
ARTICLE

https://doi.org/10.1084/jem.20170779 1853
J. Exp. Med. 2018 Vol. 215 No. 7 1853–1868
Rockefeller University Press

Transforming growth factor–β (TGF-β) regulates reciprocal regulatory T cell (T reg) and T helper 17 (Th17) differentiation, 
the underlying mechanism of which is still not understood. Here, we report that tripartite motif-containing 33 (Trim33), 
a modulator of TGF-β signaling that associates with Smad2, regulates the proinflammatory function of Th17 cells. Trim33 
deficiency in T cells ameliorated an autoimmune disease in vivo. Trim33 was required for induction in vitro of Th17, but not T 
reg cells. Moreover, Smad4 and Trim33 play contrasting roles in the regulation of IL-10 expression; loss of Trim33 enhanced 
IL-10 production. Furthermore, Trim33 was recruited to the Il17a and Il10 gene loci, dependent on Smad2, and mediated 
their chromatin remodeling during Th17 differentiation. Trim33 thus promotes the proinflammatory function of Th17 cells by 
inducing IL-17 and suppressing IL-10 expression.
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Introduction
After activation, naive CD4+ T cells differentiate into several T 
helper (Th) cell subsets that have distinct effector functions. Th1 
cells express IFN-γ and promote immunity against intracellular 
pathogens. Th2 cells secrete IL-4, IL-5, and IL-13 and contribute 
to immunity against extracellular pathogens. T follicular helper 
cells, localized in the germinal center, promote antibody produc-
tion by B cells and germinal center reactions. Th17 cells, which 
express IL-17 and IL-17F, are crucial regulators of host defense 
against various infections (Dong, 2008). Moreover, Th17 cells 
have been increasingly associated with many human autoim-
mune disorders, such as psoriasis, inflammatory bowel disease, 
and multiple sclerosis, and are critical in animal models of auto-
immune diseases including experimental autoimmune enceph-
alomyelitis (EAE; Dong, 2008).

Although Th17 cells mediate autoimmunity, accumulating 
results have suggested that Th17 cells could be modulated in 
their pathogenic function by the microenvironment. Th17 cells 
cultured in the presence of IL-23 were more potent in order to 
induce EAE with decreased IL-10 expression (McGeachy et al., 
2007; Ichiyama et al., 2016). TGF-β3, which is induced by IL-23 
in T cells, has been reported to promote the pathogenic function 
of Th17 cells (Lee et al., 2012). In contrast, in a model of tolerance, 
a regulatory type of Th17 cells were induced that produce IL-10 

(Esplugues et al., 2011). Thus, IL-10 expression by Th17 cells may 
balance out their proinflammatory function. However, molecular 
mechanisms that program the proinflammatory and regulatory 
phenotypes of Th17 cells remain unknown.

TGF-β is an important pleiotropic cytokine in the immune 
system, with both pro- and anti-inflammatory functions. TGF-
β, in the presence of IL-6, plays a crucial role in driving Th17 
cell differentiation (Bettelli et al., 2006; Mangan et al., 2006; 
Veldhoen et al., 2006). However, downstream signaling mech-
anisms underlying the TGF-β–mediated Th17 cell function are 
not well understood. Although Smad2, but not Smad4, has been 
genetically demonstrated to regulate Th17 cell differentiation 
(Yang et al., 2008; Martinez et al., 2009, 2010; Malhotra et al., 
2010; Takimoto et al., 2010), how molecules associating TGF-β 
signaling regulate the function and differentiation of Th17 cells 
has not been well understood.

Tripartite motif-containing 33 (Trim33), also known as tran-
scriptional intermediary factor 1-γ (TIF1-γ), was previously 
reported to act as a noncanonical branch of TGF-β/Smad signal-
ing (He et al., 2006). During hematopoiesis, Trim33/Smad2/3 
complex regulates a set of genes different from those governed 
by Smad4/2/3 complex (He et al., 2006; Xi et al., 2011). Interest-
ingly, Trim33, with an E3 ubiquitin ligase domain, was reported 
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to inhibit Smad4 function (Dupont et al., 2005, 2009; Agricola 
et al., 2011). However, a role of Trim33 in T cell differentia-
tion is unknown.

In this study, we found that Trim33 regulates the proinflam-
matory function of Th17 cells. Deficiency of Trim33 in T cells 
resulted in decreased IL-17 but enhanced IL-10 production in 
CD4+ T cells, leading to amelioration of EAE diseases. Although 
Smad4 promoted IL-10 production in Th17 cells, Trim33 nega-
tively regulated IL-10 by direct suppression of Il10 transcription. 
The chromatin immunoprecipitation sequencing (ChIP-seq) 
analysis showed that the genomic regions bound by Trim33 were 
largely co-occupied by retinoic acid orphan receptor γ (ROR-
γ). Consistently, Trim33 physically associated with ROR-γ and 
Smad2 in Th17 cells. Loss of Trim33 impaired chromatin remod-
eling during Th17 cell differentiation. Our data thus indicate that 
Trim33 mediates proinflammatory T cell function by differential 
regulation of IL-17 and IL-10.

Results
Trim33 plays a crucial role in Th17 cell development in vivo
To analyze the role of Trim33 in T cells, Trim33 flox mice (Kim 
and Kaartinen, 2008) were crossed with CD4-Cre transgenic 
mice (Makar et al., 2003) to specifically disrupt the Trim33 
gene in T cells (conditional KO [cKO]). Trim33 was efficiently 
deleted in CD4+ T cells isolated from Trim33 cKO mice at the 
protein level (Fig. S1 A). There was no obvious defect in T cell 
development in the cKO mice (unpublished data). To analyze 
the role of Trim33 in T cell differentiation and autoimmunity, 
we immunized Trim33 flox/flox mice with or without CD4-Cre 
to induce EAE. On day 3 after the second immunization with 
myelin oligodendrocyte glycoprotein (MOG) peptide in CFA, 
control mice started to develop EAE disease and reached a score 
of 2.5–3.0 by day 10 (Fig. 1 A). In contrast, Trim33 cKO mice first 
showed EAE symptoms on day 6. On day 10, a much milder dis-
ease (score 0.5–1.0) was observed in Trim33 cKO mice compared 
with WT control mice, indicating that deficiency of Trim33 in 
T cells led to an amelioration of EAE. To understand the under-
lying mechanism, we analyzed cell infiltration in the central 
nervous system and cytokine expression by CD4+ T cells in the 
spleen. Absolute numbers of central nervous system–infiltrat-
ing total and cytokine-expressing CD4+ cells (IL-17+, IFN-γ+, 
IL-17/IFN-γ+, IL-10+, IL-17/IL-10+ GM-CSF+, IL-17/GM-CSF+) were 
greatly reduced in Trim33 cKO mice compared with WT animals, 
although frequencies of these cytokine-expressing cells were 
largely unchanged (Figs. 1 B and S1, B and C). However, Foxp3+ 
cells were not significantly reduced (Fig. 1 B, right). In periph-
ery, MOG-specific IL-17 and IFN-γ expression was significantly 
reduced by Trim33 KO T cells (Fig. 1 C). IL-10 has been reported 
to negatively regulate EAE development (Bettelli et al., 1998). 
Interestingly, antigen-specific IL-10 expression was enhanced 
in Trim33 cKO mice (Fig. 1 C).

