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The transcriptional regulator Sin3A balances IL-17A
and Foxp3 expression in primary CD4 T cells
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Abstract

The Sin3 transcriptional regulator homolog A (Sin3A) is the core
member of a multiprotein chromatin-modifying complex. Its inac-
tivation at the CD4/CD8 double-negative stage halts further thy-
mocyte development. Among various functions, Sin3A regulates
STAT3 transcriptional activity, central to the differentiation of
Th17 cells active in inflammatory disorders and opportunistic
infections. To further investigate the consequences of conditional
Sin3A inactivation in more mature precursors and post-thymic T
cell, we have generated CD4-Cre and CD4-CreERT2 Sin3AF/F mice.
Sin3A inactivation in vivo hinders both thymocyte development
and peripheral T-cell survival. In vitro, in Th17 skewing conditions,
Sin3A-deficient cells proliferate and acquire memory markers and
yet fail to properly upregulate Il17a, Il23r, and Il22. Instead, IL-2+

and FOXP3+ are mostly enriched for, and their inhibition partially
rescues IL-17A+ T cells. Notably, Sin3A deletion also causes an
enrichment of genes implicated in the mTORC1 signaling pathway,
overt STAT3 activation, and aberrant cytoplasmic RORct accumula-
tion. Thus, together our data unveil a previously unappreciated
role for Sin3A in shaping critical signaling events central to the
acquisition of immunoregulatory T-cell phenotypes.
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Introduction

The Sin3 transcriptional regulator homolog A (Sin3A) is the core

component of a multiprotein chromatin-modifying complex. While

initially defined as a co-repressor, Sin3A is now considered a co-

regulator, since it has co-repressor, co-activator, and transcription

factor properties (Chaubal & Pile, 2018). Sin3A contains four paired

amphipathic helix domains (Ayer et al, 1995; Schreiber-Agus

et al, 1995), each of them specific for particular transcriptional regu-

lators. Through a class I histone deacetylases (HDAC) interaction

domain (HID), Sin3A binds HDAC1 and HDAC2 and influences

chromatin structures (Alland et al, 1997; Laherty et al, 1997; Nagy

et al, 1997). Sin3A-associated HDAC1/2-activity is essential for

embryonic stem cell survival (Fazzio et al, 2008), hematopoiesis,

hematopoietic stem cell homeostasis, and T and B lymphocyte

development (Heideman et al, 2014). While HDAC activities are

regarded as predominant, other chromatin modifiers were also

found in Sin3A complexes, including histone methyltransferases

(Nakamura et al, 2002), O-linked N-acetylglucosamine transferase

(Yang et al, 2002), or members of the Swi/Snf nucleosome remo-

deling complex (Pal et al, 2003).

Sin3A deletion caused the deregulation of genes involved in cell

cycle, DNA replication, DNA repair, apoptosis, chromatin modifica-

tion, mitochondrial metabolism and cell differentiation in vitro

(Dannenberg et al, 2005), and early embryonic lethality (Cowley

et al, 2005; Dannenberg et al, 2005; McDonel et al, 2012). Its condi-

tional inactivation at the double-negative (DN) stage of thymocyte

development was found to cause a reduction in cellularity accompa-

nied by an arrest in CD8 T-cell selection and the appearance of dys-

functional CD4+ T cells (Cowley et al, 2005).

In previous studies, Sin3A was shown to regulate the transcrip-

tional activity of the signal transducer and activator of transcription

3 (STAT3) (Icardi et al, 2012; Gambi et al, 2019), which is central to

differentiation of Th17 cells. These cells mediate immunity against

fungal infections and extracellular bacteria (Ye et al, 2001) through

the secretion of several proinflammatory cytokines including IL-17A,

IL-17F, IL-21, IL-22, IL-9, GM-CSF, TNFa, and CCL20 (Liang

et al, 2006; Dong, 2008). Complex signaling networks shape differen-

tiation of Th17 cells (Yosef et al, 2013). Signals originated through

the T-cell receptor (TCR) and co-stimulatory molecules, such as

CD28, in the presence of IL-6 (Das et al, 2009) activate a number of

transcription factors, among which is STAT3, which is required dur-

ing early Th17 cell differentiation (Mathur et al, 2007; Yang

et al, 2007; Zhou et al, 2007). STAT3, in turn, controls the expression

of the retinoic-acid-receptor-related orphan receptor-c (RORct), the
lineage-specific transcriptional regulator of Th17 (Ivanov

et al, 2006). IL-6 and TGF-b also cause the STAT3-dependent
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expression of IL-21, which act via an autocrine loop to promote

