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Ubc9 regulates the expression of MHC II in dendritic cells to
enhance DSS-induced colitis by mediating RBPJ SUMOylation
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SUMOylation is an evolutionary conserved regulatory mechanism, in which Ubc9 is the only E2 conjugating enzyme. Previous
studies demonstrated that SUMOylation is involved in multiple biological processes, but its role in dendritic cells (DCs) remains to
be fully addressed. Herein in this report, we found that DCs deficient in Ubc9 protected mice from dextran sulfate sodium (DSS)-
induced colitis, as evidenced by the ameliorated weight loss, colon length, and disrupted colon structure. Mechanistically, Ubc9
mediated SUMOylation of RBPJ, by which it stabilized RBPJ from ubiquitin-mediated degradation to enhance its transcriptional
activity, while Ciita, a critical transcription factor, is a direct target downstream of RBPJ, which forms an enhanceosome complex to
transcribe the expression of MHC II genes. Therefore, loss of Ubc9 abolished RBPJ SUMOylation, which was coupled with reduced
Ciita transcription, thereby attenuating the expression of MHC class II genes. As a consequence of defective MHC II expression,
Ubc9-/- DCs were featured by the impaired capability to process antigen and to prime effector CD4+ T cells, thereby protecting mice
from DSS-induced colitis. Together, our results shed novel insight into the understanding of SUMOylation in the regulation of DC
functions in pathological conditions.
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INTRODUCTION
Inflammatory bowel disease (IBD), which comprises Crohn’s
disease (CD) and ulcerative colitis (UC), is a chronic inflammatory
disorder of the gastrointestinal tract [1]. The pathogenesis of IBD is
multifactorial, involving genetic, environmental, epithelial, micro-
bial, and immune factors [2]. Particularly, the aberrant immune
response of CD4+ T cells plays a key role in the disturbances of gut
homeostasis, and infiltration of activated CD4+ T cells in the
inflamed intestinal mucosa is considered as a characteristic feature
of experimental murine colitis and human IBD [3, 4]. There is also
feasible evidence supporting that CD4+ T cells are involved in the
pathogenesis of IBD through interacting with other immunocytes
or through upregulating the production of proinflammatory
cytokines. Nevertheless, the underlying mechanisms by which
CD4+ T cells are activated at the early stage of intestinal mucosal
inflammation and participate in the development of IBD, have not
been fully addressed.
Dendritic cells (DCs) are professional antigen-presenting cells

(APCs) to bridge innate and adaptive immune response [5]. They
are derived from hematopoietic stem cells accommodated in the
bone marrow, and immature DCs are freshly generated to induce
immune tolerance [6]. Distributed throughout nearly all the
lymphoid and non-lymphoid tissues, DCs can be activated by

‘danger signals’ from both invading pathogens and injured host
cells through pattern recognition receptors (PRRs) [7]. During the
maturation process, DCs markedly upregulate the expression of
major histocompatibility complex (MHC) class II, co-stimulatory
molecules, and proinflammatory cytokines to prime T cell clonal
expansion and differentiation to initiate adaptive immune
response. Therefore, altered DC activation is closely related to
various inflammatory and autoimmune diseases. Although the
transcriptional circuitry that controls the development and
function of DCs has been intensively investigated [8], the
regulatory machineries of post-translational modifications (PTMs),
particularly the role of Ubc9-mediated SUMOylation in this
process, are yet to be fully elucidated.
SUMOylation is a highly transient and reversible PTM, char-

acterized by the covalent attachment of the small ubiquitin-like
modifier (SUMO) moiety to lysine residues within the target
proteins [9]. Similar as the ubiquitination cascade, SUMOylation is
carried out by the E1 activating enzyme, E2 conjugating enzyme,
and E3 ligase, in which Ubc9 is the only E2 conjugating enzyme in
mammalian cells, and therefore, deletion of Ubc9 completely
abolishes the SUMOylation function. Previously, we demonstrated
that SUMOylation plays an important role to modulate immune
tolerance by regulating the functionality of PDPK1 to maintain the
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stability of regulatory T (Treg) cells [10]. Similarly, loss of Ubc9
attenuates macrophage M2 polarization, thereby exacerbating
multiple-low dose streptozotocin-induced diabetes [11]. There is
also evidence that SUMOylation restrains TLR-induced production
of inflammatory cytokines and the expression of type I interferon
(IFN) signature genes in DCs, in which SUMO operates from a
distal enhancer of the gene encoding IFN-β (Ifnb1) to silence both
basal and stimulus-induced activity of the Ifnb1 promoter [12].
Therefore, the direct effect of SUMOylation on DC functions is yet
to be fully addressed. To this end, a DC-specific Ubc9 deficient
mouse model was established in the current report to address the
effect of SUMOylation on DC activation and functionality. It was
noted that Ubc9 deficiency abolished RBPJ (recombination signal
binding protein for immunoglobulin kappa J region) SUMOylation,
which affected its stability and transcriptional activity, thereby
suppressing the expression of class II transactivator (Ciita), a
master regulator of MHC class II genes. In consistent with these
results, Ubc9 deficient DCs manifested decreased expression of
MHC class II and reduced capability to stimulate T cell responses,
which protected mice from dextran sulfate sodium (DSS)-induced
colitis along with a marked reduction of Th1 and Th17 cell
accumulation in the mesenteric lymph nodes (MLNs) and colonic
tissues. Together, those data provide a novel insight into the
understanding how SUMOylation regulates DC functions relevant
to the pathogenesis of colitis.

RESULTS
Generation of a DC-specific Ubc9 deficient mouse model
We first crossed the Ubc9f/f mice [13] with Itgax-Cre mice to
generate a DC-specific Ubc9 knockout mouse model (Itgax-Cre/
Ubc9f/f mice, hereinafter defined as KO mice), and their littermates
(Ubc9f/f mice, hereinafter denoted as WT mice) were served as
controls (Fig. 1A). Genotyping of tail DNA confirmed Ubc9
depletion as manifested by the presence of the Cre and flox
alleles (Fig. 1B), which was further confirmed by the absence of
Ubc9 protein in bone marrow-derived dendritic cells (BMDCs)
(Fig. 1C). Interestingly, Ubc9 was remarkably upregulated in WT
BMDCs upon LPS stimulation along with an increase of global
protein SUMOylation levels (Fig. 1D), suggesting that Ubc9-
mediated SUMOylation may play a critical role in DC functionality.
It was noted that the cellularity of thymus, spleen and MLNs was

unaltered in 8-week-old KO mice under physiological condition
(Fig. 1E). Similarly, the frequency of DCs in the spleen and MLNs
from WT and KO mice did not show a significant difference (Fig.
1F). In sharp contrast, Ubc9 deficient DCs manifested decreased
expression of MHC class II (Fig. 1G), but not co-stimulatory
molecules such as CD80 (Fig. 1H) and CD86 (Fig. 1I). Given the
crucial role of DCs in priming T cells, we then examined T cell
subpopulations. Ubc9 deficiency did not affect thymocyte devel-
opment (Fig. 1J) or peripheral T cell frequency (Fig. 1K). Although
the KO mice exhibited a slightly higher proportion of
CD44loCD62Lhi naïve and lower proportion of CD44hiCD62Llo

effector T cells in the MLNs, they did not reach a statistical
significance (Fig. 1L). Similarly, the proportions of Treg (Fig. 1M),
Th1 (Fig. 1N), and Th17 (Fig. 1O) cells were comparable between
two groups.