The above results suggest that Trim33 may regulate Th17 
but not regulatory T cell (T reg cell) response in vivo. To bet-
ter examine the role of Trim33 during the early differentiation 
of Th17 cells in vivo, we immunized WT and Trim33 cKO mice 
with KLH in CFA. After 1 wk, draining LN (dLN) cells isolated 

from immunized mice were restimulated with KLH. As seen in 
the EAE model, Trim33 KO CD4+ T cells showed significantly 
reduced expression of IL-17, IL-17F, and IFN-γ (Fig. 1 D). In con-
trast, KLH-specific IL-10 production by Trim33 KO T cells was 
enhanced compared with WT T cells (Fig. 1 D). CCR6-mediated 
cell migration to the central nervous system is a key in EAE 
induction (Yamazaki et al., 2008). In Trim33 cKO mice after 
KLH immunization, the frequency of antigen-specific CCR6+ 
IL-17-producing CD4+ T cells was significantly reduced (Fig. 1 E). 
These data suggest that Trim33 plays a crucial role in Th17-medi-
ated autoimmunity by promoting IL-17 and CCR6 but dampening 
IL-10 expression. These phenotypes may result in reduced num-
bers of infiltrating lymphocytes into the central nervous system 
in the absence of Trim33 in T cells. To examine the significance 
of the enhanced production of IL-10 in EAE disease, we blocked 
IL-10 signal by administration of neutralizing antibody against 
IL-10 receptor (IL-10R). Trim33 cKO mice treated with isotype Ig 
showed milder symptoms and lower numbers of infiltrating cells 
in the central nervous system compared with isotype Ig-treated 
WT. Anti–IL-10R antibody treatment almost fully restored the 
disease scores and absolute numbers of total central nervous sys-
tem–infiltrating and IL-17–expressing CD4+ cells in Trim33 cKO 
mice (Fig. S1, D and E). The results suggest that the enhanced 
IL-10 expression by Trim33 KO T cells protected against EAE dis-
ease in Trim33 cKO mice.

Trim33 is crucial for the differentiation of Th17 but not T 
reg cells in vitro
To further examine the regulation by Trim33 in T cells, we puri-
fied naive CD4+ T cells (CD44loCD62LhiCD25−) from cKO or WT 
mice by FACS and stimulated them with anti-CD3 and anti-CD28 
antibodies under inducible T reg (iT reg) cell and Th17 skewing 
conditions. We found no difference in Foxp3 expression at any 
dose of TGF-β tested between WT and Trim33 KO T cells under 
iT reg conditions (Fig. 2 A and Fig. S2 A). IL-10 production by 
WT and Trim33 KO iT reg cells was quite low and, in both cells, 
comparable to naive CD4+ T cells at the mRNA level (unpublished 
data). Furthermore, we measured IL-10 expression in total and 
ROR-γ+ T reg cells (Kim et al., 2017) and found slightly increased 
IL-10 production in Trim33-deficient total and ROR-γ+ T reg 
cells compared with WT, but no difference in the frequency 
of these T reg cells (Fig. S2 B). In Th17 skewing conditions (IL-
6, TGF-β, anti-IL-4, and anti–IFN-γ or IL-6, TGF-β, IL-1, IL-23, 
anti–IL-4, and anti–IFN-γ), we found that IL-17 production by 
Trim33 KO T cells was significantly reduced at both the protein 
and mRNA levels compared with WT cells; Foxp3 expression was 
low in both WT and Trim33 KO T cells (Fig. 2 B). Defects in IL-17 
expression were observed at all concentrations of TGF-β tested 
(Fig. 2 C) or when TGF-β3 was used instead of TGF-β1 (Fig. S2, 
C and D). Moreover, CCR6+ IL-17–producing cells were almost 
completely absent in Trim33-deficient T cells (Fig. 2 D). The cul-
ture with IL-6, IL-23, and IL-1 showed a slight reduction of Th17 
differentiation in the absence of Trim33, whereas addition of 
anti–TGF-β neutralizing antibody completely diminished Th17 
differentiation (Fig. S2, E and F). These data indicate that Trim33 
plays a crucial role in the differentiation of Th17 cells but not iT 
reg cells in vitro.
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Figure 1. Trim33 is indispensable for Th17 response in vivo. (A) Trim33 f/f (WT n = 5; open circle) and Trim33 f/f CD4-Cre (Trim33 cKO n = 5; closed circle) 
mice were immunized with MOG peptides in CFA to induce EAE. Disease scores are shown. (B) Absolute numbers of central nervous system–infiltrating cells 
were analyzed. CD11b+or CD4+ cells are presented in left panel. IL-17+, IFN-γ+, IL-17+IFN-γ+, and Foxp3+ cells in CD4+ cells are shown in right panel. (C) Spleno-
cytes of immunized mice shown in A were restimulated with MOG peptide for 72 h. IL-17, IL-10, and IFN-γ were measured by ELI​SA. (D) WT (n = 4; open circle) 
and Trim33 cKO (n = 4; closed circle) mice were immunized with KLH in CFA. After 7 d, dLN cells of immunized mice were restimulated with KLH for 72 h, and 
cytokine expression was assessed by ELI​SA. (E) dLN cells were restimulated for 24 h, as performed in D, followed by costaining of CCR6 and IL-17. Frequency 
of CCR6+ and IL-17+ double-positive cells in WT and the KO mice is shown. Data are representative of three independent experiments. Error bars show means 
± SD. *, P < 0.05; **, P < 0.01.
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Figure 2. Trim33 is required for Th17 but not iT reg cell differentiation in vitro. (A) Naive CD4+ T cells (CD25−CD44loCD62Lhi) isolated from WT (white) and 
Trim33 cKO (black) mice were stimulated by anti-CD3 and anti-CD28 mAbs under Th17 and iT reg skewing conditions. After 4 d, cultured cells were restimulated. 
Foxp3 and IL-17 expression in iT reg cell condition are shown (left). Frequency of Foxp3+ cells is presented (right). (B) Foxp3 and IL-17 expression in Th17 condi-
tions are shown (left). IL-17 expression was measured by ELI​SA (middle) and quantitative PCR (right). Data were normalized to b-actin. (C) Naive CD4+ T cells 
isolated from WT and Trim33 cKO mice were cultured under Th17 skewing conditions with indicated concentrations of TGF-β. IL-17 expression was detected 
upon restimulation by intracellular cytokine staining (left) and ELI​SA (right). (D) Costaining of CCR6 and IL-17 in Th17 conditions is presented (left). Frequency 
of CCR6+ IL-17+ cells is shown (right). Data are representative of three independent experiments. Error bars show means ± SD. **, P < 0.01.
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Microarray analysis identified IL-10 to be regulated by Trim33
To further explore the functional targets of Trim33, we per-
formed microarray analysis of WT and Trim33 KO T cells cul-
tured under Th17 skewing conditions. We confirmed that mRNA 
expression of Il17 and Ccr6 was down-regulated. Il10 expression 
was increased in the absence of Trim33 (Fig. 3 A), consistent with 
the in vivo data shown in Fig. 1 (C and D). We further confirmed 
these results with real-time RT-PCR. Trim33 KO T cells showed 
reduced Il17a and Ccr6 and enhanced Il10 expression, although 
mRNA levels for Il21, retinoic acid orphan receptor c (Rorc), maf, 

and Il17f were comparable between WT and KO T cells (Fig. 3 B). 
GM-CSF produced by Th1 and Th17 cells was shown to play an 
essential role in EAE (Codarri et al., 2011; El-Behi et al., 2011). 
However, GM-CSF expression was not decreased in the absence 
of Trim33 in Th17 cells (Fig. 3 B).

