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Abstract 
STIP1-homologous U-Box containing protein 1 (STUB1) is involved in the development of immune pathologies and the regulation of T cell. 
However, the potential role of STUB1 in the pathogenesis of rheumatoid arthritis (RA), especially in the regulation of T cells, remains elusive. 
Here we show that STUB1 promotes the imbalance of Th17/Treg cells through non-degradative ubiquitination of aryl hydrocarbon receptor 
(AHR). Using Western blot and flow cytometry analysis, we observe that the level of STUB1 was increased in RA patients compared with 
healthy controls. In particular, the expression of STUB1 protein was different in Th17 cells and Treg cells of RA patients. We also demonstrated 
that STUB1 facilitates Th17/Treg imbalance by up- or downregulating the expression of STUB1. In a subsequent series of in vitro experiments, 
we revealed that STUB1 promoted the imbalance of Th17 and Treg cells through non-degradative ubiquitination of AHR. Both knockdown of 
the AHR expression by siRNA and assays of CYP1A1 enzymatic activity by ethoxyresorufin-O-deethylase (EROD) supported this conclusion. 
Furthermore, we explored the ubiquitination sites of AHR responsible for STUB1-mediated ubiquitination and revealed that STUB1 promotes 
ubiquitination of AHR via K63 chains. Together, STUB1 may induce the imbalance of Th17/Treg cells via ubiquitination of AHR and serve as a 
potential therapeutic target for RA.
Keywords: STUB1, Th17/Treg imbalance, aryl hydrocarbon receptor, ubiquitination, rheumatoid arthritis
Abbreviations: AHR: aryl hydrocarbon receptor; CHIP: carboxyl-terminus of Hsc70-interacting protein; co-IP: co-immunoprecipitation; CYP1A1: cytochrome 
P450, family 1, subfamily A, and polypeptide 1; EROD: ethoxyresorufin-O-deethylase; FACS: fluorescence-activated cell sorting; FICZ: 6-formylindolo [3,2-b] 
carbazole; HC: healthy controls; PBMCs: peripheral blood mononuclear cells; qRT-PCR: quantitative real-time polymerase chain reaction; RA: rheumatoid 
arthritis; SLE: systemic lupus erythematosus; TCDD: 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin.

Introduction
Rheumatoid arthritis (RA) is a typical chronic inflammatory 
autoimmune disease with persistent inflammatory cell infiltra-
tion of synovium leading to the progressive destruction of car-
tilage and bone [1]. Although the exact immunopathological 
effects and underlying intracellular regulatory mechanisms 
of RA is incompletely understood, lines of the evidence have 
validated the dysregulation of various molecules in immune 
cell including CD4+ T cell as well as the cooperation and ac-
tivation of multiple cytokines and chemokines work in the 
pathogenesis of the disease [2, 3]. Particularly, disturbed 
Th17/Treg cell balance plays a critical role in the early onset 
and the progression of RA [4, 5]. It has been confirmed that 
T helper (Th)17 cells was overactivated in the development 
of RA [6]. However, regulatory T (Treg) cells, which maintain 
the immune homeostasis and mediate the anti-inflammatory 
response, was suppressed in this process [7]. Patients with 
RA, especially those in the active phase, had a significantly 
higher Th17/Treg ratio compared with healthy individuals 
[8]. Rectifying the Th17/Treg imbalance, therefore, is critical 
for the remission and treatment of RA.

Ubiquitination has long been acknowledged as a post-
translational modification involved in the inflammatory 
signaling cascade [9]. Recent studies confirmed and fur-
ther revealed the critical role of STIP1-homologous U-Box 
containing protein 1 (STUB1, also known as CHIP), an E3 
ubiquitin ligase, in proinflammatory pathways and the devel-
opment of various types of immune pathologies, especially in 
the regulation of T cell [10–12]. Consistently, the earlier study 
of our group indicated that STUB1 was implicated in the 
pathology of inflammatory bone loss in RA [13]. Although 
STUB1 is known to perform important roles in immune regu-
lation, whether STUB1 participates in the imbalance of Th17/
Treg cells in RA has not been described in any of the previ-
ously studies.

