocktail (BD Biosciences) was used to 
protect cells from degradation. The supernatants of the lysates 
were incubated with primary antibodies against USP7 and 
IFNAR1. A total of 2 µg normal rabbit and mouse immuno-
globin IgG (cat nos. M8645 and G7402; Sigma‑Aldrich; Merck 
KGaA) were used as negative control and Pierce™ Protein 
A/G Magnetic Beads (cat no. 88802; Pierce; Thermo Fisher 
Scientific, Inc.) were added to the immune complexes and 
incubated for 2 h at 4˚C. The immune complexes were washed 
5 times, subjected to SDS‑PAGE and detected by western blot 
analysis.

Western blot analysis. Protein extracts were lysed with a 
radioimmunoprecipitation assay buffer (Sigma‑Aldrich; 
Merck KGaA) containing phenylmethane sulfonyl fluoride and 
a protease inhibitor cocktail for 30 min at 4˚C, and following 
centrifugation at 12,000 x g for 15 min at 4˚C, the supernatants 
were collected. Equal amounts of extracted protein samples 
(25 µg) were resolved by 10% SDS‑PAGE and transferred 
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onto nitrocellulose membranes, followed by blocking with 5% 
non‑fat milk for 30 min at room temperature and incubation at 
4˚C overnight with anti‑USP7, anti‑IFNAR1 and anti‑β‑actin 
primary antibodies. Membranes were then incubated with 
horseradish peroxidase‑conjugated secondary antibodies 
for 2 h at room temperature. Protein bands were visualized 
using an enhanced chemiluminescence assay system (Sigma 
Aldrich; Merck KGaA). The experiments were repeated at 
least three times.

Glutathione S‑transferase (GST) pull down analysis. To detect 
in vitro binding between USP7 and IFNAR1, the GST fusion 
construct GST‑USP7 was purified from BL21 Escherichia coli 

cells (TransGen), as previously described (21). The in vitro 
transcription and translation of FLAG‑tagged IFNAR1 was 
obtained from the rabbit reticulocyte lysate (TNT systems, 
Promega Corporation, Madison, WI, USA) and pulled down 
with glutathione‑Sepharose beads (GE Healthcare Life 
Sciences, Little Chalfont, UK), according to the manufac-
turer's protocol.

Statistical analysis. Statistical analysis was performed using 
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). All 
data were presented as the mean ± standard deviation, unless 
otherwise stated, of one representative of three experiments. 
Spearman's rank correlation was used to measure correlations 
between patient variables and SLE presence or activity. A 
paired Student's t‑test was used to perform the analysis. P<0.05 
was considered to indicate a statistically significant difference.

Results

The clinical characteristics in patients with SLE and healthy 
controls. As demonstrated in Table I, no significant differ-
ences were observed in age or sex distribution between the 
SLE patients and healthy controls. The 210 SLE patients were 
positive for ANA, whereas the controls were negative; the 
proportion of lymphocytes was significantly lower in patients 
compared with the control, while the difference in the average 
number of total white blood cells was not deemed significant. 
As mentioned, an SLEDAI score ≥10 was considered as active 
SLE and there were 103 (49.05%) active patients and 107 
(50.95%) stable patients. As demonstrated in  Table  II, no 
significant differences were observed in age or sex distribution 
between these two groups. The differences in SLEDAI score, 
dsDNA positivity and levels of complement 3 and 4 were 
significant between the two groups (P<0.05).

Higher USP7 expression is observed in patients with SLE. The 
deubiquitinases take part in numerous cellular processes, but 
very little is known concerning the role of USPs in immune 
cells and specifically in T cells. In the present study, the mRNA 
expression level of different USP proteins between SLE and 
the healthy controls was screened. The expression levels of 
three USP proteins (USP7, USP10 and USP21) were higher in 
SLE patients compared with controls (data not shown). Among 
the USP proteins, the expression of USP7 in samples obtained 
from the 210 SLE patients was the most significantly upregu-
lated compared with the normal controls (Fig. 1A). The role of 
USP7 in SLE was explored and analysis performed to measure 
whether there was any correlation between USP7 levels and 
the clinical features of SLE. As demonstrated, the high USP7 
expression correlated positively with SLE cutaneous manifes-
tations including the presence of skin, renal and neurological 
diseases (Fig. 1B). SLE patients with concurrent proteinuria 
had higher USP7 levels compared with those without protein-
uria (Fig. 1C).

IFNAR1 identifies as a USP7‑interacting protein. One of the 
biggest challenges in studying USP families is to identify their 
substrate and to correlate their dysregulation with pathogen-
esis. Affinity purification and mass spectrometry were used to 
detect the USP7 association proteins in vivo (data not shown). 