DCs deficient in Ubc9 protect mice from DSS-induce colitis
Next, we sought to investigate the effect of Ubc9 deficiency under
pathological conditions, and an IBD model was employed for the
study. The KO mice and WT littermates were challenged with 3%
DSS to induce colitis, respectively, which is a commonly used
model to mimic human IBD. The KO mice developed less severe
colitis as compared to that of WT controls, as evidenced by the
less loss of body weight (Fig. 2A), lower disease activity index (DAI)
(Fig. 2B), longer colons (Fig. 2C, D), and attenuated inflammatory
infiltration along with lower severity of architectural damage in

the colon (Fig. 2E, F). Immunohistochemical staining of colon
sections further confirmed repressed inflammation as evidenced
by the alleviated MPO levels (Fig. 2G). In consistent with those
observations, a significant lower level of serum proinflammatory
cytokines including IL-1β (Fig. 2H), IL-6 (Fig. 2I), TNF-α (Fig. 2J), and
IL-17A (Fig. 2K) was detected in the KO mice. To explore whether
the reduced levels of IL-6 and TNF-α originated from DCs or T cells,
we further performed intracellular staining of IL-6 and TNF-α on
DCs versus T cells. A significant decrease of IL-6 and TNF-α was
observed in the MLN T cells of KO mice, but no significant
difference was detected in DCs (Supplementary Fig. 1), indicating
a pivotal contribution of T cells to the decreased serum IL-6 and
TNF-α levels. Together, these results suggest that loss of Ubc9 in
DCs effectively attenuates DSS-induced colitis.

DCs deficient in Ubc9 exhibit repressed MHC class II
expression along with lower capability for antigen processing
We first checked MHC class II and co-stimulatory molecule
expressions in DCs of DSS-induced mice. Ubc9 deficient DCs
showed decreased expression of MHC class II in the spleen and
MLNs after DSS challenge (Fig. 3A), while CD80 (Fig. 3B) and CD86
(Fig. 3C) expression did not show a significant difference. The
production of CD11c+ BMDCs from WT and KO bone marrow were
similar (Fig. 3D), suggesting that loss of Ubc9 did not affect DC
generation from precursor cells. Similar as the in vivo data
(Fig. 1G), the KO BMDCs manifested a slightly lower MHC class II
expression before LPS stimulation, but a much more significant
reduction was noted following LPS induction (Fig. 3E). However,
no significant difference was observed in terms of CD40 (Fig. 3F),
CD80 (Fig. 3G) and CD86 (Fig. 3H) expression in LPS-stimulated KO
BMDCs. Indeed, RT-PCR analysis confirmed significantly decreased
mRNA levels for a set of MHC class II genes (Fig. 3I). These findings
prompted us to examine the impact of Ubc9 deficiency on DC
antigen processing and presentation. Although the KO BMDCs
displayed comparable capacity for dextran uptake as that of WT
BMDCs (Fig. 3J), the mean fluorescence intensity (MFI), however,
was significantly reduced in Ubc9 deficient DCs pulsed with DQ-
OVA (Fig. 3K), indicating an impaired capability for antigen
processing.

Ubc9 deficiency decreases CD4+ effector T cells in the MLNs
and colonic tissues of mice with onset of IBD
Next, we checked CD4+ T cell subpopulations in the spleen, MLNs
and colonic tissues at day 10 following DSS induction. In the
spleen, the proportions of naïve and effector T cells (Fig. 4A), Th1,
Th17 (Fig. 4B), and Treg (Fig. 4C) subsets were comparable
between two groups of mice. However, less amount of effector
T cells was noted in the MLNs of KO mice (Fig. 4D). Moreover, the
KO mice displayed lower proportions of Th1 and Th17 cells in the
MLNs (Fig. 4E), but without a perceptible difference in Treg cells
(Fig. 4F). Although no significant difference in terms of the
frequencies of naïve and effector T cells (Fig. 4G), as well as Treg
cells (Fig. 4H), was noted in the colonic lamina propria, the
proportions of colonic infiltrating Th1 (Fig. 4I) and Th17 (Fig. 4J)
cells in KO mice, however, were dramatically reduced, as
compared to those in WT mice following DSS induction.
Collectively, our data support that Ubc9 deficiency in DCs
preferentially inhibits the generation of Th1 and Th17 cells,
thereby ameliorating inflammatory response during the course of
IBD development.

Ubc9 mediates SUMOylation of RBPJ
To dissect the mechanisms by which Ubc9 deficiency represses
MHC II expression in DCs, we conducted comparative proteomic
analyses of SUMOylated substrates in DCs before/after LPS
stimulation. Gene ontology (GO) analysis revealed that the
SUMOylated proteins were enriched in immune system process
(Fig. 5A), among which RBPJ was the most critical substrate
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relevant to MHC II expression, which was then selected for the
subsequent studies. Bioinformatic analysis predicted lysine (K)
residues at positions 110, 195, 196, and 292 as the possible
SUMOylation sites in RBPJ (Fig. 5B). To confirm that RBPJ is a
substrate for SUMOylation, plasmids expressing Flag-tagged WT or
mutant (MU) RBPJ (the predicted K residues were mutated to
arginine) were constructed. The plasmids were next co-transfected
with SUMO1 into HEK293T cells, which were then subjected to co-
immunoprecipitation (co-IP) using the Flag antibody, and the
resulting products were probed by SUMO1. Indeed, the SUMOy-
lated band with higher molecular weight than that of RBPJ was
detected in WT plasmid transfected cells (Fig. 5C), indicating that
RBPJ could be SUMOylated. Next, to investigate whether the

SUMOylation of RBPJ was mediated by Ubc9, we knocked down
Ubc9 using siRNA or overexpressed it in HEK293T cells transfected
with SUMO1 and WT RBPJ plasmids, followed by SUMOylation
analysis. The result showed that knockdown of Ubc9 almost
abolished the SUMOylation band, while Ubc9 overexpression
significantly promoted RBPJ SUMOylation (Fig. 5D), suggesting
that Ubc9 mediates RBPJ SUMOylation.
To identify the exact lysine residues for SUMOylation, we

constructed a combination of triple-mutated plasmids (K195R/
K196R/K292R, K110R/K196R/K292R, K110R/K195R/K292R, and
K110R/K195R/K196R). It was noted that the SUMOylation levels
of cells transfected with either K195R/K196R/K292R or K110R/
K196R/K292R RBPJ plasmid were significantly reduced as