RORct-dependent IL-17 expression (Korn et al, 2007, 2009; Wei

et al, 2007). Transcription cofactors have also been shown to regu-

late Th17 cell development (Jiang et al, 2019). In addition to act on

gene transcription, STAT3 has been shown to control mitochondrial

Ca2+ and membrane potential, contributing to CD4+ T-cell differen-

tiation (Yang et al, 2015; Rincon & Pereira, 2018).

Given the role of STAT3 in Th17 cell differentiation, and the find-

ing that Sin3A controls STAT3 in other cell types (Icardi et al, 2012;

Gambi et al, 2019), we hypothesized that Sin3A could contribute to

CD4+ T-cell differentiation. To define the role of Sin3A and under-

stand the consequences of its inactivation in CD4 cells in mature T

cells, we crossed Sin3AF/F mice with CD4-Cre, CD4-CreERT2, and

Rosa26-CreERT2 deleter strains, in the hope that allowing the dele-

tion of Sin3A in vivo past the DN stage would promote proper devel-

opment of mature T cells. We found that the deletion of Sin3A in DP

precursor or mature T cell in vivo hindered T-cell survival. By con-

trast, deleting Sin3A in vitro in mature T cells allowed proliferation

and acquisition of memory markers. We provide evidence

supporting the role for Sin3A in fine tuning IL-2, mTOR, STAT3, and

RORct-dependent events over the course of Th17 differentiation,

ultimately balancing IL-17A and Foxp3 expression and shaping

Th17 cell effector functions.

Results

CD4-Cre-driven Sin3A inactivation halts proper
thymocyte development

A previous report found that Sin3A deletion in DN thymocytes via

Lck-driven Cre expression hindered CD8 thymocyte development

and caused post-thymic accumulation of dysfunctional CD4+ T cells

(Cowley et al, 2005). To further investigate the contribution of

Sin3A to mature CD4+ T differentiation, we crossed Sin3AF/F with

CD4-Cre mice (Sin3A-CD4D) and CD4-CreERT2 deleter strains. We

hypothesized that Sin3A inactivation beyond the DN stage of thymo-

cyte development (i.e., past the pre-TCR assembly and over the

course of DP to SP transition) would be permissive for further thy-

mic maturation. We first analyzed the phenotype of CD4-Cre mice.

Flow cytometry (FACS) analyses revealed that both CD4SP and

CD8SP cells were significantly underrepresented in Sin3A-CD4D
mice when compared to controls (Fig 1A and B). This correlated

with Sin3A expression, comparable in DN cells and, respectively,

reduced and completely lost in DP and SP cells derived from Sin3A-

CD4D mice compared with controls (Fig 1C). Although thymus cel-

lularity was not different (Appendix Fig S1A), total numbers of

CD4SP and CD8SP cells were significantly reduced in Sin3A-CD4D
mice when compared to controls (Appendix Fig S1B). Among these,