Table I. Clinicopathological characteristics of the SLE samples 
and healthy controls.

Characteristic	 SLE	 Healthy controls

Number	 210	 210
Age, years	 35.8±13.5	 35.2±13.8
Sex
  Female (%)	 202 (96.2%)	 203 (96.67%)
  Male (%)	 8 (3.8%)	 7 (3.33%)
SLEDAI score	 8.2±5.7	‑
WBCs, x109/l	 5.38±2.07	 5.82±2.44
Lymphocytes, %	 14.54±9.73a	 20.56±5.23
ANA+ (%)	 210 (100%)a	 0
Serum complement 3	 0.81±0.42	‑
Serum complement 4	 0.22±0.18	‑

Data are presented as the mean  ±  standard deviation. aP<0.05 vs. 
healthy control group. SLE, systemic lupus erythematosus; SLEDAI, 
SLE disease activity index; WBCs, white blood cells; ANA, 
anti‑nuclear antibody.

Table II. Clinicopathological characteristics of the active SLE 
and stable SLE samples.

Characteristic	 Active SLE	 Stable SLE

Number	 103	 107
Age, years	 35.3±14.2	 34.9±14.9
Sex		
  Female (%)	 100 (97.09%)	 102 (95.33%)
  Male (%)	 3 (2.91%)	 5 (4.67%)
SLEDAI score	 14.2±3.1a	 4.9±2.2
dsDNA + (%)	 83 (80.59%)a	 21 (19.63%)
ANA+ (%)	 103 (100%)	 107 (100%)
Serum complement 3	 0.51±0.22a	 0.82±0.28
Serum complement 4	 0.19±0.18a	 0.27±0.19

Data are presented as the mean  ±  standard deviation. aP<0.05 vs. 
stable SLE group. SLE, systemic lupus erythematosus; SLEDAI, 
SLE disease activity index; dsDNA, double stranded DNA; ANA, 
anti‑nuclear antibody.
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IFNAR1 was identified as a USP7‑interacting protein. To 
further confirm the interaction between USP7 and IFNAR1 
in vivo, a co‑IP assay was performed in T cells and total protein 
extracted, IP with USP7 antibodies followed by immunoblot-
ting (IB) with the antibodies against IFNAR1 indicated that 
USP7 co‑immunoprecipitated with IFNAR1; normal rabbit 
IgG was used as a negative control (Fig. 2A). Reciprocally, 
IP was performed with anti‑IFNAR1 followed by IB with 
anti‑USP7  (Fig. 2A bottom panel). To further support the 
in vivo interaction between USP7 and IFNAR1, endogenous 
proteins from HEK‑293T cells were used to confirm the inter-
action (Fig. 2B).

Other USP proteins including USP10 and USP21 were addi-
tionally detected; neither had any interaction with IFNAR1, 
and data was not shown. To further confirm the interaction 
between IFNAR1 and USP7 in vitro, GST pull down assay was 
performed and incubation of GST‑fused USP7 with in vitro 
transcribed/translated IFNAR1 revealed that USP7 interacted 
with IFNAR1 directly (Fig. 2C).

USP7 inhibits IFNAR1 ubiquitination and stabilizes IFNAR1 
in  vivo. In SLE patients, it was hypothesized that USP7 
regulated IFNAR1 expression in T cells and higher USP7 
expression contributed to the observed elevated IFNAR1 
expression. Therefore, human primary T cells were transfected 
with USP7 siRNAs, control siRNAs, USP7 overexpression 
lentivirus or vector lentivirus. The successful knockdown 
efficiency (Fig. 3A) and ectopic expression of USP7 (Fig. 3B) 
in primary T cells was verified by RT‑qPCR and western blot 
analysis, which demonstrated that the knockdown of USP7 
following transfection resulted in a significant decrease in 
USP7 expression, while the overexpression of USP7 lentivirus 
resulted in a clear increase in USP7 expression.

Following USP7 knock down, the expression of IFNAR1 
was measured and although the IFNAR1 mRNA level was not 
changed (Fig. 3C, left), the IFNAR1 protein level was markedly 

Figure 1. Higher USP7 expression was observed in patients with SLE. 
(A)  The expression of USP7 in 210  patients with 103 active SLE, 107 
stable patients with inactive SLE and 210 normal controls were measured. 
(B) The correlation between USP7 expression and SLE skin, renal and 
neurological disease. (C) Association of USP7 expression with the concur-
rent presence of proteinuria in SLE patients. *P<0.05, as indicated. USP7, 
ubiquitin‑specific‑processing protease 7; SLE, systemic lupus erythematosus.