To confirm dysregulated IL-10 expression in Th17 cells, we 
cultured WT and Trim33 KO T cells under Th17 skewing condi-
tions to stain for intracellular IL-17 and IL-10. In Trim33-defi-
cient T cells, frequencies of IL-17/IL-10 double-positive T cells 
and IL-10 single-positive cells were increased compared with 

Figure 3. Identification of Trim33-target genes during Th17 differentiation. (A) Naive CD4+ T cells isolated from WT and Trim33 cKO mice were cultured 
in Th17 skewing conditions (IL-6, TGF-β, anti–IL-4 antibody, and anti–IFN-γ antibody). The cells were restimulated with anti-CD3 antibody and subjected to 
microarray analysis. (B) Expression of Th17-related genes in WT and Trim33 KO T cells cultured under Th17 conditions, as cultured in Fig. 2, was assessed by 
quantitative PCR. Data shown combine results from three independent experiments. Error bars show means ± SD. **, P < 0.01.
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WT cells (Fig. 4 A). In agreement with the mRNA data shown in 
Fig. 3 B, IL-10 protein expression by Trim33 KO T cells was highly 
enhanced compared with WT T cells (Fig. 4 A), indicating IL-10 
de-repression in the absence of Trim33 differentiation.

Because IL-10 is a potent immunosuppressive cytokine, we 
examined the possibility that enhanced IL-10 expression by 
Trim33 KO CD4+ T cells inhibited their differentiation to Th17 
cells in an autocrine and/or paracrine manner. We cultured con-
trol and Trim33 KO naive CD4+ T cells under Th17 conditions with 
or without anti–IL-10R antibody. IL-10 blockade could not restore 
IL-17 and CCR6 expression in Trim33 KO T cells (Fig. 4 B), exclud-
ing an indirect effect of de-repressed IL-10 in IL-17 and CCR6 reg-
ulation during Th17 development in vitro.

Genome-wide analysis on Trim33-bound genes
Our results demonstrated that expression of the molecules that 
regulate IL-17 and IL-10 expression, such as Rorc and maf, was not 
affected by the lack of Trim33 in Th17 cells, suggesting that Trim33 
may directly regulate these genes in Th17 cells. To assess this, we 
performed ChIP-seq with anti-Trim33 antibody in developing 
Th17 cells. The computational analysis demonstrated that >94% of 
Trim33 peaks were located in noncoding genomic sequences such 
as promoter, intron, and intergenic regions, suggesting that Trim33 
may regulate gene transcription by binding to regulatory cis-ele-
ments (Fig. 5 A, left). Trim33 has been shown to mediate the TGF-β 
signaling pathway, which is commonly used in both Th17 and T reg 
cell differentiations. To understand the specific function of Trim33 
in Th17 but not T reg cell differentiation, we computationally 

analyzed colocalization of peaks obtained from our Trim33 ChIP-
seq and ROR-γ ChIP-seq previously reported (Ciofani et al., 2012). 
Interestingly, approximately half of binding regions of Trim33 and 
ROR-γ was co-occupied with each other (Fig. 5 A, right). This result 
suggests collaborative regulation by Trim33 and ROR-γ.

We then worked to identify direct targets of Trim33 by inte-
gration of the gene expression dataset with Trim33 binding data. 
With a default setting of parameters, 9,502 of 27,050 Trim33 
peaks were annotated within genes by the PAV​IS program. The 
integration analysis revealed that 1,520 genes were possible 
direct targets regulated by Trim33 (Fig.  5  B, left). We further 
selected genes that were suggested to regulate the function and/
or differentiation of Th cells and showed them with differential 
expressions of WT versus KO (Fig. 5 B, right). The result suggests 
the direct transcriptional regulation of IL-17 and IL-10 by Trim33. 
We observed coaccumulation of Trim33 and ROR-γ on Il17a and 
Il10 but not Foxp3 loci (Fig. 5, C and D; and Fig. S3), further sup-
porting our idea of cooperative regulation of the expression of 
IL-17 and IL-10 but not Foxp3 by Trim33 with ROR-γ. On the other 
hand, the analysis also raised a possible indirect mechanism: the 
expression of IL-17 and IL-10 may be regulated by GATA3, SOCS3, 
and FOXO1, suggesting dual regulatory pathways by Trim33.

Trim33 regulates IL-17 and IL-10 expression at the 
chromatin level
Our aforementioned results suggest that Trim33 controls the 
expression of IL-17 and IL-10 at the transcription level. To address 
this, we assessed localization of Trim33 before and after priming 

Figure 4. Trim33 deficiency results in IL-10 up-regulation in Th17 cells. (A) Naive CD4+ T cells isolated from WT (white) and Trim33 cKO (black) mice were 
stimulated by anti-CD3 and anti-CD28 antibodies under Th17 skewing conditions. After restimulation, costaining of IL-17 and IL-10 was performed by intracellular 
staining (left), and IL-10 production was measured by ELI​SA (right). (B) Naive CD4+ T cells isolated from WT and Trim33 cKO mice were stimulated by anti-CD3 
and anti-CD28 antibodies under Th17 skewing conditions with or without anti–IL-10R antibody (WT, white; KO, black; and KO+anti–IL-10R, gray). Costaining of 
CCR6 and IL-17 was performed after restimulation (left). The statistical analysis of CCR6+IL-17+ cells is shown (middle). IL-17 expression was measured by ELI​SA 
(right). Data are representative of three independent experiments. Error bars show means ± SD. **, P < 0.01.
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with the indicated cytokine combinations in the presence of anti-
gen stimulation. We separated cytoplasmic and nuclear fractions 
0, 24, and 48 h after stimulation and detected Trim33 protein by 
immunoblot. Trim33 was localized mainly in cytoplasm before 

priming, then it was found in the nuclear fraction after 48 h but 
not 24 h. In addition, its localization in nuclei was largely inde-
pendent of the cytokine combinations but rather as a result of 
antigen stimulation (Fig. 6 A).