Fig. 1 Establishment and characterization of a DC-specific Ubc9 knockout mouse model. A Ubc9flox/flox mice were generated by inserting
two loxP sites in the same direction into intron sequences surrounding exons 2–4 of Ubc9 based on CRISPR technology, which could generate
a stop codon in exon 1 to produce a nonfunctional Ubc9 protein after Cre-mediated gene excision. Ubc9flox/flox mice were then crossed with
the Itgax-Cre transgenic mice to get the Itgax-Cre Ubc9flox/flox mice and their littermates for following studies. B Genotyping results of the Itgax-
Cre and flox alleles. C, D Western blot analysis of Ubc9 expression (C) and SUMOylated proteins (D) in BMDCs with or without LPS stimulation
for 24 h. E Total cellularity of the thymus, spleen, and mesenteric lymph nodes (MLNs). F Representative FACS plots and frequencies of
CD11c+MHC II+ cells in the spleen and MLNs of WT and KO mice. G MHC II expression in CD11c positive cells shown as median fluorescence
intensity (MFI). H, I Flow cytometry analysis of CD80 (H) and CD86 (I) on DCs from spleen and MLNs. (J) Representative FACS plots and
percentages of CD4 single positive, CD8 single positive, CD4/CD8 double positive, and CD4/CD8 double negative subsets in the thymus from
WT and KO mice. K Representative FACS plots and frequencies of CD4+ and CD8+ T cells in the spleen and MLNs. L Representative FACS plots
and percentages of CD44highCD62Llo and CD44loCD62Lhigh effector/naïve subpopulations gated on CD4+ T cells. M–O Representative FACS
plots and proportions of Foxp3+ cells (M), IFN-γ+ cells (N), and IL-17A+ (O) cells within the CD4+ T cell population in the spleen and MLNs.
n= 4 per group (E–O). Values are expressed as mean ± SEM. Significance was determined by one-way ANOVA in (C) and by unpaired Student’s
t test in (E–O). *p < 0.05; **p < 0.01; ***p < 0.001.
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compared to that of WT PBPJ transfected cells, while the
SUMOylated band was completely absent in cells transfected
with either K110R/K195R/K292R or K110R/K195R/K196R mutants
(Fig. 5E), indicating that K110 and K195 are likely the SUMOylation
sites. Indeed, once the cells transfected K110R/K195R mutant, the
SUMOylated RBPJ could not be detected (Fig. 5F). Sequence
alignment of RBPJ among species showed that K110 and K195 and
their surrounding amino acids were evolutionarily conserved (Fig.
5G), supporting that SUMOylation of K110 and K195 of RBPJ may
play a critical role to regulate DC function.

SUMOylation of RBPJ regulates MHC II expression by
enhancing Ciita transcription
To address the impact of SUMOylation on RBPJ, we first examined
RBPJ expression in DCs. RBPJ is highly expressed in BMDCs (Fig.
6A, lanes 1 and 3). Moreover, LPS potently induced RBPJ
expression, which was significantly attenuated in Ubc9 deficient
DCs (Fig. 6A, lanes 2 and 4). As the mRNA abundance of Rbpj was
similar between WT and KO BMDCs upon LPS stimulation (Fig. 6B),
we thus assumed that SUMOylation may stabilize RBPJ from
degradation. To address this question, HEK293T cells were
transfected with WT or MU plasmids, followed by cycloheximide
(CHX) treatment to inhibit protein synthesis. Indeed, the half-life of
mutant RBPJ was significantly shorter in comparison to that of WT
RBPJ protein (Fig. 6C), and this defect can be rescued by MG132
treatment (Fig. 6D). We then checked RBPJ ubiquitination in above
transfected HEK293T cells. Indeed, the MU plasmid transfected
cells displayed a higher level of the polyubiquitinated RBPJ than
that of WT plasmid transfected cells in the presence of MG132
(Fig. 6E), supporting that SUMOylation protects RBPJ from

proteasome-mediated degradation. In consistent with the results
in HEK293T cells, increased ubiquitination level of RBPJ was also
detected in Ubc9-/- DCs (Fig. 6F).
Given that the transcription of MHC II genes is controlled by a

group of ubiquitously expressed factors including regulatory factor
X (RFX), cAMP-responsive element binding protein (CREB1), and
nuclear factor Y (NFY), and all of which act in concert with the MHC
II transactivator Ciita (Fig. 6G) [14], we thus conducted comparative
analysis of these transcription regulators. Interestingly, Ciita was
identified to be the most significant one downregulated in Ubc9
deficient BMDCs (Fig. 6H), and Western blot analysis of Ciita
confirmed a significantly lower protein expression level in KO
BMDCs (Fig. 6I). To address whether RBPJ mediates Ciita
transcription which is regulated by SUMOylation, we conducted
in silico analysis and characterized two RBPJ binding sites within
the Ciita promoter region (Fig. 6J). Indeed, chromatin immunopre-
cipitation (ChIP)-PCR verified that RBPJ binds to the regions
flanking the above indicated putative sites (Fig. 6K). Furthermore,
less amount of RBPJ was recruited to the Ciita promoter in KO
BMDCs than that in WT BMDCs, especially in the presence of LPS
(Fig. 6L). Consistently, luciferase reporter assay confirmed that the
transcriptional activity of RBPJ was attenuated in cells transfected
with MU plasmid than those transfected with WT plasmid (Fig. 6M).
Furthermore, HEK293T cells transfected with WT or MU plasmid
exhibited comparable luciferase activity in the presence of MG132,
indicating that the attenuated transcriptional activity of MU RBPJ
was caused by its enhanced degradation rather than by its reduced
binding ability to the Ciita promoter (Fig. 6N).
Since repressed MHC class II expression along with lower

capability for antigen processing were observed in KO DCs, we

Fig. 2 Mice with specific Ubc9 deficiency in DCs are protected from DSS-induced colitis. A Body weight changes for WT and KO mice that
challenged with DSS in drinking water. B The disease activity index (DAI) in mice after DSS administration. C, D Representative image of the
colons (C) and graph showing colon lengths (D) on day 10 following DSS challenge. E Representative H&E staining of colons 10 days after DSS
induction. F Graph summarizing histological severity score. G Representative results of immunohistochemical staining for MPO in sections of
the colon. H–K Analysis of plasma IL-1β (H), IL-6 (I), TNF-α (J), and IL-17A (K) levels between DSS-challenged WT and KO mice (n= 4 for each
group). Scale bars: 100 μm (E); 50 μm (G). Original magnification: ×200 (E); ×400 (G). Values are represented as mean ± SEM and unpaired
Student’s t test was employed for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001.
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employed DCs for the rescue assays. Indeed, reintroduction of RBPJ
or Ciita restored the deficit in Ubc9-/- DCs (Fig. 6O, P). Collectively,
those data support that Ubc9-mediated SUMOylation stabilizes
RBPJ from ubiquitin-mediated degradation to enhance Ciita
transcription, which then transcribes MHC II expression in DCs.

DCs deficient in Ubc9 manifest reduced capacity to prime
T cells
Finally, we checked the impact of Ubc9 deficiency on the
capability of DCs to prime CD4+ T cells. For this purpose, OT-II
transgenic mice were employed for the study. As expected,
OVA(323–339)-pulsed BMDCs from KO mice were less capable of
inducing the expression of activation markers CD25 (Fig. 7A) and
CD69 (Fig. 7B) on OT-II T cells, along with a reduced capacity to
initiate OT-II T cell proliferation (Fig. 7C). Moreover, KO DCs
manifested markedly decreased capability to prime OVA peptide-
specific CD4+ T cells in the recipient mice, as evidenced by the
significantly attenuated proliferation (Fig. 7D). To determine
whether Ubc9 deficiency influences T cell polarization program,
we cultured OVA-pulsed WT and KO DCs with naive OT-II T cells
under Th1, Th17, and Treg conditions, respectively. Compared to
WT DCs, KO DCs induced lower percentages of Th1 (Fig. 7E) and
Th17 (Fig. 7F) cells, but no discernable difference was detected in
terms of the induction of Treg cells (Fig. 7G). Next, we adoptively
transferred naive OT II CD4+ T cells into the recipient mice,
followed by immunization with OVA-pulsed WT or KO DCs one
day later, and similar results were noted (Fig. 7H–J). Altogether,
our data support that Ubc9 plays an essential role in DCs to prime
CD4+ T cells.