also CD4+Foxp3+ cells were reduced (Appendix Fig S1C). Reduced

frequencies and total number reflected increased apoptotic cell

death during positive selection (Appendix Fig S1D and E). Thus, in

line with the previous report by Cowley et al (2005), deleting Sin3A

in thymocyte precursors severely hinders cell survival and further

maturation. Impaired thymic development was reflected by the

severe reduction in the frequency of CD4+ and CD8+ T cells in sec-

ondary lymphoid organs (Fig 1D and E). Of note, remaining CD4+ T

cells in the spleen of Sin3A-CD4D mice had acquired a CD44high

CD62Llow effector memory phenotype (Fig 1F–H). This was likely

the results of cells having escaped CD4-Cre-driven Sin3A deletion

(Fig 1H), and having acquired a memory phenotype as a result of

lymphopenia induced proliferation (Sckisel et al, 2017). We also

looked for possible differences in CD4+CD25+FoxP3+ cells. Data

depicted in Appendix Fig S2 confirm lower frequency of CD4 T cells

in the blood of Sin3A-CD4D mice (Appendix Fig S2A). Given selec-

tive enrichment of CD4 T cells escaping deletion, and of T cells with

CD44high CD62Llow effector memory phenotype, we gated the cells

according to naive/memory phenotype and Sin3A levels (Sin3A-

CD4D mice) (Appendix Fig S2B). Data indicate comparable percent-

ages of CD4+CD25+FoxP3+ cells (Appendix Fig S2C). Thus, overall

Sin3A inactivation at the DP stage of thymocyte development hin-

ders proper representation of mature CD4+ T cells.

We then attempted conditional deletion via tamoxifen adminis-

tration to Sin3AF/FCD4-CreERT2 mice. Tamoxifen administration

caused a progressive loss of circulating mature CD4+ T cells (Appen-

dix Fig S3A and B). Thus, conditional deletion of Sin3A in DN (Cow-

ley et al, 2005) or DP (Fig 1 and Appendix Figs S1–S3) precursors

unequivocally defines a role for Sin3A in thymocyte development

and underlines the need for post-thymic inactivation for the analysis

in mature T cells.

Sin3A deletion in mature CD4 T cells imprints a mTORC1
signature and hinders Th17 cell differentiation

To investigate the impact of Sin3A deletion in mature T cells,

CD45.2 CD4-CreERT2�/� Sin3A F/F and CD4-CreERT2+/� Sin3A F/F

mice were treated with tamoxifen for 4 days. This is sufficient to

reduce Sin3A levels in peripheral T cells. T cells were then recov-

ered, mixed with equal numbers of CD45.1 congenic T cells, and

transferred in NSG recipients (a schematic representation of the

experiment is depicted in Appendix Fig S3C). T-cell persistence was

then monitored by FACS analysis. Data depicted in Appendix

Fig S3D indicate that compared with Sin3A-sufficient cells, Sin3A-

deficient cells persisted to lower extents. Of note, by Day 20,

remaining T cells within the CD4-CreERT2+/� Sin3AF/F mice

expressed Sin3A to normal levels suggestive of preferential survival

of cells that escaped deletion. Thus, mature T cells need Sin3A for

in vivo survival, even at the post-thymic stage of development, hin-

dering the characterization of Sin3A to mature T-cell differentiation

in vivo.

We thus resorted to in vitro analysis. We first investigated Sin3A

expression in purified CD4+ T cells and found it to be upregulated

by Day 3 of anti-CD3/CD28 activation in various skewing condition

(Fig 2A) and over the course of Th17 differentiation (Fig 2B).

Next, we cultured purified CD4+ T cells obtained from CD4-Cre

CreERT2+/� Sin3AF/F or Rosa26-CreERT2 +/� Sin3AF/F mice for 6 days

in interleukin 7 (IL-7) in the absence or the presence of 4-

hydroxytamoxifen (TAM). This was adopted to allow Cre-mediated

Sin3A deletion in mature T cells while avoiding activation (Tan

et al, 2001). To investigate the contribution of Sin3A to Th17 differ-

entiation, cells were then cultured for an additional 3 days in Th17

skewing conditions (refer to Fig 2C for a schematic experimental

outline). Western blot and FACS analysis depicted in Fig 2 report

the loss of Sin3A expression in TAM-treated cells derived from

Rosa26-CreERT2 +/� Sin3AF/F mice (Fig 2D and E), which were then

adopted for all further studies.
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Over the course of Th17 skewing, both control and TAM-treated

cells completed several rounds of cell division, indicated by the dilu-

tion of the Tag-IT violet vital dye (Fig 3A and B). Fewer TAM-

treated cells completed more than three cell division cycles (Fig 3B).

This was paralleled by lower cellular yields (Fig 3C), and a slightly

increase in apoptotic cells (Appendix Fig S4A and B), and in cells in

the S phase of the cell cycle (Appendix Fig S4C). To some extent,

this recapitulates the phenotype of mouse embryonic fibroblasts,

embryonic stem cells (Fazzio et al, 2008) and pluripotent cells

(Dannenberg et al, 2005), and defective survival observed upon

Sin3A inactivation in thymocyte precursors (Fig 1 and Cowley

et al, 2005).