Figure 5. Trim33 ChIP-seq analysis. (A) Distribution of Trim33 ChIP-seq peaks in Th17 cells (left). Occupancy of ChIP-seq binding peaks of Trim33 and ROR-γ 
(right). (B) Integration of Trim33 binding peak data with gene expression analysis (left). Among 1,520 genes, genes related to the function and differentiation 
of Th cells are shown with their expression changes of WT versus KO (right). (C and D) ChIP-seq peaks of Trim33 and ROR-γ in Il17a (C) and Il10 (D) gene loci 
were shown. Data are representative of two independent experiments.
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Figure 6. Trim33 regulates histone modifications at the Il17a and Il10 gene loci. (A) Extracts from both nuclei and cytosol were isolated from CD4+ T cells 
before stimulation (0 h) and stimulated with indicated conditions after 24 and 48 h. Trim33, tubulin (cytosolic protein) and histone H1 (nucleic protein) were 
detected by immunoblot. Data are representative of three independent experiments. (B) Schematic diagrams indicate comparison of genomic sequence of 
murine Il17 and Il10 gene loci with human. (C) Histone modifications were assessed by ChIP analysis. Naive CD4+ T cells isolated from WT and Trim33 cKO mice 
were stimulated under Th17 skewing conditions. Chromatin isolated from these cells was immunoprecipitated with antibodies against H3K4me3, H3K9me3, 
H3K27me3, and control Ig. Genomic regions modified with histone marks were detected by PCR with primer sets of each CNS. Data are representative of two 
independent experiments. Error bars show means ± SD. *, P < 0.05; **, P < 0.01.
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Because Trim33 was implicated in epigenetic regulation, we 
examined several histone markers in conserved cis-elements in 
the Il17 and Il10 loci in WT and Trim33 KO CD4+ T cells cultured 
under Th17 conditions (Fig. 6 B). In the absence of Trim33, we 
found enhanced suppressive marks, H3K9me3 and H3K27me3, in 
multiple regions at the Il17 locus including its promoter, whereas 
H3K4me3 and H3Ac in the Il17 gene were not affected (Fig. 6 C, 
left; and not depicted). In contrast, H3K4me3 was enhanced in 
multiple conserved regions at the Il10 locus (Fig.  6  C, right). 

These data suggest that Trim33 controls the expression of the Il17 
and Il10 genes through the regulation of histone modifications.

Trim33 recruitment is dependent on Smad2
We then examined how Trim33, without DNA binding directly, 
was recruited to target genes. We first tested the binding of 
Trim33 at the Il17a locus in CD4+ T cells stimulated with differ-
ent cytokine combinations by ChIP-PCR. We observed the bind-
ing at the Il17a locus only when T cells were stimulated with IL-6 

Figure 7. Cooperative regulation of IL-17 and IL-10 by Trim33, Smad2, and ROR-γ. (A) Trim33 binding was assessed by ChIP-PCR analysis. PCR amplifica-
tion was conducted with input DNA and I.P. DNA prepared from chromatin precipitated with anti-Trim33 antibodies, with C57BL/6 CD4+ T cells stimulated by 
anti-CD3 and anti-CD28 antibodies under indicated conditions. Primer for the H19 ICR locus was used as a negative control. Data are representative of three 
independent experiments. (B) Trim33 ChIP was performed with WT and Smad2 KO CD4+ T cells cultured under Th17 skewing conditions. (C) Physical association 
of Trim33 with Smad2 and ROR-γ in Th17 cells. Lysates of Th17 cells were subjected to immunoprecipitation with anti-Trim33 antibody or isotype Ig, followed 
by immunoblot analysis with anti-Trim33, Smad2, and ROR-γ antibodies. Data are representative of four independent experiments. Error bars show means ± 
SD. *, P < 0.05; **, P < 0.01.
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and TGF-β in which ROR-γ is strongly induced, but not at Foxp3 
enhancer or imprinting region, H19 ICR, as an unrelated genomic 
region (Fig. 7 A). Trim33 was reported to mediate Smad4-inde-
pendent, but Smad2-dependent, signaling of TGF-β (Xi et al., 
2011). We thus tested Trim33 recruitment to the Il17a and Il10 loci 
in T cells lacking Smad2 and found that the binding of Trim33 
was attenuated (Fig. 7 B), supporting that Smad2 is crucial for 
Trim33 binding to the Il17 and Il10 gene loci.

Our Trim33 ChIP-seq analysis revealed colocalization of 
Trim33 and ROR-γ in Th17 cells. We further examined the asso-
ciation of Trim33 with ROR-γ. Coimmunoprecipitation (coIP) 
assay with whole-cell lysate of Th17 cells revealed a physical 
association of Trim33 with Smad2 and ROR-γ, whereas the asso-
ciation of Trim33 with ROR-γ was lost in the absence of Smad2 
(Figs. 7 C and S4 A). Furthermore, we confirmed that both 
Smad2 KO and ROR-γ KO T cells showed defects in the expres-
sion of IL-17, CCR6, and IL-10, resembling the phenotype caused 
by Trim33 deficiency to a greater or lesser extent (Fig. S4, B–F). 
In line with these results, we previously reported that Smad2 
was associated with ROR-γ and these factors cooperatively pro-
moted IL-17 expression (Martinez et al., 2010). Taken together, 
it is suggested that the complex of Trim33/Smad2/ROR-γ is 
necessary for an optimal expression of IL-17 and repression of 
IL-10 in Th17 cells.

Reciprocal regulation of IL-10 expression by Trim33 and Smad4
It has been reported that TGF-β regulated IL-10 expression during 
Th17 differentiation (Stumhofer et al., 2007). To further clarify 
the mechanism downstream of TGF-β signaling in the expression 
of IL-10, we isolated naive CD4+ T cells from Trim33 or Smad4 
cKO mice and their appropriate control mice and cultured them 
under Th17 skewing conditions. Because IL-10 expression was 
observed after primary stimulation as well as during restimu-
lation, we tested the IL-10 expression on day 3. Trim33-deficient 
T cells expressed increased amounts of IL-10 at both protein 
and mRNA levels (Fig. 8 A). In contrast, Smad4 deficiency led to 
reduced IL-10 production both in priming and after stimulation 
(Figs. 8 B and S5 A).

Trim33 contains an E3 ubiquitin ligase domain, which was 
suggested to target Smad4 for degradation (Dupont et al., 2005). 
In the absence of Trim33, the expression of Smad4 at the protein 
but not the mRNA level was increased in Th17 cells compared 
with WT. However, the increment was not observed in iT reg 
cells (Figs. 8 C and S5 B). These observations raised another pos-
sibility that Trim33 may suppress IL-10 expression by reduc-
tion of Smad4 protein in T cells. To address this possibility, we 
tested whether the enhanced production of IL-10 caused by the 
deletion of Trim33 could be reversed by Smad4 deficiency. We 
isolated naive CD4+ T cells from Trim33 cKO, Trim33 × Smad4 
cKO, and WT mice and cultured them under Th17 skewing con-
ditions. As shown above, Trim33 KO T cells expressed increased 
amounts of IL-10, whereas the enhanced IL-10 expression was 
almost completely suppressed by compound deletion of Smad4 
(Fig.  8  D). These results were largely true even after restim-
ulation (Fig. S5 C). The data support our idea of an interplay 
between Trim33 and Smad4 in IL-10 regulation during Th17 
differentiation. Because Trim33 was localized in cytoplasm 

24 h after primary activation, we compared cytokine expression 
between WT and the KO T cells 20 h after priming. IL-10 but not 
IL-17 expression was slightly enhanced in the absence of Trim33 
(Fig. S5 D). Moreover, when RING domain was deleted, although 
not affecting its mRNA expression, the suppressive activity of 
Trim33 for IL-10 expression was partially attenuated, whereas 
IL-17 induction was comparable to that by the full-length one 
(Fig. S5 E). These results suggest a partial requirement of E3 
activity for IL-10 suppression but not IL-17 induction.