Available evidence supports a central role for aryl hydro-
carbon receptor (AHR) in immune regulation [14]. AHR, 
a ligand-activated transcription factor, mediates the adap-
tive responses to exogenous or endogenous compounds 
including 2, 3, 7, 8-Tetrachlorodibenzo-p-dioxin (TCDD) and 
6-formylindolo [3,2-b] carbazole (FICZ) [15, 16]. AHR is ac-
tivated by various ligands and involved in the generation of 
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Th17 cells and regulatory T cells during immune responses 
[17, 18]. As reported in previous studies, E3 ubiquitin ligase 
STUB1 is associated with the regulation of AHR complexes 
via hsp90 (a part of the AHR complex). STUB1 can pro-
mote the ubiquitination of mature unliganded AHR com-
plexes cooperating with unidentified factors [15], suggesting 
that STUB1 may act as a novel ligand to activate the AHR 
pathway.

Based upon these studies, we speculated that STUB1 
might regulate the imbalance of Th17/Treg cells by targeting 
AHR in RA. In this project, our group set out to investi-
gate a novel aspect of the molecular mechanism that medi-
ates the Th17/Treg imbalance in RA. We reported that E3 
ligase STUB1 as a potent factor induces the imbalance of 
Th17/Treg cells, which is dependent on the ubiquitination 
of AHR. Our study may provide a new theoretical basis for 
the investigation of the pathogenesis of RA, as well as a 
basis for subsequent studies on the signaling pathways in-
volved in the immune imbalance between STUB1 and Th17/
Treg cells.

Materials and methods
Subjects
Peripheral blood samples were obtained from 22 RA patients 
(in the active stage) and 20 healthy donors. All bloods were 
collected in tubes with sodium citrate. The synovial fluid 
(SF) samples were collected from 8 patients with RA and 
8 osteoarthritis patients (OA) included as a control group. 
RA was diagnosed according to the American College of 
Rheumatology/European League Against Rheumatism 2010 
diagnostic criteria [19]. Also, the protein level of STUB1 in 
Th17 and Treg cells as well as ubiquitination of AHR were 
determined among RA patients and normal control. Studies 
were performed with approval from the ethics committee of 
Nanjing Medical University and informed written consent 
was obtained from every donor. Patients and controls were 
age and sex matched in all experiments.

Cell separation and culture
Peripheral blood mononuclear cells (PBMCs) and synovial 
fluid mononuclear cells (SFMCs) were isolated by Ficoll 
density gradient centrifugation (Sigma-Aldrich). CD4+ T 
cells were isolated using the CD4+T cell magnetic isolation 
kit (Miltenyi). CD4+T cells were cultured in RPMI-1640 me-
dium (Gibco) supplemented with 10% FBS (Gibco) in 5% 
CO2 at 37 °C. Th17 and Treg cells were purified from per-
ipheral blood mononuclear cells (PBMCs) of RA patients and 
healthy subjects using a fluorescence-activated cell sorting 
(FACS) flow cytometer (BD Biosciences, San Jose, CA, USA). 
The HEK293T cells and Jurkat T cells were maintained in 
DMEM and RPMI-1640 medium (Gibco), respectively.

Transfection of plasmids and siRNAs
The transfection of HEK293T cells, Jurkat T cells and 
CD4+ T cells were performed using lipofectamine 2000 
(Invitrongen) according to the manufacturer’s instructions. 
The cells were cultured in the presence or absence of anti-CD3 
and anti-CD28 mAbs for 48  h after transfection and then 
collected for future experiments. The expression constructs 
and siRNA include Flag-AHR, Myc-STUB1, HA-Ub, His-Ub 
(WT), K63R, K48R, and siSTUB1.

Isolated CD4+T cells were transfected with lentivirus vector 
or siRNA was also performed. For up- or downregulation of 
STUB1, the CD4+ T cells were transfected with LV-STUB1 
(ID: NM_005861) or LV-sh-STUB1 (target sequence: 
5ʹ-GGGACGACATCCCCAGCGCTCT-3ʹ) or with either 
negative control lentiviral vector (LV-NC) according to pre-
viously described procedures (Genechem, Shanghai, China) 
[20]. CD4+T cells also transfected with AHR siRNA (siAHR) 
or control siRNA (si-NC) according to the manufacturer’ s 
instructions. Both STUB1 and AHR siRNAs were purchased 
from Invitrogen. The transfection efficiency was detected by 
qRT-PCR after 48  h and Western blot analysis after 72  h 
(Supplementary Fig. S1).