DISCUSSION
DCs represent a major type of innate immune cells to perceive
tissue damage and pathogen invasion, and excess activation of T
cells stimulated by mature DCs is closely associated with various
pathological conditions. Previous studies have demonstrated
convincing evidence that manipulation of DC function is a
promising strategy to attenuate the severity of several inflamma-
tory and autoimmune diseases [15–17]. Therefore, a number of
clinical trials were carried out in colitis, arthritis, and multiple
sclerosis by targeting DCs [18–21]. Presentation of antigen-derived
peptides by MHC class II operates at the epicenter of immunity,
connecting phagocytosis and microbial clearance with T cell
activation and differentiation. Genome-wide association study
(GWAS) identified multiple human leukocyte antigen (HLA) alleles
confer risk to IBD susceptibility [22, 23]. However, the detailed
regulatory mechanisms underlying MHC II expression in APCs,
particularly in DCs, are yet to be fully addressed. In this report, we
demonstrated an essential role of Ubc9-mediated SUMOylation in
regulating MHC II expression in DCs, by which SUMOylation
enhances the capability of DCs to prime T cell response
predisposing to the development and progression of DSS-
induced colitis.
Of note, comparative analysis of serum inflammatory cytokines

revealed lower IL-6 and TNF-α in the KO mice 10 days after DSS
induction. As adaptive immune response had been initiated at
current stage, we conducted intracellular staining of IL-6 and TNF-
α on DCs versus T cells to explore the source of reduced
circulating IL-6 and TNF-α. A significant decrease of IL-6 and TNF-α
was only observed in the MLN T cells of KO mice, but no

Fig. 3 DCs deficient in Ubc9 manifest repressed MHC class II expression along with lower antigen processing capability. A–C Single-cell
suspension was prepared from mouse spleen and MLNs on day 10 of DSS induction, and subject to flow cytometry analysis of MHC class II (A),
CD80 (B), and CD86 (C) expression in DCs. The MFI values are shown as bar graphs. n= 4 for each group. D Flow cytometry analysis of CD11c
expression in BMDCs. E Frequencies of MHC II+ DCs from BMDC cultures of WT and KO mice, either left unstimulated or treated with LPS for
24 h. F–H FACS analysis of the expression of CD40 (F), CD80 (G), and CD86 (H) by WT and KO BMDCs treated with medium alone or LPS for
24 h. I mRNA expression of MHC II-related genes in LPS-stimulated WT and KO BMDCs. J Uptake of FITC-Dextran in BMDCs by flow cytometry
analysis. K Antigen processing was determined by measurement of the fluorescence upon proteolytic degradation of the self-quenched
conjugate DQ-OVA. Data are shown as mean ± SEM of 3 (D–J) or 4 (K) independent experiments. Statistical significance was accessed by
unpaired Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 4 Loss of Ubc9 decreases CD4+ effector T cells in the MLNs and colonic tissues of mice with IBD onset. Single-cell suspension was
prepared from mouse spleen, MLNs, and colonic tissues on day 10 of DSS induction and subject to flow cytometry analysis.
A–C Representative FACS plots and frequencies of CD44highCD62Llo and CD44loCD62Lhigh cells (A), IFN-γ+ and IL-17A+ cells (B), and Foxp3+

cells (C) gated on CD4+ splenocytes. n= 4 per group. D–F Representative FACS plots and percentages of CD44highCD62Llo and
CD44loCD62Lhigh cells (D), IFN-γ+ and IL-17A+ cells (E), and Foxp3+ cells (F) within the CD4+ T cell population in the MLNs. n= 5 per group.
(G–J) Representative FACS plots and proportions of CD44highCD62Llo and CD44loCD62Lhigh cells (G), Foxp3+ cells (H), IFN-γ+ cells (I), and IL-
17A+ cells (J) in CD4+ T cells of colonic tissues. n= 5 per group. Data are expressed as mean ± SEM. Statistical difference was determined by
unpaired Student’s t test. *p < 0.05; **p < 0.01.

Fig. 5 Ubc9 mediates SUMOylation of RBPJ. A A cut-off was set up (LPS-stimulated group versus unstimulated group) as fold changes for
quantitative analysis. GO enrichment-based clustering was applied to analyze the biological process of potential SUMOylated proteins.
B Predicted SUMOylation sites in RBPJ. C Assay for the SUMOylation of RBPJ in HEK293T cells transfected with plasmids encoding Flag-tagged
WT RBPJ or lysine-to-arginine RBPJ mutant, together with plasmid encoding SUMO1. D SUMOylation analysis using HEK293T cells transfected
with the indicated vectors. E RBPJ SUMOylation assay using HEK293T cells co-transfected with WT RBPJ or its triple mutant variants and
SUMO1. F WT RBPJ or K110R/K195R mutant RBPJ were individually transfected with SUMO1 into HEK293T cells for RBPJ SUMOylation assay.
G Sequence alignment surrounding K110 and K195 in RBPJ from the indicated species. Data are representative of three independent
experiments in (C–F).
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significant difference was detected in DCs, implying that T cells are
the primary contributor to the decreased IL-6 and TNF-α levels.
This observation is in fact consistent with the reduced capacity of
Ubc9-/- DCs to prime T cells coupled with less severity of colitis.
To get insight into the mechanisms by which Ubc9-mediated

SUMOylation promotes MHC II expression in DCs, we compara-
tively analyzed the endogenous SUMOylated substrates in DCs
before/after LPS stimulation by MS, and RBPJ was identified as the
most significant one following LPS stimulation. As a transcriptional
factor, RBPJ is a key nuclear mediator of the canonical Notch
pathway and involved in the development and function of a

diversity of innate and adaptive immune cells [24]. There is
feasible evidence that RBPJ plays an essential for DCs to evoke
efficient anti-tumor immune response through affecting series of
processes including maturation, migration, antigen presentation,
and T cell activation [25]. For example, deletion of RBPJ in DCs
compromises TLR-mediated DC activation [6, 26] along with
reduced capability to stimulate T cell proliferation [25]. We thus
embarked on RBPJ and confirmed that it is a substrate for Ubc9-
mediated SUMOylation. Specifically, we demonstrated that K110
and K195 are the two lysine residues subjected to Ubc9-mediated
SUMOylation. To investigate the effect of SUMOylation on RBPJ