Finally, we examined IL-17 in T cells in which Trim33 and 
Smad4 were doubly deleted during Th17 differentiation. Smad4 
deficiency on its own did not significantly impact IL-17 expres-
sion, whereas Smad4/Trim33 double deficiency led to further 
reduction of IL-17 than Trim33 single-KO cells (Fig. 8 E), suggest-
ing the redundant but minor role of Smad4 in IL-17 expression 
during Th17 differentiation in the absence of Trim33.

Discussion
The requirement of TGF-β signaling in the differentiation of 
Th17 cell differentiation has been shown in the literature (Bettelli 
et al., 2006; Veldhoen et al., 2006; Li et al., 2007; McGeachy et 
al., 2007; Ghoreschi et al., 2010; Lee et al., 2012). We previously 
showed that neutralization of TGF-β signaling with anti–TGF-β 
antibody (Chung et al., 2009) or with an inhibitor against the 
TGF-β receptor (unpublished data) blocked Th17 differentiation 
of mouse naive T cells cultured with IL-6, IL-1, and IL-23 in the 
presence of antigen stimulation. We confirmed that result in the 
current study, too. Furthermore, it has been reported that the 
major downstream signal transducer of TGF-β signaling, Smad2, 
but not Smad4, plays a crucial role in the differentiation of Th17 
cells (Yang et al., 2008; Martinez et al., 2009, 2010; Malhotra et 
al., 2010; Takimoto et al., 2010). These results definitely support 
the requirement of TGF-β for Th17 differentiation. However, it is 
unclear how TGF-β signaling regulates the development of Th17 
cells. In this study, we have shown that a modulator of TGF-β sig-
naling, Trim33, regulates the proinflammatory function of Th17 
cells by enhancing IL-17 and repressing IL-10 production.

Although Trim33 has been reported to associate with recep-
tor-activated Smad (R-Smad) upon TGF-β stimulation (He et al., 
2006; Xi et al., 2011), our current data indicate that Trim33 plays 
a crucial role in IL-17 production during Th17 differentiation but 
not Foxp3 induction in iT reg cells. In addition, Trim33 ChIP assay 
revealed that Trim33 did not bind to the Foxp3 gene locus in any 
conditions tested. These results support that Trim33 specifically 
regulates Th17 cells but not iT reg cells.

During Th17 cell differentiation, we found that Trim33 defi-
ciency did not affect the expression level of ROR-γ, a Th17-specific 
master transcription factor. Also, the expression level of Trim33 
mRNA in CD4+ T cells cultured in Th17 skewing conditions was 
similar to that of other Th subsets, including iT reg. Therefore, 
we sought the mechanisms underlying a selective requirement 
of Trim33 in Th17 differentiation. The computational analysis of 
global binding of Trim33 and ROR-γ demonstrated that Trim33 
accumulated with close proximity to ROR-γ across the genome, 
including at the Il17a and Il10 gene loci. In addition, the binding 
of Trim33 on Il17a locus was observed only when CD4+ T cells 
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received the signaling of both IL-6 and TGF-β. Furthermore, we 
found that Trim33 physically associated with ROR-γ as well as 
Smad2 by coIP assay. In the previous study, we found that the 
association of Smad2 and ROR-γ synergistically promoted IL-17 
expression in Th17 cells (Martinez et al., 2010). In addition, our 
current study indicates that the binding of Trim33 at the Il17a and 
Il10 loci and physical association of Trim33 with ROR-γ was atten-
uated in the absence of Smad2, suggesting that Smad2 activated 
by TGF-β plays an important role in the recruitment of Trim33 
to the target elements of ROR-γ. These observations indicate the 

regulation of appropriate IL-17 and IL-10 expression by a Trim33/
Smad2/ROR-γ complex. In addition to Trim33, Smad2, and ROR-γ, 
other transcription factors essential for Th17 differentiation such 
as BATF, IRF4, STAT3, and c-Maf accumulate at the Il17a conserved 
noncoding sequence 3 (CNS-3) region (Ciofani et al., 2012), indi-
cating that a functional supercomplex formed with these mul-
tiple factors may be required for proper expression of IL-17. In 
support of this idea, we observed reduced permissive chromatin 
markers at the Il17a locus in Trim33 KO T cells compared with 
WT cells, suggesting that Trim33 may play an important role in 

Figure 8. Reciprocal IL-10 regulation by Trim33 and Smad4. (A) Naive CD4+ T cells isolated from WT and Trim33 cKO mice were stimulated by anti-CD3 and 
anti-CD28 antibodies under Th17 skewing conditions. On day 3, the cultured cells and supernatant were harvested, followed by measurement of IL-10 at the 
mRNA (left) and protein (right) levels. (B) IL-10 production was measured with WT and Smad4 KO Th17 cells, as done in A. (C) Smad4 expression was detected 
at the mRNA (left) and protein (right) levels in WT and Trim33 KO Th17 cells. β-Actin was used as loading control. Data are representative of three independent 
experiments. (D) IL-10 production was measured in WT, Trim33 KO, and Trim33 × Smad4 KO Th17 cells, as described in A. (E) IL-17 production by WT, Trim33 
KO, and Trim33 × Smad4 KO Th17 cells, after restimulation. Data are representative of two independent experiments. Error bars show means ± SD. **, P < 0.01.
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chromatin remodeling. It has been reported that a methyltrans-
ferase for H3K9me, G9a, negatively regulated IL-17 production in T 
cells and that a demethylase for H3K27me3, jumonji domain-con-
taining protein 3 (JMJD3), was indispensable for Th17 differenti-
ation (Lehnertz et al., 2010; Ciofani et al., 2012), indicating that 
these modifications play a suppressive role in IL-17 expression 
in T cells. Our data fit well with these observations. We observed 
that H3K9me3 and H3K27me3 at the Il17 locus were enhanced in 
the KO Th17 cells. Taken together, it is possible that Trim33 may 
be required for recruitment of demethylases for H3K9me3 and 
H3K27me3 to generate a permissive chromatin configuration at 
the Il17 locus. A detailed mechanism whereby Trim33 regulates 
histone modification during Th17 differentiation needs to be clar-
ified in the future.