Co-immunoprecipitation (co-IP) and Western 
blotting
HEK293 T cells were lysed in lysis buffer and the lysates were 
collected. Protein G PLUS Agarose Immunoprecipitation 
Reagent (Santa Cruz) was used for co-immunoprecipitation 
(co-IP) analysis according to the manufacturer’s indicated 
procedures. Cell lysates were incubated with anti-Flag or anti-
Myc as well as protein G-Sepharose at 4 °C for overnight and 
the immunoprecipitates were analyzed by Western blotting 
with primary antibodies.

Western blot analysis was executed as delineated in pre-
vious studies [21]. Antibodies used are as follows: anti-
STUB1, anti-AHR, anti-β-actin (Abcam), anti-ubiquitin (Cell 
Signaling), anti-CYP1A1, anti-HA (F-7), anti-His (H-3), anti-
Flag (D-8), and anti-Myc (9E10) (Santa Cruz). Quantification 
of band density indicating protein amount was performed 
using Image J software.

Ubiquitination assays
Ubiquitination assay was performed as previously described 
[22]. Transfected HEK293T and Jurkat T cells as well as 
CD4+ T cells collected from PBMCs were harvested and 
lysed. Western blotting was used to detect the degree of ubi-
quitination and measure precipitated proteins with various 
antibodies.

CD4+ T-cell differentiation in vitro
The transfected CD4+ T cells (1  ×  106 cells/ml) were har-
vested and stimulated with plate-bound anti-CD3 (5 mg/ml) 
and anti-CD28 (2 mg/ml) mAbs for 5 days. Where indicated, 
FICZ was added to cells. The cells were cultured under dif-
ferent skewing conditions: Th17 cells: IL-1β (10 ng/ml), IL-6 
(10  ng/ml), IL-23 (10  ng/ml), and TGF-β (10  ng/ml); Treg 
cells: IL-2 (10  ng/ml) and TGF-β (10  ng/ml). The levels of 
IL-17A, IL-6, TNF-α, IL-10, and TGF-β in supernatant were 
measured using ELISA kits (Biolegend, USA) according to the 
manufacturer’s instructions.

Quantitative real-time polymerase chain reaction
Transfected CD4+T cells were harvested, and RNA was iso-
lated and reverse transcribed as described previously [23]. 
Results were normalized to the corresponding β-actin level 
and the expression of detected genes was presented as the fold 
change relative to that of the control.

Flow cytometry
For the assessment of T-cell differentiation, flow cytometry 
was performed as described previously [1]. Transfected 
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CD4+T cells were harvested and then were stimulated with 
PMA/ionomycin for 5 h. Golgi-Stop (BD Phar-Mingen) was 
added for the final 2hrs. Cells were surface stained with 
FITC conjugated anti-CD4 and PE conjugated anti-CD25. 
Subsequently, Cytofix/Cytoperm (BD PharMingen) was used 
to fix and permeabilize cells before intracellular staining 
with APC-Cy7 conjugated anti-IL-17 and APC-conjugated 
anti-IFN-γ. For Foxp3 staining, cells were stained with APC-
conjugated anti-FoxP3 intracellularly after fixing and perme-
abilizing. Th1 cells, Th17 cells and Treg cells were identified 
as CD4+ IFN-γ+, CD4+ IL-17+ and CD4+ CD25+ Foxp3+, 
respectively. The corresponding representative plots of the 
gating strategies was shown in Supplementary Fig. S2. For the 
detection of STUB1 level in Th1, Th17, or Treg cells, STUB1 
antibody (JG38-22) was purchased from Novus Biologicals. 
Flow cytometric analysis was performed with Cytomics 
FC500 flow cytometer (Beckman Coulter) and data were ana-
lyzed using FlowJo software (Three Star Inc.).

Ethoxyresorufin-O-deethylase (EROD) assay
Incubated isolated CD4+ T cells with or without FICZ for 
24  h. CD4+ T cells overexpressing STUB1 also transfected 
with AHR siRNA (siAHR) or control siRNA (si-NC). 
Ethoxyresorufin-O-deethylase (EROD) assay was performed 
to measure CYP1A1 activity, as described in our previous 
studies [24].

Statistical analysis
All of the statistical analyses were performed with Prism v.9 
(GraphPad Software, La Jolla, CA). The data are presented as 
mean ± SD. To assess the statistical significance, the P-values 
were calculated using unpaired two-tailed Student’s t-test. 
P-values less than 0.05 was considered statistically significant.