Figure 2. IFNAR1 was identified as a USP7‑interacting protein. 
(A) Co‑immunoprecipitation assay was performed. Whole T cell lysates were 
immunoprecipitated with antibodies against USP7, or normal IgG as the nega-
tive control. The immunocomplexes were then immunoblotted with IFNAR1, 
followed by the reverse procedure. (B) Whole HEK‑293T cell lysate was used 
to detect the association between USP7 and IFNAR1. (C) GST pull‑down 
assays was carried out to detect the association between USP7 and IFNAR1. 
The GST‑fused USP7 and in vitro transcribed/translated IFNAR1 were incu-
bated and western blotting used to detect the immunocomplexes. IFNAR1, 
human interferon α‑2 receptor; USP7, ubiquitin‑specific‑processing protease 
7; Ig, immunoglobulin; GST, glutathione S‑transferase.
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reduced (Fig. 3C, right). Consistently, when wild‑type (wt) 
USP7 lentivirus or catalytically inactive USP7 (USP7/C223A) 
mutant lentivirus was transfected into the cells, the protein 
level of IFNAR1 increased in wt‑USP7 transfected groups, but 
not in the catalytically inactive USP7 (USP7/C223A) mutant 
groups (Fig. 3D); the two groups demonstrated no remarkable 
change in the mRNA level. This indicated that USP7 may 
influence IFNAR1 through post‑transcription modification.

To determine whether the effect of USP7 was dependent 
on IFNAR1 protein deubiquitination, USP7 was knocked 
down by siRNA and cells were harvested following MG132 (a 
proteasome‑specific inhibitor) treatment; it was demonstrated 
that MG132 was successful in saving IFNAR1 protein from 
degradation in USP7 knockdown groups compared with the 
control groups (Fig. 3E). Based on the above, it was hypothe-
sized that USP7 stabilized IFNAR1, as it protected the protein 
from ubiquitination.

Effects of USP7 on activation of the IFNα pathway. Whether 
sustained overexpression of USP7 was able to induce the acti-
vation of the type I IFN pathway in SLE patients was explored. 

The activation of STAT proteins was a response to type I 
IFN, since the IFN‑stimulated transcription factor 3 complex 
contained three core subunits that activated STAT‑1 and 
STAT‑2 in addition to interferon regulatory factor (IRF)‑9, the 
function of which is to initiate transcription of IFN‑inducible 
genes. It was next considered whether USP7 regulated 
downstream target transactivation following stimulation with 
type I IFN. As demonstrated from mRNA and protein levels 
in Fig. 4A and B, normal PBMCs were transfected and stimu-
lated with type I IFN, and knockdown of USP7 consistently 
reduced the expression of STAT‑1 and STAT‑2.

Furthermore, knockdown of USP7 notably reduced the 
mRNA (Fig. 4C) and protein expression levels (Fig. 4D) of 
selected IFN‑inducible genes, including IFN‑induced protein 
with tetratricopeptide repeats 3 (IFIT3), myxovirus resis-
tance 1 (MX1) and 2',5'‑oligoadenylate synthetase 1 (OAS1).

Correlation between USP7 expression and SLE disease 
activity. It has been reported by several groups (22,5) that type 
I IFN exhibits a key etiological role in SLE since, by stabilizing 
IFNAR1, USP7 may reflect defects in positive regulation of the 

Figure 3. USP7 inhibited IFNAR1 ubiquitination and stabilized IFNAR1 in vivo. (A) The knockdown efficiency of USP7 was confirmed by RT‑qPCR (left 
panel) and western blotting (right panel). Human primary T cells were transfected with control siRNA, siUSP7#1 or siUSP7#2. **P<0.01, as indicated. (B) The 
overexpression efficiency of USP7 was confirmed by RT‑qPCR (left panel) and western blotting (right panel). Human primary T cells were transfected with 
vector, or USP7 overexpression lentivirus. **P<0.01, as indicated. (C) T cells were transfected with control siRNA or siUSP7 and the mRNA and protein level 
of IFNAR1 was detected. (D) T cells were transfected with vector, wt‑USP7 or USP7 mutant lentivirus, mRNA and the protein level of IFNAR1 was detected. 
(E) Following USP7 knockdown in T cells, cells were incubated with the proteasome‑specific inhibitor MG132 prior to harvesting, and RT‑qPCR and western 
blot analysis were used to measure IFNAR1 expression. USP7, ubiquitin‑specific‑processing protease 7; IFNAR1, human interferon α‑2 receptor; RT‑qPCR, 
reverse transcription‑quantitative polymerase chain reaction; si, short interfering; wt, wild type; NC, negative control.
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immune response. The associations were therefore analyzed 
and, as expected, a positive correlation was identified between 
USP7 levels and IFN scores (Fig. 5A).