The integration of Trim33 ChIP-seq data with microarray 
analysis identified other possible factors, SOCS3, GATA3, and 
FOXO1, as Trim33 direct targets in Th17 cells. SOCS3 is a negative 
feedback regulator for IL-6/STAT3 signaling pathway (Croker et 
al., 2003; Yasukawa et al., 2003). STAT3 plays an essential role 
in Th17 differentiation by binding to the Il17 gene locus (Yang 
et al., 2007, 2011). GATA3 has been reported to be a potent IL-10 
inducer (Shoemaker et al., 2006). Our group recently reported 
that FOXO1 negatively regulated the pathogenicity of Th17 cells 
via suppression of IL-1R1 (Ichiyama et al., 2016). Gene expres-
sion analysis revealed the enhanced expression of these genes 
in the absence of Trim33, suggesting a possible indirect regula-
tion of IL-17 or IL-10 expression by Trim33. On the other hand, 
a previous study demonstrated that deficiency of ROR-γ did not 
greatly affect the expression of these molecules at the mRNA 
level (Ciofani et al., 2012). Therefore, the suppressive activity of 
Trim33 on the expression of these three factors could be exerted 
in an ROR-γ–independent way. A ROR-γ–independent role of 
Trim33 in Th17 cells should be examined in future work.

We demonstrated in this study that Smad4 is a pivotal positive 
regulator for IL-10 during Th17 differentiation. Trim33 proteins 
have been reported to attenuate Smad4 protein expression by 
degradation with their E3 ligase domain (Dupont et al., 2005). 
In line with that study, Smad4 expression was increased in the 
Trim33-deficient Th17 cells but not iT reg cells, compared with 
WT at the protein level but not at the mRNA level. As described, 
IL-10 expression was dramatically enhanced in Th17 skewing 
conditions in the absence of Trim33. Importantly, this enhance-
ment was strongly suppressed by further deletion of Smad4 
in T cells. These results suggest that Trim33 suppresses IL-10 
expression, probably by dual mechanisms of targeting of Smad4 
for degradation and direct transcriptional suppression in con-
junction with ROR-γ and Smad2 during Th17 differentiation. In 
contrast, the enhanced Smad4 expression in Trim33-deficient 
Th17 cells did not result in up-regulation of Foxp3. This may be 
because STAT5 is inhibited by IL-6–activated STAT3 during Th17 
cell differentiation. Early production of IL-10 20 h after stimula-
tion, when Trim33 is localized mainly in cytoplasm, was slightly 
enhanced in the absence of Trim33 in Th17 cells. In addition, 
deletion of RING domain of Trim33 resulted in partial attenu-
ation of IL-10 suppression. Taken together, these data suggest 
that Trim33 functions in the cytoplasmic compartment for IL-10 
suppression probably by degradation of Smad4 with E3 activity 

in early phases. In addition, IL-10 expression is suppressed at 
chromatin level at later phases, supported by the data of Trim33 
ChIP analysis. In contrast, IL-17 expression at 20 h was not defec-
tive by Trim33 deficiency, and RING domain was not required for 
IL-17 expression. These data suggest that IL-17 production is reg-
ulated mainly by transcriptional regulation after nuclear trans-
location but not E3 activity, and Trim33 may play a crucial role 
in the maintenance of IL-17 expression rather than its initiation. 
Overall, the transcriptional control for IL-17 and IL-10 in the late 
phase of Th17 cell differentiation is presumably more important 
than Trim33 function exerted in cytoplasm, because the function 
of Trim33 for IL-17 and IL-10 in cytoplasm is subtle. We compared 
IL-17 expression between Trim33 single-KO and Trim33/Smad4 
double-KO cells. Consistent with our previous study (Yang et al., 
2008), Smad4 had little effect on IL-17 expression during Th17 
differentiation, in comparison to Trim33. Our ChIP-PCR assay of 
histone modification revealed increased permissive chromatin 
markers at the Il10 gene locus in Trim33 KO Th17 cells compared 
with WT cells, suggesting that the enhanced Smad4 expression 
may generate a permissive histone modification at the Il10 locus 
in the absence of Trim33 in Th17 cells. It has been reported that 
STAT3 activation induces IL-10 expression in T cells (Stumhofer 
et al., 2007). Interestingly, TGF-β without IL-6 induced quite low 
levels of IL-10 expression, comparable to unstimulated naive T 
cells in vitro (unpublished data), indicating that at least activa-
tion of both STAT3 and Smad4 is required for IL-10 expression. 
Although both signaling pathways of IL-6 and TGF-β are defi-
nitely required for Th17 differentiation, the activation of these 
signaling pathways results in strong induction of IL-10 by both 
STAT3 and Smad4. For proinflammatory function of Th17 cells, 
immune-suppressive IL-10 expression needs to be down-regu-
lated by a certain mechanism. Our current results support the 
idea that Trim33 is in charge of the suppressive machinery for 
IL-10 expression for generation of proinflammatory Th17 cells. 
Taken together, these data show that Trim33 utilizes at least two 
distinct mechanisms to regulate IL-17 and IL-10 for the genera-
tion of Th17 cells with proinflammatory phenotype.

Acquisition of a pathogenic phenotype in Th17 cells after IL-23 
stimulation reported several years ago is the outcome of not 
only the induction of proinflammatory effector molecules but 
also the down-regulation of anti-inflammatory molecules. We 
hypothesized that Trim33 may mediate the pathogenic function 
of Th17 cells. However, comparative analysis of our microarray 
gene expression datasets with those reported for pathogenic Th17 
cells (Ghoreschi et al., 2010; Lee et al., 2012) did not support this 
hypothesis (unpublished data), suggesting that Trim33 may reg-
ulate a distinct set of molecules that mediate proinflammatory 
function of Th17 cells.

As described above, Trim33 deficiency in T cells resulted in 
reduction of IL-17 and CCR6 but increased expression of IL-10 
in Th17 cells in vitro. This is true with antigen-specific T cell 
response in vivo. On the other hand, we had different in vitro 
and in vivo results in the expression of IFN-γ (unpublished data) 
and IL-17F. This is probably due to secondary effect of IL-10. We 
assume that Trim33-deficient T cells were less activated, com-
pared with WT cells, by APCs with attenuated T cell-priming 
activity, because APCs were exposed to an enhanced amount of 
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IL-10 produced by Trim33 KO T cells in vivo. This is probably why 
IL-17F and IFN-γ expressions were decreased in the absence of 
Trim33 in vivo. The reduction of IL-17F was not observed in vitro, 
probably because we used APC-free culture. Consistent with 
reduced T cell activation and cytokine expression, EAE sever-
ity and the absolute numbers of cytokine-expressing, central 
nervous system–infiltrating T cells were greatly reduced in the 
absence of Trim33. The neutralization of IL-10 signaling almost 
fully restored EAE disease and absolute numbers of total central 
nervous system–infiltrating and IL-17-expressing CD4+ lympho-
cytes in Trim33 cKO mice, suggesting that enhanced expression 
of IL-10 by Trim33 KO T cells may be largely attributed to sup-
pressed EAE disease, partly through inhibition of IL-17 expres-
sion in Trim33 cKO mice. By specific deletion of Trim33 in in 
vivo T reg cells including ROR-γ+ T reg, IL-10 mRNA expression 
was slightly enhanced. Although the effect in T reg cells was rel-
atively minor, compared with Th17 cells, the de-repressed IL-10 
by T reg cells might contribute to the milder EAE symptoms. 
The efficient and systemic blocking of IL-10 signaling possibly 
overcomes the IL-17 and CCR6 defect found in Trim33 KO T cells.