Results
The expression of STUB1 in Th17 and Treg cells of 
RA patients
Given the potential role of STUB1 in the pathogenesis of 
autoimmune diseases as well as its effect on T-cell activation 
and signaling pathway [11, 25], we investigated whether 
STUB1 is also dysregulated in RA. The protein level of 
STUB1 was measured in CD4+ T cells from RA patients 
and healthy controls (HC). We found that protein level of 
STUB1 in CD4+ T cells was significantly increased in pa-
tients with RA compared with normal subjects (Fig. 1A). We 
then evaluated the expression of STUB1 on or in Th17 and 
Treg cells from the peripheral blood (Fig. 1B,C) and SF (Fig. 
1D,E). Strikingly, the expression of STUB1 protein in Th17 
(CD4+IL-17+) cells was also higher in RA patients com-
paring with healthy populations (Fig. 1B,D). However, the 
lower level of STUB1 was observed in Treg (CD4+Foxp3+) 
cells of patients with RA (Fig. 1C,E). We also investigated 
the expression of STUB1 on Th1 (CD4+IFN-γ+) cells in RA 
versus HC. There was no significant difference in the ex-
pression level of STUB1 in Th1 cells between RA patients 
and HC (Fig. 1F), which revealed that the increased expres-
sion of STUB1 is unique to Th17 cells. Considering RA is 
a chronic autoimmune disease characterized by a failure 
of spontaneous resolution of inflammation. We further in-
vestigated whether the presence of pro-inflammatory cyto-
kines (such as TNF-α or IL-6) induced STUB1 expression 

in RA patients. As expected, the expression of STUB1 was 
elevated in the presence of inflammatory stimulation (Fig. 
1G). The clinical characteristics of RA patients and HC are 
summarized in Table. Taken together, our results indicated 
the potential role of STUB1 in modulating CD4 + T cell dif-
ferentiation.

STUB1 promotes the imbalance of Th17/Treg cells 
in RA patients
Because the broken Th17/Treg balance including overactivated 
Th17 cells has been recognized as one of the critical patho-
logical cells in pathogenesis of RA [8, 26, 27], we determined 
to explore whether STUB1 regulated CD4+ T cell differen-
tiation in pathogenesis of RA. To this end, we sorted CD4+ 
T cell from peripheral blood of RA patients and normal 
subjects, and then up-regulated or down-regulated the expres-
sion of STUB1 by transfection of lentivirus-expressing STUB1 
(LV-STUB1) and LV-sh-STUB1, respectively. It was manifested 
that mRNA expressions of RORγt and IL-17A were elevated 
but the expression of Foxp3 was reduced while STUB1 was 
up-regulated in LV-STUB1-transfected cells versus control 
group (Fig. 2A). Conversely, STUB1 down-regulation de-
creased the mRNA levels of RORγt and IL-17A but increased 
the level of Foxp3 (Fig. 2A). Moreover, the concentrations of 
functional cytokines of Th17 cell (IL-17A, IL-6, TNF-α) and 
Treg cell (IL-10, TGF-β) in the supernatants were also exam-
ined after stimulation. Compared with LV-sh-STUB1–trans-
fected cells, the levels of the cytokines such as IL-17A, IL-6, 
and TNF-α in the supernatant of LV-STUB1–transfected cells 
were markedly elevated (Fig. 2B-D). In contrast, the levels of 
IL-10 and TGF-β were decreased after the upregulation of 
STUB1 (Fig. 2E, F).

Flow cytometry analysis was performed to further confirm 
the alteration of Th17/Treg cell balance. Consistently, flow 
cytometry analysis got similar results with qRT-PCR assays. 
It was noticed that with respect to the LV-sh-STUB1–trans-
fected cells, the percentage of Th17 (CD4+IL-17+) cells was 
increased (Fig. 2G) while that of Treg (CD25+Foxp3+) cells 
was decreased in CD4+ T cells transfected with LV-STUB1 
(Fig. 2H). However, the lower percentage of Th17 cells (Fig. 
2G) while the higher percentage of Treg cells was observed in 
LV-sh-STUB1-transfected cells comparing with control group 
(Fig. 2H). Collectively, the results shown above suggested 
that STUB1 had a regulatory effect on the differentiation and 
balance of Th17/Treg cells.