Fig. 6 Ubc9-mediated SUMOylation stabilizes RBPJ from ubiquitin-mediated degradation to enhance Ciita transcription. A Western blot
analysis of RBPJ expression in BMDCs before and after LPS stimulation. B RT-PCR results for Rbpj expression in BMDCs treated with vehicle or
LPS for 6 h. C, D HEK293T cells were transfected with plasmids expressing Flag-tagged RBPJ in the presence of CHX for indicated time, and
Western blot analysis was conducted to analyze the half-life of RBPJ. Proteasome inhibitor MG132 was added in (D). E Results of an
ubiquitination assay. The Flag immunoprecipitates were probed with an ubiquitin antibody for analysis of RBPJ ubiquitination. F RBPJ
ubiquitination assay using WT and KO BMDCs. G A model depicting the transcriptional regulation of MHC class II genes. H RT-PCR analysis of
relative mRNA levels of MHC II regulatory factors in BMDCs at stimulated state. I Western blot analysis of Ciita expression in BMDCs after LPS
stimulation. J The predicted RBPJ binding sites within the Ciita promoter. K ChIP-PCR results for the analysis of RBPJ binding capability to the
Ciita promoter. L ChIP-qPCR was performed for RBPJ in the Ciita promoter in WT and KO BMDCs treated with or without LPS. M Relative
luciferase activity in HEK293T cells co-transfected with WT or MU RBPJ and SUMO1. N Dual-luciferase reporter assay performed as in (M) in the
presence of MG132. O, P BMDCs were transduced with vector, WT RBPJ or Ciita adenovirus as indicated. Results for flow cytometry analysis of
MHC class II expression (O) and antigen processing capability (P). All experiments were repeated independently 3 times. Values were
expressed as mean ± SEM. Statistical significance was analyzed by one-way ANOVA in (O and P) and by unpaired Student’s t test in other figure
parts. *p < 0.05; **p < 0.01; ***p < 0.001.
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function, we generated a MU plasmid in which the SUMOylated
lysine residues were replaced by arginine. Subsequent studies
provided experimental evidence that SUMOylation stabilizes RBPJ
from ubiquitin-mediated degradation, thereby enhancing its
transcriptional activity.
Generally, MHC class II is constitutively expressed in DCs in the

steady-state condition but markedly enhanced during DC activa-
tion and maturation. The expression of MHC class II is exquisitely
controlled at the transcriptional levels [27]. The promoters of MHC
II and related genes are featured by the presence of a highly
conserved W/SXY module. The X1 box is recognized by RFX, a
trimeric complex composed of RFX5, RFXANK, and RFXAP. The X2
box is bound by X2BP, a complex that contains CREB. Lastly, the
trimeric NF-Y complex, made up of NF-YA, NF-YB, and NF-YC,
binds to the Y box [28]. All of these factors bind cooperatively to
the cis-regulatory elements of MHC II promoters to form an
enhanceosome complex, which serves as a landing pad for Ciita.
Our current results showed that Ciita rather than genes encoding
for other transcription regulators was the mostly affected in Ubc9
deficient DCs, and it is therefore, plausible to assume that the
reduction of Ciita resulted from Ubc9 deficiency contributes to the
decline of the expression of MHC II genes. In support of this
assumption, CIITA variants were found to be associated with IBD
susceptibility in Asians [29].
The next key question is whether RBPJ transcribes Ciita

expression and whether this process is regulated by Ubc9-
mediated SUMOylation. In silico analysis of Ciita promoter
characterized two potential RBPJ binding motifs located at
positions −1956 and −169 bp (start codon as +1). ChIP assay
was then performed and demonstrated that RBPJ bound to these
two sites. Moreover, transfection of WT Rbpj was found to potently
drive the Ciita reporter gene expression. In sharp contrast, analysis
of the luminescence intensity revealed that the expression of the
Ciita reporter gene was substantially reduced once the Mu Rbpj
plasmid was transfected, supporting that SUMOylation of RBPJ
enhances Ciita transcription to regulate MHC II expression in DCs.
In summary, our studies demonstrated that Ubc9 plays a critical

role to regulate DC activation by enhancing MHC II expression,
thereby predisposing to the initiation and progression of DSS-

induced colitis. Mechanistically, Ubc9 mediates SUMOylation of
RBPJ, by which it stabilizes RBPJ from ubiquitin-mediated
degradation to enhance its transcriptional activity, while Ciita, a
critical transcription factor, is a direct target downstream of RBPJ,
which forms an enhanceosome complex to transcribe the
expression of MHC II genes. Therefore, loss of Ubc9 abolishes
RBPJ SUMOylation, which is coupled with reduced Ciita transcrip-
tion, thereby attenuating the expression of MHC class II genes. As
a consequence of defective MHC II expression, the KO DCs were
featured by the impaired capability to process antigen and to
prime effector CD4+ T cells, thereby protecting mice from DSS-
induced colitis. Together, our results shed novel insight into the
understanding of SUMOylation in the regulation of DC functions in
pathological conditions.

MATERIALS AND METHODS
Mice
The Ubc9flox/flox (Ubc9f/f) mice were generated as described previously [13].
The Itgax-Cre transgenic mice and OT-II TCR transgenic mice were
purchased from the Jackson’s Laboratory (Bar Harbor, ME, USA). Itgax-
Cre Ubc9f/f mice were generated by crossing the Itgax-Cre mice with Ubc9f/f

mice for specific deletion of Ubc9 in DCs, and their Ubc9f/f littermates were
used as controls. C57BL/6 mice were purchased from Beijing HFK
Bioscience (Beijing, China). All mice were bred in a specific pathogen-
free (SPF) facility at the Tongji Hospital Animal Center with a 12-h light/12-
h dark cycle. All protocols for animal studies were approved by the Tongji
Hospital Animal Care and Use Committee (TJH-202005007) in accordance
with the National Institutes of Health (NIH) guidelines. No randomization or
blinding was used in animal studies.

Western blot analysis and RT-PCR
Cells were lysed in RIPA lysis buffer (P0013B; Beyotime, Shanghai, China)
containing protease inhibitors (Roche, IN, USA). Equal amounts of lysates
were separated with SDS-PAGE and then transferred onto polyvinylidene
difluoride membranes (Bio-Rad Laboratories, Hercules, Calif). After blocking
with 5% nonfat milk for 1 h, the membrane was incubated with primary
antibodies overnight at 4 °C, respectively. Antibody against DYKDDDDK
Tag (2368S) was obtained from the Cell Signaling Technology (Danvers,
MA, USA); antibody against Ciita (A16401) was ordered from Abclonal
(Wuhan, China); antibodies against SUMO1 (10329-1-AP) and β-Actin

Fig. 7 DCs deficient in Ubc9 manifest impaired capability to prime CD4 T cells. A, B Flow cytometry analysis of T cell activation markers
CD25 (A) and CD69 (B) on CD4+ OT-II T cells 24 h after co-culture with OVA(323–339) peptide-pulsed BMDCs. C Proliferation of CFSE-labeled OT-II
CD4+ T cells co-cultured with OVA peptide-pulsed DCs. D In vivo proliferation of OT-II CD4+ T cells in recipient mice immunized with OVA
peptide-pulsed WT or KO BMDCs. E–G Proportions of IFN-γ+ cells (E), IL-17A+ cells (F), and Foxp3+ cells (G) after co-culture of OT-II naive CD4+

T cells with OVA peptide-pulsed BMDCs under Th1, Th17, and Treg conditions for 3 days. H–J In vivo polarization of OT-II naive CD4+ T cells to
Th1 (H), Th17 (I), and Treg (J) cells in recipients immunized with OVA peptide-pulsed WT or KO DCs. Results are representative of 3
independent replications (A–C and E–G). N= 3 for each group in figures (D) and (H–J). Data are presented as mean ± SEM, and unpaired
Student’s t test was used for data analysis. *p < 0.05; **p < 0.01; ***p < 0.001.