In summary, our current study has demonstrated a novel sig-
naling mechanism in Th17 cells regulated by Trim33. Deficiency 
of Trim33 greatly reduced the proinflammatory function of Th17 
cells, with attenuated IL-17 and CCR6 expression and enhanced 
IL-10 production. Therefore, our results suggest that Trim33 as a 
modulator of TGF-β–Smad signaling is crucial in the regulation 
of Th17 cell function. In other words, it serves as a pivotal switch 
regulator for proinflammatory versus regulatory phenotype of 
Th17 cells. Suggested by our data, inhibition of Trim33 function 
may help generate Th17 cells with regulatory phenotype. Trim33 
thus would be a novel potential therapeutic target in inflam-
matory diseases.

Materials and methods
Mice
T cell– or T reg cell–specific Trim33 cKO mice were produced by 
breeding Trim33 f/f mice (Kim and Kaartinen, 2008) with CD4-
Cre Tg mice (Makar et al., 2003) or Foxp3-Cre mice, respectively 
(Rubtsov et al., 2008). The flox mice were backcrossed onto 
C57BL/6 more than seven times. Smad2 f/f, Smad4 f/f, and Rorc 
f/f mice were previously described (Vincent et al., 2003; Chu et 
al., 2004; Ichiyama et al., 2015). They were crossed with CD4-
Cre Tg mice. Mice at 6–10 wk of age were used in experiments 
following protocols approved by the institutional animal care 
and use committees of MD Anderson Cancer Center and Tsin-
ghua University.

Th cell differentiation and antibodies
CD44loCD62LhiCD25− naive CD4+ T cells from lymph nodes and 
spleens of mice were purified by FACS sorting. For Th differ-
entiation, naive CD4 T cells were stimulated with plate-bound 
anti-CD3 (0.5 µg/ml; 2C11; BioXcell) plus anti-CD28 (0.5 µg/ml; 
37.51; BioXcell) in the presence of neutralizing antibodies (10 µg/
ml anti–IL-4; 11B11; BE0045; BioXcell), 10 µg/ml anti–IFN-γ (XMG 
1.2; BE0055; BioXcell), or polarizing cytokines (10 µg/ml anti–
IL-4, 10 ng/ml IL-12 [210-12; Peprotech], and 50 U/ml human 

IL-2 for Th1; 10 µg/ml anti–IFN-γ, 10 ng/ml IL-4, and 50 U/ml 
human IL-2 for Th2; 10 ng/ml IL-6 [216-16; Peprotech], 0.01–1 
ng/ml TGF-β [R&D Systems], 40 ng/ml IL-23 [culture sup], anti–
IFN-γ, and anti–IL-4 for Th17; 50 U/ml human IL-2, 0.03–0.3 ng/
ml TGF-β, anti–IFN-γ, and anti–IL-4 for iT reg cells). After 4 d of 
culture, cells were washed and restimulated with plate-bound 
anti-CD3 (0.5 µg/ml) for 4 h, and cells were then collected for 
RNA extraction. For cytokine measurement by ELI​SA, culture 
supernatants were collected either on day 3 (accumulating cyto-
kine in culture sup) or after 24 h of restimulation on day 4. For 
intracellular cytokine analysis, cells were restimulated with 500 
ng/ml ionomycin and 50 ng/ml PMA in the presence of Golgi 
Stop (BD PharMingen) for 5 h. Cells were then permeabilized 
with Cytofix/Cytoperm Kit (BD PharMingen) or Foxp3 staining 
buffer set (eBioscience) and analyzed for the expression of intra-
cellular cytokines with anti–IFN-γ (XMG1.2), IL-4 (11B11), and 
IL-17 (TC11-18H10) antibodies (BD). Intracellular Foxp3 expres-
sion was detected with anti-Foxp3 (FJK-16s) antibody (BD). The 
reagents for ELI​SA, anti–IFN-γ (R4-6A2 and XMG1.2 biotin), 
anti–IL-2 (JES6-1A12 and JES6-5H4 biotin), anti–IL-4 (BVD4-1D11 
and BVD6-24G2 biotin), anti–IL-10 (JES5-2A5 and JES5-16E3 
biotin), anti–IL-17 (TC11-18H10 and TC11-8H4.1 biotin), and anti–
IL-17F (AF2057 and BAF2057) were purchased from BD or R&D 
Systems. CCR6 expression was detected with anti-CCR6 antibody 
(140706) from BD. For blocking of IL-10 signaling, anti–IL-10R 
antibody (1B1.3a) from BioLegend was added in culture. Anit-
Smad4 antibody (H-552) was purchased from Santa Cruz Bio-
technology for Western blotting. For retroviral transduction of 
human Trim33 (aa 1–1,127) and ΔRING Trim33 (aa Δ2–188) were 
cloned into pMCs IRES GFP vector. The expression of these genes 
was measured by quantitative RT-PCR with primers forward (F) 
5′-GAA​GCT​CCT​AGC​AGT​TCT​GAT​GA-3′ and reverse (R) 5′-GCC​
ACT​CTC​CAC​ATT​CTA​CACA-3′.

Immunization
Mice were immunized with KLH emulsified in CFA at the base 
of the tail. For analysis of cytokine expression, dLN cells from 
KLH-immunized mice were stimulated as triplicates with 0, 4, 
20, and 100 µg/ml KLH. After 4 d of restimulation, measure-
ment of IL-10, IFN-γ, IL-17, and IL-17F was performed by ELI​SA. 
For intracellular cytokine staining, dLN cells from immunized 
mice were restimulated with 0 or 100 µg KLH for 24 h. CCR6 was 
stained with anti-CCR6 antibody (BD). For EAE induction, mice 
were immunized with MOG peptide emulsified in CFA on days 
0 and 7. Pertussis toxin was intraperitoneally injected on days 2 
and 8. Clinical scores are assigned as described before (Martinez 
et al., 2010). To examine infiltrating immune cells in the cen-
tral nervous system, brain and spinal cord were collected from 
perfused mice, and mononuclear cells were isolated with Percoll 
gradient. Splenocytes were stimulated as triplicates with 0, 1, 5, 
and 25 µg/ml MOG peptides. EAE with IL-10R blocking was per-
formed as described previously (Ichiyama et al., 2015).

Quantitative RT-PCR and microarray analysis
Total RNA extracted using Trizol reagent (Invitrogen) was used 
to generate cDNA using oligo(dT), random hexamers, and MMLV 
reverse transcription (Invitrogen). For quantitation of cytokines, 
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cDNA samples were amplified in IQ SYBR Green Supermix (Bio-
Rad Laboratories). The data were normalized to an Actb reference. 
The primer pairs for analysis were previously described (Yang 
et al., 2007). Primers for Trim33 were as follows: F 5′-CTT​CTG​
CCT​GCG​CTG​TCT-3′ and R 5′-TGC​ACT​TGC​ATT​ATC​TTC​ACAA-3′. 
The DNA microarray was performed with the Affymetrix Mouse 
Gene 1.0 ST Array (MoGene-1_0-st). RNA samples isolated from 
WT and Trim33 KO CD4+ T cells cultured under Th17 skewing 
conditions were labeled according to the manufacturer's instruc-
tions by the One-Cycle Target Labeling method, which consists of 
oligo(dT)-primed cDNA synthesis followed by in vitro transcrip-
tion that incorporates biotinylated nucleotides. The microarray 
data were deposited in GEO under accession no. GSE113925.