STUB1 can physically interact with AHR
Accumulating evidence suggests that AHR was participated 
in the differentiation of Th17 and Treg cell as a regulator 
[1, 28, 29]. Based on our aforementioned results, therefore, 
we hypothesized that STUB1 might regulate Th17/Treg 
balance by targeting AHR. Therefore, to investigate whether 
AHR acts as one of the targets of STUB1 and participates 
in the STUB1-mediated the Th17 and Treg cell differenti-
ation, coimmunoprecipitation (co-IP) study was performed. 
As could be seen from co-IP results, AHR coprecipitated 
with STUB1 in HEK293T cells as well as in CD4+ T cells 
co-transfected with tagged AHR or STUB1 expression con-
structs (Fig. 3A), suggesting that STUB1 physically associated 
with AHR. Intriguingly, this association was substantially 
enhanced in CD4+ T cells stimulated with anti-CD3 and 
anti-CD28 mAbs.
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STUB1 catalyzes the non-degradative 
ubiquitination of AHR
Since STUB1 is an E3 ubiquitin ligase, we next ascertained 
whether STUB1 plausibly has potential to induce the ubi-
quitination of AHR. To this end, Myc-STUB1 and Flag-
AHR expression plasmids were then co-transfected with 
HA-Ubiquitin to check whether the ubiquitination status of 
AHR was affected by STUB1 or not. We found that AHR 
polyubiquitination was significantly enhanced in HEK293T 

cells when it was co-transfected with STUB1 (Fig. 3B). 
Further, STUB1 promoted AHR polyubiquitination in a dose-
dependent manner (Fig. 3B). Moreover, co-IP and immuno-
blotting data revealed that knockdown of STUB1 by siRNA 
significantly impaired the ubiquitination of AHR in Jurkat T 
cell with anti-CD3 and anti-CD28 stimulation (Fig. 3C). Of 
note, the alteration in ubiquitination status of AHR, either in 
HEK293T cells or Jurkat T cells, without any changes in its 
protein levels (Fig. 3B, C). Together, these findings indicated 

Figure 1 : The STUB1 protein level in patients with rheumatoid arthritis (RA) and control groups. (A) CD4+ T cells were isolated from RA patients (n = 
4) and healthy controls (n = 4). The expressive protein levels of STUB1 were performed by Western blot. The STUB1 protein levels were quantified by 
band intensity and normalized to β-actin levels. STUB1 protein expression in CD4+IL-17+ T (Th17) cells (B) and CD4+Foxp3+ T (Treg) cells (C) from RA 
PB (n = 15) and HCs PB(n = 15). (D-F) STUB1 levels in the SF of RA patients were detected, and osteoarthritis patients (OA) were included as a control 
group. The expression of STUB1 in Th17 cells (D) and Treg cells (E) from RA SF (n = 8) and controls (OA) SF(n = 8). (F) The expression of STUB1 in Th1 
cells from SF of RA patients (n = 8) and controls (OA) (n = 8). (G) CD4+ T cells were stimulated with or without TNF-α and IL-6, respectively. The levels of 
STUB1 were performed by Western blot and data are representative of three independent experiments. ** P <.01 and *** P <.001 vs. healthy controls 
(Student’s t test). Error bars show mean ± SEM. STUB1, STIP1-homologous U-Box containing protein 1.
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that STUB1 catalyzes the AHR via a non-degradative ubi-
quitin modification.

STUB1 promotes ubiquitination of AHR via K63 
chains
Further, we sought to gain insight into the kind of ubiqui-
tination of AHR might be affected by STUB1 and identify 
the lysine residues of AHR responsible for STUB1-mediated 
ubiquitination. HEK293T cells were transfected with 

Myc-STUB1 and Flag-AHR together with or without His-
Ubi (WT) or the ubiquitin mutants (K48R and K63R) and 
then ubiquitination of AHR was assessed by co-IP. As shown 
in Fig. 3D, the ubiquitination of AHR mediated by STUB1 
was diminished in K63R mutant but not in K48R mutant 
or WT control. Moreover, there is no marked alteration on 
expression levels of AHR was observed in the ubiquitination 
modification of STUB1. Hence, these observations dem-
onstrated that the STUB1 promoted the non-degradative 