J. Zhang et al.

8

Cell Death and Disease          (2023) 14:737 



(66009-1-Ig) were originated from Proteintech (Wuhan, China); and
antibodies against Ubc9 (sc-271057) and RBPJK (ab25949) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Abcam
(Cambridge, MA, USA), respectively. After incubation for 1 h at room
temperature with HRP-conjugated secondary antibodies, signals were
visualized by enhanced ECL (E412-01; Vazyme, Nanjing, China) and were
exposed on the ChemiDoc XRS+ system (Bio-Rad) or to X-ray film.
Densitometry analysis was performed using the Image J 1.46r software.
Total RNA was extracted from DCs with the RNAiso Plus (9109; TaKaRa,

Japan), and reverse transcription was conducted using a RevertAid First
Strand cDNA Synthesis Kit (K1622; Thermo Fisher, San Francisco, CA, USA)
following the manufacturer’s instructions. RT-PCR was then performed
using the Hieff qPCR SYBR Green Master Mix (11203ES03; Yeasen, Shanghai,
China) on an ABI prism 7500 Sequence Detection System (Applied
Biosystems, CA, USA). The relative expression levels for each target gene
were calculated with the 2−ΔΔCt method and normalized by Actb. Primer
sequences for all examined genes are listed in Supplementary Table 1.

Flow cytometry analysis
Single-cell suspension was prepared from mouse spleen, LNs, and colonic
tissues or recovered from cell cultures. Cell surface markers were stained in
PBS containing 1% BSA with relevant antibodies at 4 °C for 30min.
Intracellular staining was performed according to the manufacturer’s
instructions for the Transcription Factor Buffer Set (562574; BD Biosciences,
San Diego, CA, USA) with indicated antibodies. For intracellular cytokine
staining, cells were first stimulated with Cell Activation Cocktail (with
Brefeldin A) (423303; Biolegend, San Diego, CA, USA) for 4–6 h. The
following antibodies were used for the studies: FITC anti-mouse CD11c
(117306), Pacific Blue anti-mouse I-A/I-E (107620), PE/Cy7 anti-mouse CD86
(105014), APC anti-mouse CD40 (124612), FITC anti-mouse CD4 (100406),
PerCP anti-mouse CD8a (100731), APC anti-mouse CD62L (104412), PE anti-
mouse/human CD44 (103008), PE anti-mouse CD25 (113704), APC anti-
mouse CD69 (104514), PE/Cy7 anti-mouse IFN-γ (505826), Brilliant Violet
421 anti-mouse IL-17A (506926), Alexa Fluor 647 anti-mouse/rat/human
FOXP3 (320014), Brilliant Violet 421 anti-mouse CD3ε (100336), PE/Cy7
anti-mouse CD11c (117318), PE anti-mouse IL-6 (504503), and APC anti-
mouse TNF-α (506307) from Biolegend (San Diego, CA, USA); and PE
hamster anti-mouse CD80 (553769) from BD Biosciences (San Diego, CA,
USA). All flow samples were acquired using a MACSQuant (Miltenyi Biotec,
Auburn, CA, USA). Data were analyzed with FlowJo software (v10.5.3).

DSS-induced colitis
Acute DSS-induced colitis was induced using established techniques [30].
Briefly, 8–10-week-old male mice were fed with 3% DSS (160110; MP
Biomedicals, San Francisco, CA, USA) in drinking water for 7 days followed
by 3 days of normal drinking water. During the course of experiment,
diarrhea, weight change, and rectal bleeding were monitored daily, and
disease activity index (DAI) was assessed for each animal for severity of
colitis as previously described [31]. All mice were sacrificed at day 10, and
the spleen, MLNs, and colonic tissues were collected for further analysis.

Histological and immunohistochemical analysis
The colonic tissues were fixed in fresh 4% paraformaldehyde overnight,
embedded in paraffin, and sectioned for staining with hematoxylin and
eosin (H&E). The severity of colon inflammation was assessed in a blinded
fashion by two pathologists using the previously described scoring system
[32]. For immunohistochemical analysis, the sections (4 μm) were probed
with antibody against MPO (GB12224; Servicebio, Wuhan, China), followed
by counterstained with Harris’ hematoxylin as reported [33].

Antigen uptake and processing assays
To assess the ability of DCs to uptake antigens, 5 × 105 cells were
suspended in 100 μl of culture medium and incubated with FITC-dextran
(m.w. 70,000, D1951; Molecular Probes, Eugene, OR) for 30min at 4 °C or
37 °C. Antigen uptake was terminated by rapid cooling of the cells on ice
followed by washes with ice-cold PBS. Cells were then subjected to flow
cytometry analysis.
Antigen processing was determined as previously reported [34]. Briefly,

5 × 105 DCs were incubated at 4 °C or 37 °C with DQ-OVA (Molecular
Probes, Eugene, OR), which was conjugated with a self-quenched
fluorophore derivative that exhibits bright green fluorescence upon
proteolytic degradation. After 30 min, the cells were washed and analyzed
by flow cytometry.

DC-T cell co-culture
Naive T cells were enriched from the spleen of OT-II mice with a Naive
CD4+ T Cell Isolation Kit for mouse (130-104-453; Miltenyi Biotec, Auburn,
CA, USA) and labeled with CFSE. LPS-activated DCs was pulsed with
OVA323–339 (O1641; Sigma-Aldrich, St. Louis, MO, USA) for 2 h and then co-
cultured with OVA-specific transgenic CD4+ OT-II T cells at a ratio of 1:5. T
cell proliferation was measured after 3 days by flow cytometry as the
dilution of CFSE. For polarization assay, the following lineage-commitment
cocktails were added: Th1, 10 ng/ml IL-2 (575404; Biolegend, San Diego,
CA, USA)+ 10 ng/ml IL-12 (577004; Biolegend); Th17, 50 ng/ml IL-6
(575704; Biolegend)+ 2 ng/ml TGF-β (100-21; PeproTech, Rocky Hill,
Connecticut, USA)+ 10 μg/ml anti-IFN-γ (505848; Biolegend)+ 10 μg/ml
anti-IL-4 (504102; Biolegend); Treg, 10 ng/ml IL-2+ 5 ng/ml TGF-β. Three
days later, the cells were harvested for flow cytometry analysis.

In vivo T cell proliferation assay
CFSE-labeled naive OT-II CD4+ T cells were injected i.v. into recipient mice
(2 × 106 cells/mouse). One day later, BMDCs from WT or KO mice pulse with
OVA(323–339) for 2 h were transferred subcutaneously into the hind footpads
of the recipients (6 × 105 cells/mouse). After 3 days, popliteal lymph nodes
were collected, and the percentage of CFSE+ cells was analyzed.