ChIP assay
ChIP assays were done as described (Akimzhanov et al., 2007) 
with anti-Trim33 antibody (A301-059A/060A; Bethyl Labo-
ratories), anti-H3K9/14Ac (06–599; Upstate), anti-H3K4me 
antibody (07-473; Upstate), anti-H3K9me3 antibody (ab8898; 
Abcam), anti-H3K27me3 (07-449; Upstate) antibody, or control 
IgG. The immunoprecipitated DNA was analyzed by real-time 
PCR. Primers for Trim33 ChIP-PCR were as follows: Il17a CNS-3 
F 5′-TCC​AAG​GGT​GGC​TGT​TTA​TC-3′ and R 5′-ACC​AGT​CAT​GTC​
ACC​TGT​GC-3′; Il17a 20736550–20737060 F 5′-AAG​CGG​CAA​GAA​
AGA​GTC​AG-3′ and R 5′-GAA​ACT​GAC​CTG​TTG​GCA​AAT-3′; Il10 
130993469–130994422 F 5′-TGA​GTC​AGA​TGA​CGC​ACA​CA-3′ and 
R 5′-TGT​GGA​CGG​AAG​AAG​GTA​GG-3′; Il10 131010104–131011125 
F 5′-CTT​GAG​GAA​AAG​CCA​GCA​TC-3′ and R 5′-GAG​CAT​CGG​AAA​
CCA​GAG​AG-3′; Il10 131038029–131038188 F 5′-CAG​AAC​CAA​GTC​
GGG​ATG​TT-3′ and R 5′-GCC​ACC​GTT​CTG​ATT​TAG​GA-3′; and H19 
ICR F 5′-GCA​TGG​TCC​TCA​AAT​TCT​GCA-3′ and R 5′-GCA​TCT​GAA​
CGC​CCC​AAT​TA-3′. Primers for ChIP for histone modification 
were as follows: Il10 CNS-1 F 5′-GCC​ACG​ATT​CTC​AGG​ACA​TT-3′ 
and R 5′-CTT​CCT​TGG​TGG​CTT​CTC​TG-3′; Il10 CNS-1b F 5′-CGC​
CAA​ACA​CTT​CTC​ACA​GA-3′ and R 5′-CCC​ATT​GGC​TTC​AAG​TTG​
TT-3′; Il10 CNS-1c F 5′-TCA​AAA​GGG​AAG​GAG​AAA​GTGA-3′ and 
R 5′-CAG​GGC​TGG​TAG​AAC​AGG​AA-3′; Il10 promoter F 5′-AGG​
GAG​GAG​GAG​CCT​GAA​TA-3′ and R 5′-TGT​GGC​TTT​GGT​AGT​GCA​
AG-3′; Il10 3′ UTR F 5′-ATA​GGA​GAA​ACA​GGG​GAA​GG-3′ and R 
5′-TGC​AGT​TGA​TGA​AGA​TGT​CAAA-3′; and Il10 CNS-2 F 5′-AGG​
TCA​CAG​GCA​GCA​GAG​TT-3′ and R 5′-CTA​CCC​CAG​GCA​GAA​GTC​
AG-3′. Primers for Il17 and Foxp3 locus were previously described 
(Akimzhanov et al., 2007; Tone et al., 2008).

Coimmunoprecipitation and immunoblot assay
Proteins were immunoprecipitated by incubation of cell lysates 
with anti-Trim33 antibody or control Ig overnight, followed by 
conjugation with protein A magnetic beads (10001D; Thermo 
Fisher Scientific). Immunoprecipitates were washed and boiled 
in 2× SDS loading buffer for elution. Physical association was 
assessed by Western blot with antibodies against Smad2 (5339; 
Cell Signaling) and ROR-γ (14-6988; eBioscience). Nuclear and 
cytoplasmic extract was isolated with NE-PER Nuclear and Cyto-
plasmic Extraction Regents (78833; Thermo Fisher Scientific). 
Tubulin and histone H1 in the extracts was detected with anti-tu-
bulin antibody (DM1A; Santa Cruz Biotechnology) and histone H1 
(ab134914; Abcam).

ChIP-seq and computational analysis
Input and Trim33 I.P. DNA obtained by the ChIP procedure above 
were subjected to library preparation using KAPA hyper prep kit 
(KAPA Biosystems). Size selection (50–400 bp) was performed 
for all samples with AMpure XP beads (Beckman Coulter) for 
library preparation. The DNA libraries were sequenced with 
single-end 50-bp reads on an Illumina Hiseq 2000. For data 
analysis, low-quality sequences and Illumina adaptor sequences 
were trimmed using TrimGalore (v.0.3.7) with default parame-
ters. Reads were mapped to the Mus musculus genome (mm10) 
using Bowtie (v.1.2.1.1, option: –p 4 –n 3 –m 1 –a–best–strata). 
Peaks were identified using MACS2 (v.2.1.1.20160309) with 
q-value cutoff of 0.01 for narrow peaks. For analysis of ROR-γ 
global binding, we processed the fastq file published previously 
(Ciofani et al., 2012). The introns, exons, intergenic regions, 
and UTRs were defined by UCSC known gene (mm10) database. 
Genome-wide distribution analysis was performed with ChIP-
seeker with default settings except for a setting for promoter 
defined as genomic fragment between 5 Kbp upstream and 1 
Kbp downstream of TSS. The overlapping peaks of Trim33 and 
ROR-γ were obtained by intersecting of bed files for ChIP-seq 
data. For integration of ChIP-seq data with gene expression data 
(threshold: log2 fold change ± 0.3), data of genomic positions of 
peaks were subjected to PAV​IS program with default settings for 
annotation of peaks on gene loci. The ChIP-seq data were depos-
ited in GEO under accession no. GSE114119.

Statistical analysis
P values were calculated using two-tailed Student’s t test or 
one-way ANO​VA followed by Tukey’s multiple comparison test 
(GraphPad software). P values are denoted in figures by *, P < 
0.05 and **, P < 0.01.

Online supplemental material
Fig. S1 shows deletion efficiency of Trim33 in T cells and cellular 
analysis of EAE. Fig. S2 shows roles of Trim33 in in vitro–cul-
tured Th cell subsets and IL-10 expression in ex vivo T reg cells. 
Fig. S3 shows Trim33 binding on Foxp3 gene locus by ChIP-seq 
analysis. Fig. S4 shows in vitro analysis of Th17 cells with Smad2 
and ROR-γ KO CD4+ T cells. Fig. S5 shows cytokine regulation by 
Trim33 and Smad4.
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