Figure 2: STUB1 affectes Th17 and Treg cell polarization from naive CD4+ T cell. Transfected the lentivirus-expressing STUB1 (LV-STUB1) and LV-sh-
STUB1 in isolated CD4+ T cell, stimulated with plate-bound anti-CD3 (5 mg/mL) and anti-CD28 (2 mg/mL) mAbs, and cultured under specific conditions 
for 5 days. (A) The expression of RORγt, IL-17A and Foxp3 mRNA was evaluated by qRT-PCR in control, LV-STUB1–transfected and LV-sh-STUB1-
transfected cells. (B-F) The concentration of IL-17A, IL-6, TNF-α, IL-10 and TGF-β in cell supernatant was detected by ELISA. (G, H) Transfected CD4+ T 
cells were stimulated with anti-CD3 (5 mg/mL) and anti-CD28 (2 mg/mL) mAbs with Th17 and Treg-polarizing condition, respectively. The proportion of 
Th17 (CD4+IL-17+) and Treg (CD25+Foxp3+) cells was detected by flow cytometry. Percentages of Th17 cells and Treg cells are shown in the bar. ** P 
<.01 vs. control groups (Student’s t test). Data are representative of three independent experiments. Error bars show mean ± SEM. IL, interleukin; TNF-
α, tumor necrosis factor-α; TGF-β, transforming growth factor-β; qRT-PCR, real-time reverse transcription-polymerase chain reaction.
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ubiquitination of AHR through K63-linked polyubiquitin 
chains.

The STUB1-mediated imbalance of Th17/Treg cells 
in RA is an AHR-dependent manner
We further explored the regulatory mechanism of STUB1-
mediated Th17/Treg cells balance. Given our previous 
findings, we inferred that AHR might involve in the STUB1-
mediated balance of Th17 cells and Tregs. We initially exam-
ined the ubiquitination level of AHR in patients with RA 
and we found that AHR ubiquitination status was more pro-
nounced in RA patients compared with HC according to the 
densitometric quantitation of ubiquitinated AHR normalized 
to total AHR from lysates of CD4+ T cells (Fig. 4A). FICZ, 
an endogenous agonist of AHR, can activate AHR signaling 
as a dynamic mediator [30]. Therefore, we compared effect of 
STUB1 on Th17/Treg cells with that of FICZ. As illustrated 
in Fig. 4B, C, both STUB1 overexpression and FICZ stimula-
tion increased the proportion of Th17 cells and decreased the 

proportion of Treg cells in CD4 + T cells. Moreover, we trans-
fected siAHR in CD4+ T cells overexpressing STUB1. Under 
the Th17- or Treg-polarizing conditions with anti-CD3/CD28 
antibodies treatment in vitro, the expression of RORγt and 
IL-17A mRNA were markedly downregulated while the ex-
pression of Foxp3 mRNA was upregulated in conditions of 
AHR interference (Fig. 5A). Parallelly, the interference of AHR 
decreased IL-17A, IL-6 and TNF-α (Fig. 5B-D) but increased 
the IL-10 and TGF-β levels in the culture supernatant (Fig. 
5E, F). Flow cytometry analysis confirmed that the propor-
tion of Th17 (CD4+IL-17+) cells was reduced (Fig. 5G) while 
that of Treg (CD25+Foxp3+) cells was elevated following the 
knockdown of AHR (Fig. 5H), suggesting that the effect of 
STUB1 on Th17/Treg cells imbalance was disappeared. The 
cytochrome P450, family 1, subfamily A, and polypeptide 1 
(CYP1A1), a canonical gene targets of AHR, is considered 
to be a functional bio-marker of activation of the AHR af-
fecting the genomic signaling of AHR [31, 32]. Consistent 
with these findings, we found that the activity and expression 

Figure 3: STUB1 physically associates with AHR and promotes the ubiquitination of AHR. (A) Interaction between STUB1 and AHR in the lysates 
of CD4+ T cells that had been transfected with the indicated plasmids and then were stimulated without or with anti-CD3/anti-CD8. Samples were 
subjected to immunoprecipitation (IP) with anti-Flag antibody. The immunoprecipitates were immunoblotted (IB) with indicated antibody. (B) Flag-AHR 
and HA-Ub were co-transfected with different amounts of Myc-STUB1 into HEK293T cells. Polyubiquitination of AHR was detected with the indicated 
antibody. Cell extracts were immunoblotted with antibody to Flag or Myc tag. β-actin served as a loading control. The AHR protein levels are shown 
in the bar. (C) Ubiquitination assay for AHR in Jurkat T cells cotransfected with or without STUB1 siRNA and the indicated plasmids. Cell lysates were 
immunoprecipitated with antibody against Flag and the complex were immunoblotted with antibody to Ubiquitin. Immunoblotting with the indicated 
antibodies was used to detect the protein level of AHR, STUB1, or β-actin in cell lysates. The AHR protein levels are shown in the bar. (D) HEK293T cells 
were transfected with Myc-STUB1 and Flag-AHR together with plasmid encoding His-Ub (WT) or the ubiquitin mutants K48R or K63R. The cells were 
lysed for Co-IP as indicated. The ubiquitination levels are shown in the bar. Data are representative of three independent experiments.
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of CYP1A1 was also increased during the dysregulation of 
Th17/Treg cells balance caused by STUB1 (Fig. 5I, J). All the 
results revealed that STUB1 promotes the imbalance of Th17/
Treg cells in AHR-dependent manner.