SUMOylation analysis
HEK293T cells (ATCC, free for mycoplasma and authenticated by STR profiling)
were transfected with plasmids containing SUMO1 and Flag tagged RBPJ. The
cells were harvested 48 h after transfection, washed with ice-cold PBS, and
lysed on ice for 30min in IP lysis buffer (P0013; Beyotime, Shanghai, China)
containing protease inhibitors, phosphatase inhibitors (G2007; Servicebio,
Wuhan, China), 20 mM N-ethylmaleimide (Sigma, St Louis, MO, USA), and
1mM PMSF (G2008; Servicebio, Wuhan, China). Cell lysates were cleared by
centrifugation, and supernatants were incubated with 5 µg of indicated
antibodies overnight and immunoprecipitated for an additional 4 h at 4 °C
with Dynabeads Protein G (10004D; Invitrogen, Carlsbad, CA). The samples
were next used for Western blot analysis with the appropriate antibodies.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed using the ChIP Assay Kit (P2078; Beyotime,
Shanghai, China) as previously reported [35]. In brief, 2 × 106 BMDCs were
cross-linked with 1% formaldehyde for 10min followed by sonication on ice.
The sonicated supernatants were incubated with antibodies against RBPJ
overnight at 4 °C with rotation, and normal rabbit IgG (30000-0-AP; Proteintech,
Wuhan, China) was used as a negative control. The immune complexes were
then immunoprecipitated with salmon sperm DNA/protein A+G agarose
slurry for 1 h and eluted out after washes. The eluted DNA was purified using a
PCR Purification Kit (Qiagen, Redwood, CA, USA) and subjected to PCR analysis.
Primer sequences used in the ChIP assay are listed in Supplementary Table 2.

Dual-luciferase reporter assay
The Ciita promoter regions flanking the putative RBPJ binding sites were
amplified from mouse genomic DNA and sub-cloned into a pGL-3 vector.
HEK293T cells were co-transfected with luciferase reporter plasmids and a
control renilla luciferase reporter vector (20:1). Forty-eight hours post
transfection, the relative luciferase activities were accessed using a Dual-
Luciferase Reporter Assay System Kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions.

Statistical analysis
The sample sizes were empirically determined by consulting relevant studies
(including animal studies). Exclusion criteria were pre-established before the
experiments. If an animal was in an abnormal state (such as death), the
corresponding data were excluded. All in vitro studies were conducted with
at least 3 independent replications. Data were expressed as mean ± SEM, and
their comparisons were accomplished using the Student’s t test or one-way
ANOVA where applicable. All statistical analyses were carried out using the
GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA). In all
cases, p values of less than 0.05 were considered as statistically significant.

DATA AVAILABILITY
All data that support the findings of this study are present in the paper and/or
Supplementary Information. Additional data related to this paper are available from
the corresponding authors upon reasonable request.

J. Zhang et al.

9

Cell Death and Disease          (2023) 14:737 



REFERENCES
1. Lee H, Jeon JH, Lee YJ, Kim MJ, Kwon WH, Chanda D, et al. Inhibition of pyruvate

dehydrogenase kinase 4 in CD4(+) T cells ameliorates intestinal inflammation.
Cell Mol Gastroenterol Hepatol. 2023;15:439–61.

2. Chang JT. Pathophysiology of inflammatory Bowel diseases. N Engl J Med.
2020;383:2652–64.

3. Neurath MF. Targeting immune cell circuits and trafficking in inflammatory bowel
disease. Nat Immunol. 2019;20:970–9.

4. He Q, Gao H, Chang YL, Wu X, Lin R, Li G, et al. ETS-1 facilitates Th1 cell-mediated
mucosal inflammation in inflammatory bowel diseases through upregulating
CIRBP. J Autoimmun. 2022;132:102872.

5. Qian C, Cao X. Dendritic cells in the regulation of immunity and inflammation.
Semin Immunol. 2018;35:3–11.

6. Chen YR, Feng F, Wang L, Qu SY, Zhang ZQ, Liu L, et al. Deletion of RBP-J in
dendritic cells compromises TLR-mediated DC activation accompanied by
abnormal cytoskeleton reorganization. Mol Biol Rep. 2013;40:1531–9.

7. Liu J, Cao X. Regulatory dendritic cells in autoimmunity: a comprehensive review.
J Autoimmun. 2015;63:1–12.

8. Murphy TL, Grajales-Reyes GE, Wu X, Tussiwand R, Briseno CG, Iwata A, et al.
Transcriptional control of dendritic cell development. Annu Rev Immunol.
2016;34:93–119.

9. Li N, Zhang S, Xiong F, Eizirik DL, Wang CY. SUMOylation, a multifaceted reg-
ulatory mechanism in the pancreatic beta cells. Semin Cell Dev Biol.
2020;103:51–8.

10. Sun F, Wang FX, Zhu H, Yue TT, Yang CL, Luo JH, et al. SUMOylation of PDPK1 is
required to maintain glycolysis-dependent CD4 T-cell homeostasis. Cell Death
Dis. 2022;13:181.

11. Wang F, Sun F, Luo J, Yue T, Chen L, Zhou H, et al. Loss of ubiquitin-conjugating
enzyme E2 (Ubc9) in macrophages exacerbates multiple low-dose streptozoto-
cin-induced diabetes by attenuating M2 macrophage polarization. Cell Death Dis.
2019;10:892.

12. Decque A, Joffre O, Magalhaes JG, Cossec JC, Blecher-Gonen R, Lapaquette P,
et al. Sumoylation coordinates the repression of inflammatory and anti-viral
gene-expression programs during innate sensing. Nat Immunol. 2016;17:
140–9.

13. He X, Lai Q, Chen C, Li N, Sun F, Huang W, et al. Both conditional ablation and
overexpression of E2 SUMO-conjugating enzyme (UBC9) in mouse pancreatic
beta cells result in impaired beta cell function. Diabetologia. 2018;61:881–95.

14. Buxade M, Huerga Encabo H, Riera-Borrull M, Quintana-Gallardo L, Lopez-
Cotarelo P, Tellechea M, et al. Macrophage-specific MHCII expression is regulated
by a remote Ciita enhancer controlled by NFAT5. J Exp Med. 2018;215:2901–18.

15. Kool M, van Loo G, Waelput W, De Prijck S, Muskens F, Sze M, et al. The ubiquitin-
editing protein A20 prevents dendritic cell activation, recognition of apoptotic
cells, and systemic autoimmunity. Immunity. 2011;35:82–96.

16. Thomas R. Dendritic cells as targets or therapeutics in rheumatic autoimmune
disease. Curr Opin Rheumatol. 2014;26:211–8.

17. Gonzalez-Rey E, Delgado M. Therapeutic treatment of experimental colitis with
regulatory dendritic cells generated with vasoactive intestinal peptide. Gastro-
enterology. 2006;131:1799–811.

18. Iwakami Y, Sakuraba A, Sato T, Takada Y, Izumiya M, Ichikawa H, et al. Granulocyte
and monocyte adsorption apheresis therapy modulates monocyte-derived den-
dritic cell function in patients with ulcerative colitis. Ther Apher Dial.
2009;13:138–46.

19. Karnell JL, Wu Y, Mittereder N, Smith MA, Gunsior M, Yan L, et al. Depleting
plasmacytoid dendritic cells reduces local type I interferon responses and disease
activity in patients with cutaneous lupus. Sci Transl Med. 2021;13:eabf8442.