A direct positive correlation was observed between USP7 
levels and the SLEDAI scores (Fig. 5B), and between the USP7 
levels and the anti‑dsDNA levels (Fig. 5C). Furthermore, the 
IFN level also correlated positively with SLEDAI scores and 

the anti‑dsDNA levels (data not shown); the study conducted 
by Dall'era  et  al  (23) reported a similar tendency. It was 
concluded that USP7 expression levels correlate positively 
with SLE disease activity via stabilization of IFNAR1.

Discussion

Increasing evidence has indicated that IFNα is associated with 
the progression of several diseases and may serve as a target 
for therapy. The role of the USP family in autoimmunity is 
only just beginning to be explored.

Figure 4. Effects of USP7 on the activation of IFNα pathway. (A) PBMCs 
were transfected with control siRNA and siUSP7, followed by incubation 
with type I IFN for 6 h. The mRNA levels of STAT‑1 and STAT‑2 were 
measured, GAPDH was used as an internal normalization control. Error bars 
represent standard error of the mean. *P<0.05, as indicated. (B) Following 
the above treatment, the protein levels of STAT‑1, STAT‑2 and IRF‑9 were 
measured by western blotting and β‑actin was used as an internal control. 
Following the above treatment, the (C) mRNA level and (D) protein level of 
three IFN‑inducible genes, IFIT3, MX1 and OAS1 were quantified. Values 
are the mean + standard error. USP7, ubiquitin‑specific‑processing protease 
7; IFN, interferon; PBMCs, peripheral blood mononuclear cells; si, short 
interfering; STAT, signal transducer and activator of transcription; IRF, 
interferon regulatory factor; IFIT3, IFN‑induced protein with tetratrico-
peptide repeats 3; MX1, myxovirus resistance 1; OAS1, 2',5'‑oligoadenylate 
synthetase 1; NC, negative control.

Figure 5. Correlation between USP7 expression and SLE disease activity. 
Correlation was measured between the expression of (A) USP7 in SLE patients 
and activation of the type I interferon pathway; (B) USP7 in SLE patients 
and SLEDAI scores; and, (C) USP7 in SLE patients and the anti‑dsDNA 
scores. USP7, ubiquitin‑specific‑processing protease 7; SLE, systemic lupus 
erythematosus; DAI, disease activity index; ds, double stranded.
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The results of the present study established that USP7 is 
upregulated in patients with SLE, and that greater expression 
of USP7 was associated with skin, renal and neurological 
diseases. SLE patients with concurrent proteinuria had higher 
USP7 levels than those without, which indicated that greater 
USP7 levels may result in organ damage.

Furthermore, investigation provided insight into the mech-
anism of the regulation by USP7; bioinformatics tools were 
used to search for its potential association with the key compo-
nents involved in SLE (5), and this led to the identification of 
IFNAR1 as a potential USP7 interaction protein. As it was 
hypothesized that USP7 interacted with IFNAR1 in vivo and 
in vitro, co‑IP and GST‑pull down assays were used to confirm 
that USP7 disassembled IFNAR1‑dependent poly‑ubiquitin 
chains and stabilized IFNAR1 in vivo. As the type I IFN 
pathway has been reported as a significant contributor to the 
pathogenesis of SLE (5), the activation effects of USP7 on the 
IFNα pathway were investigated. When USP7 was knocked 
down, the signaling downstream of IFN, including the expres-
sion of STAT‑1, STAT‑2 and its predicted IFN‑inducible 
genes (IFIT3, MX1 and OAS1), were downregulated. For the 
first time, to the best of the authors' knowledge, it has been 
demonstrated that USP7 is significantly overexpressed in 
SLE patients compared with healthy controls. Furthermore, a 
positive correlation was observed between USP7 levels, IFN 
scores, SLEDAI scores and anti‑dsDNA, which indicated that 
the activation of the type I IFN pathway in SLE patients is 
due to USP7 over‑activation in the pathogenesis of autoim-
mune conditions. In conclusion, the results of the present study 
demonstrated that the overexpression of USP7 is relevant to the 
biologic and clinical behavior of SLE. The findings suggested 
that the USP family may serve as therapeutic targets via 
regulation of IFNAR1 for the treatment of SLE. In the future, 
knockout and transgenic animal models will be required to 
further identify the role of USP7 in autoimmune diseases.
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