Discussion
The imbalance of CD4+ T lymphocyte subsets, especially 
Th17/Treg cells, is one of the key mechanisms underlying the 

pathogenesis of RA [4, 33, 34]. Accumulating evidences have 
highlighted the role of STUB1 in modulation of T cell [35–
37]. Further, a number of studies have previously reported 
the role of STUB1 in autoimmune diseases such as systemic 
lupus erythematosus (SLE) [25]. However, how STUB1 en-
gages in the regulation of T cell populations especially in RA 
remained elusive. Our group have demonstrated that STUB1, 
as a molecular mediator, was involved in the effect of TNF-α 
on osteoblast inhibition in RA [13], indicating a relationship 

Figure 4 : STUB1 improves the imbalance of Th17/Treg cells in AHR-dependent manner. (A) Ubiquitination of AHR was increased in RA patients 
compared with healthy controls. Purified CD4+T cells from peripheral blood of RA patients (n = 4) and healthy controls (n = 4). AHR ubiquitination was 
detected with the indicated antibody. Densitometry was performed and quantitation of ubiquitinated AHR was normalized to total AHR from lysates. (B, 
C) Compared effect of STUB1 on Th17/Treg cells with that of FICZ. The proportion of Th17 (CD4+IL-17+) and Treg (CD25+Foxp3+) cells was detected by 
flow cytometry. Percentages of Th17 cells and Treg cells are shown in the bar. ** P < .01 vs. control groups. NS, no significant (Student’s t-test). Data are 
pooled from three independent experiments. Error bars show mean ± SEM.
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between STUB1 and RA. In the present study, we found that 
STUB1 protein level is elevated in RA patients comparing 
with HC. Perhaps strikingly, our results showed that STUB1 
protein is increased in Th17 cells from peripheral blood and 
SF of RA patients compared to normal subjects while it is 
reduced in their Treg cells, STUB1 was suggested as a pos-
sible contributor to aberrant balance of Th17/Treg cells in 
RA. Here, we illustrate the role of STUB1 in Th17/Treg cells 
imbalance by up- or downregulating the expression of STUB1 
in CD4+ T cells.

The upregulation of STUB1 promoted Th17 cell differenti-
ation while suppressed Treg differentiation as reflected in the 
qRT-PCR, ELISA and flow cytometry data. But the opposite 
results were obtained after downregulating the expression 
of STUB1. Although much is known about the imbalance of 
Th17 and Treg cells in RA [34, 38], the certain molecular 

regulations are still not well characterized. Our observa-
tion suggesting that STUB1 is a pivotal factor in the devel-
opment of RA, and the rise of STUB1 in RA patients may 
play an important role in the imbalance of Th17/Treg cells 
during RA development. Previous researches have confirmed 
that AHR is necessary for Th17 and Treg cell differentiation 
[16, 39]. AHR activation by FICZ boosted Th17 cell differ-
entiation, but interfered with Treg cell differentiation [29]. 
Interestingly, our results also shown that the upregulation of 
STUB1 in the peripheral blood of RA patients accompanied 
by enhanced ubiquitination level of AHR. Moreover, STUB1 
overexpression can exert the same effect as FICZ, i.e., to ac-
tivate the AHR pathway. These findings provide insights into 
the pathway of regulation of STUB1 on Th17 cells and Treg 
cells and suggests that STUB1 and AHR may be simultan-
eously implicated in the pathogenesis of RA.