20. Bell GM, Anderson AE, Diboll J, Reece R, Eltherington O, Harry RA, et al. Auto-
logous tolerogenic dendritic cells for rheumatoid and inflammatory arthritis. Ann
Rheum Dis. 2017;76:227–34.

21. Zubizarreta I, Florez-Grau G, Vila G, Cabezon R, Espana C, Andorra M, et al.
Immune tolerance in multiple sclerosis and neuromyelitis optica with peptide-
loaded tolerogenic dendritic cells in a phase 1b trial. Proc Natl Acad Sci USA.
2019;116:8463–70.

22. Goyette P, Boucher G, Mallon D, Ellinghaus E, Jostins L, Huang H, et al. High-
density mapping of the MHC identifies a shared role for HLA-DRB1*01:03 in
inflammatory bowel diseases and heterozygous advantage in ulcerative colitis.
Nat Genet. 2015;47:172–9.

23. Lee JC, Biasci D, Roberts R, Gearry RB, Mansfield JC, Ahmad T, et al. Genome-wide
association study identifies distinct genetic contributions to prognosis and sus-
ceptibility in Crohn’s disease. Nat Genet. 2017;49:262–8.

24. Shang Y, Smith S, Hu X. Role of Notch signaling in regulating innate immunity
and inflammation in health and disease. Protein Cell. 2016;7:159–74.

25. Feng F, Wang YC, Hu XB, Liu XW, Ji G, Chen YR, et al. The transcription factor RBP-
J-mediated signaling is essential for dendritic cells to evoke efficient anti-tumor
immune responses in mice. Mol Cancer. 2010;9:90.

26. Wang YC, Hu XB, He F, Feng F, Wang L, Li W, et al. Lipopolysaccharide-induced
maturation of bone marrow-derived dendritic cells is regulated by notch
signaling through the up-regulation of CXCR4. J Biol Chem. 2009;284:
15993–6003.

27. Leon Machado JA, Steimle V. The MHC class II transactivator CIITA: not (quite) the
odd-one-out anymore among NLR proteins. Int J Mol Sci. 2021;22:1074.

28. LeibundGut-Landmann S, Waldburger JM, Krawczyk M, Otten LA, Suter T, Fon-
tana A, et al. Mini-review: Specificity and expression of CIITA, the master regulator
of MHC class II genes. Eur J Immunol. 2004;34:1513–25.

29. Hong M, Ye BD, Yang SK, Jung S, Lee HS, Kim BM, et al. Immunochip meta-
analysis of inflammatory Bowel disease identifies three novel loci and four novel
associations in previously reported loci. J Crohns Colitis. 2018;12:730–41.

30. Fu X, Sun F, Wang F, Zhang J, Zheng B, Zhong J, et al. Aloperine protects mice
against DSS-induced colitis by PP2A-mediated PI3K/Akt/mTOR signaling sup-
pression. Mediators Inflamm. 2017;2017:5706152.

31. Liu X, Fang Y, Lv X, Hu C, Chen G, Zhang L, et al. Deubiquitinase OTUD6A in
macrophages promotes intestinal inflammation and colitis via deubiquitination
of NLRP3. Cell Death Differ. 2023;30:1457–71.

32. Lu S, Na K, Wei J, Tao T, Zhang L, Fang Y, et al. Alginate oligosaccharide structures
differentially affect DSS-induced colitis in mice by modulating gut microbiota.
Carbohydr Polym. 2023;312:120806.

33. Chen L, Zhang J, Zou Y, Wang F, Li J, Sun F, et al. Kdm2a deficiency in macro-
phages enhances thermogenesis to protect mice against HFD-induced obesity by
enhancing H3K36me2 at the Pparg locus. Cell Death Differ. 2021;28:1880–99.

34. Yang H, Qiu Q, Gao B, Kong S, Lin Z, Fang D. Hrd1-mediated BLIMP-1 ubiquiti-
nation promotes dendritic cell MHCII expression for CD4 T cell priming during
inflammation. J Exp Med. 2014;211:2467–79.

35. Huang T, Song J, Gao J, Cheng J, Xie H, Zhang L, et al. Adipocyte-derived
kynurenine promotes obesity and insulin resistance by activating the AhR/STAT3/
IL-6 signaling. Nat Commun. 2022;13:3489.

ACKNOWLEDGEMENTS
We are grateful to Siqian Liu, Danni Song, and Wenye Mo from the Center for
Biomedical Research, Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology for breeding the mice for our studies.

AUTHOR CONTRIBUTIONS
JZ, LC, and QX were responsible for performing the majority of the experiments and
data analyses and wrote the manuscript. YZ, FS, and QZ were involved in histological
analysis, immunohistochemical staining, and Western blot. XL, YL, and CC provided
help for RT-PCR and flow cytometry. SZ, FX, and PY were involved in study design and
review of the paper. SL and C-YW contributed to the study design and paper
preparation. All authors were involved in drafting the article or revising the
manuscript critically, and all authors gave their approval for the final paper to be
published.

FUNDING
Our study was supported by the National Key R&D Program of China
(2022YFA0806101) from the Ministry of Science and Technology of China, the
National Natural Science Foundation of China (82130023, 81920108009, 82100892,
82070808, 81873656, 82100823, 82100931, 91749207, 81770823, 82200923,
82270885 and 81800068), Department of Science and Technology of Hubei Province
Program Project (2020DCD014 and 2022CFB739), the Postdoctoral Science Founda-
tion of China (54000-0106540081 and 54000-0106540080), Hubei Health Committee
Program (WJ2021ZH0002), the Integrated Innovative Team for Major Human Diseases
Program of Tongji Medical College, Huazhong University of Science and Technology,
and the Innovative Funding for Translational Research from Tongji Hospital.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All protocols for animal studies were approved by the Tongji Hospital Animal Care
and Use Committee (TJH-202005007) in accordance with the National Institutes of
Health (NIH) guidelines.

J. Zhang et al.

10

Cell Death and Disease          (2023) 14:737 



ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06266-1.

Correspondence and requests for materials should be addressed to Shiwei Liu or
Cong-Yi Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

J. Zhang et al.

11

Cell Death and Disease          (2023) 14:737 

https://doi.org/10.1038/s41419-023-06266-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ubc9 regulates the expression of MHC II in dendritic cells to enhance DSS-induced colitis by mediating RBPJ SUMOylation
	Introduction
	Results
	Generation of a DC-specific Ubc9 deficient mouse�model
	DCs deficient in Ubc9 protect mice from DSS-induce colitis
	DCs deficient in Ubc9 exhibit repressed MHC class II expression along with lower capability for antigen processing
	Ubc9 deficiency decreases CD4&#x0002B; effector T cells in the MLNs and colonic tissues of mice with onset�of IBD
	Ubc9 mediates SUMOylation of�RBPJ
	SUMOylation of RBPJ regulates MHC II expression by enhancing Ciita transcription
	DCs deficient in Ubc9 manifest reduced capacity to prime T�cells

	Discussion
	Materials and methods
	Mice
	Western blot analysis and RT-PCR
	Flow cytometry analysis
	DSS-induced colitis
	Histological and immunohistochemical analysis
	Antigen uptake and processing�assays
	DC-T cell co-culture
	In vivo T cell proliferation�assay
	SUMOylation analysis
	Chromatin immunoprecipitation (ChIP)�assay
	Dual-luciferase reporter�assay
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