Figure 5 : AHR pathway involves in STUB1-mediated Th17/Treg cell imbalance. CD4+ T cells overexpressing STUB1 were transfected with siAHR or 
control siRNA and cultured under Th17 or Treg cells polarizing-conditions with anti-CD3/CD28 antibodies treatment. (A) RORγt, IL-17A and Foxp3 gene 
expression levels were determined by RT-qPCR. (B-F) The concentration of IL-17A, IL-6, TNF-α, IL-10 and TGF-β in supernatant was detected by ELISA. (G, 
H) The proportion of Th17 (CD4+IL-17+) cells and Treg (CD25+Foxp3+) cells was detected by flow cytometry. Percentages of Th17 cells and Treg cells are 
shown in the bar. (I, J) The mRNA levels and enzymatic activity of CYP1A1 were evaluated by qRT-PCR and EROD, respectively. ** P < .01 vs. control 
groups (Student’s t-test). Data are representative of three independent experiments. Error bars show mean ± SEM.
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We herein hypothesize that STUB1 may target AHR to 
regulate CD4+T cell differentiation as well as induce the im-
balance of Th17/Treg cells. As expected, the results showed 
that the effect of STUB1 on Th17/Treg cells imbalance was 
disappeared in STUB1 over-expressed CD4+ T cells trans-
fected with siAHR and the modulation of STUB1 on CD4+ 
T cell plasticity was also impaired after knocking down 
AHR, suggesting that the AHR pathway may be involved in 
STUB1-mediated Th17/Treg cell imbalance. In addition, both 
EROD and qRT-PCR analysis showed that the expression 
and activity of CYP1A1 (the central to the regulation of the 
AHR pathway) was also increased during the dysregulation 
of Th17/Treg cells balance caused by STUB1, which further 
suggesting that STUB1 induces the Th17/Treg imbalance via 
the AHR pathway. Thus, we decided to further verify the 
modification of AHR by STUB1 in regulating CD4+ T cell 
differentiation and have a more complete understanding of 
the specific mechanism by which STUB1 targets AHR to pro-
mote the imbalance of Th17/Treg cells. Of note, a vitro study 
previously indicated that STUB1 can interact with the AHR 
at cellular levels and promote the ubiquitination of AHR [15]. 
Consistent with this, co-immunoprecipitations of STUB1 and 
AHR in HEK293T cells and CD4+ T cells in our present 
study established the interaction between STUB1 and AHR at 
endogenous cellular levels.

STUB1 is a well-known cochaperone E3 ligase that tar-
gets its substrates and undergo regulatory ubiquitination 
or proteasomal degradation [40]. Therefore, we conducted 
the ubiquitination assays in vitro to probe whether STUB1 
modifies AHR as previously described. The results indicated 
that STUB1 could promoted the polyubiquitination of AHR. 
Strikingly, we found that STUB1 catalyzes the ubiquitination 
of AHR without altering AHR protein levels, which is not 
consistent with previous reports that STUB1 degrades target 
substrates in a ubiquitination and proteasome dependent 
manner.

As described above, our present study revealed that AHR is 
a downstream target mediating the modification of STUB1 on 
Th17/Treg balance in patients with RA. Ubiquitination exerts 
diverse functions depending on the type of ubiquitin linkage 
on the substrates. Consistently, K48-linked polyubiquitination 
often targets proteins for degradation by the proteasomes, 
whereas K63-linked polyubiquitination often helps cellular 
signal transduction via non proteasomal mechanisms [35, 
41]. In this context, we further explore the ubiquitination 
sites of AHR mediating the regulation of CD4+ T cell differ-
entiation by STUB1. We demonstrated that K63-linked ubi-
quitination of AHR catalyzed by STUB1 may contribute to 
differentiation of Th17/Treg cells as well as Th17/Treg imbal-
ance, which also supports the unchanged AHR protein levels 
that we have observed following the ubiquitination modifi-
cation through STUB1. These findings provide the possibility 
that may account for the mechanism by which STUB1 pro-
motes Th17/Treg imbalance during the process of RA.

Cumulatively, we have revealed that STUB1 acts as a crit-
ical factor of the imbalance of Th17/Treg cells highlighting 
the role of STUB1 in the pathogenesis of RA. Furthermore, 
STUB1 promoted the imbalance of Th17 and Treg cells 
through non-degradative ubiquitination of AHR. The cur-
rent study provides new insight into the mechanism respon-
sible for regulation of balance of Th17/Treg cells in RA. 
STUB1, therefore, may cause inflammatory reaction via 

post-transcriptional modification of AHR and serve as a po-
tential therapeutic target for RA in the future.
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