Over the course of proliferation in Th17 skewing conditions

Sin3A-deficient cells acquired memory markers. Indeed, while IL-7-

cultured CD4+ T cells retained a CD44low, CD62Lhigh na€ıve pheno-

type, and lacked expression of activation markers such as CD25,

PD-1, or CD69 (Appendix Fig S5A), most of Sin3A-sufficient and -

deficient Th17-skewed T cells acquired a CD44high, CD62Llow effec-

tor memory phenotype (Fig 3D and E), and upregulated CD69,

CD25, PD-1 (Appendix Fig S5B and C).

To investigate T-cell behavior in response to a nominal antigen,

we generated ovalbumin-specific TCR transgenic OTII+/� Sin3AF/F

CreERT2+/� mice. CD4 T cells purified from these mice were then

compared to those derived from OTII+/� Sin3A+/F CreERT2+/�

littermates to also control for Cre-mediated toxicity (Loonstra

A

D E

F G

H

B C

Figure 1. CD4-cre-driven Sin3A deletion halts further CD4 and CD8 thy-
mocyte development.

A, B Representative flow cytometry analysis of CD4+ and CD8+ thymocytes
(A), and frequencies of DN, DP and SP cells in Sin3A+/+ and Sin3ACD4D

mice (B). N = 5.
C Sin3A intracellular levels in DN, DP, CD8SP, and CD4SP cells from Sin3A+/+

and Sin3ACD4D mice.
D, E Representative FACS of splenic CD4+ and CD8+ cells (D) and frequencies

(E). N = 6.
F, G Representative dot plots of CD44 and CD62L levels of gated CD4+ viable

T cells (F) and quantification (G). N = 6.
H Representative dot plots of CD44 and Sin3A levels in Sin3A+/+ and

Sin3ACD4D CD4+ T cells.

Data information: In (B, E, G), data are presented as mean (Bars) � SD. Two-
tailed unpaired Student’s t-test. Dots depict individual mice analyzed in inde-
pendent experiments.

A B

C

D E

Figure 2. Sin3A levels are increased over the course of activation and
differentiation.

A Representative flow cytometric analysis of Sin3A expression in wild-type
CD4+ T cells kept for 3 days in IL-7 or differentiated to Th0, Th1, Th17
and Treg.

B Kinetics of Sin3A upregulation in Th17 conditions.
C Graphic representation of ex-vivo deletion of Sin3A. CD4+ T cells were

purified from secondary lymphoid organs derived from Sin3AF/F Rosa26-
CreERT2+/� mice, and kept in IL-7 for 6 days in in the absence or the pres-
ence of 4-hydroxy tamoxifen (TAM). Cells were then harvested and cul-
tured for an additional 3 days in Th17 skewing conditions in the absence
or the presence of TAM.

D, E (D) Flow cytometric and (E) Western blot analyses of Sin3A levels. Data
are also depicted in Fig 5B as part of the same source file.

Source data are available online for this figure.
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et al, 2001). CD4 T cells were purified and treated or not with TAM,

labeled with Tag-IT violet and then stimulated with the ovalbumin-

derived peptide OVA323-339. Data depicted in Appendix Fig S6A and

B indicate that stimulating the cells with the OVA323-339 peptide

induced proliferation of both Sin3A-sufficient and -deficient cells.

Despite OTII cells lacking Sin3A (OTII+/� Sin3A+/F CreERT2+/�)
revealed a mild proliferative and survival defect compared with con-

trols, they similarly acquired a CD44high, CD25high phenotype

(Appendix Fig S6C). Thus, together these data indicate that deletion

of Sin3A in mature T cells is compatible with TCR-driven prolifera-

tion and differentiation into memory cells.

To obtain an unbiased overview of the impact of Sin3A inactiva-

tion on Th17 differentiation, we next performed RNA-seq analysis.

To this aim, highly purified CD4+ T cells were kept for 6 days in IL-

7 without or with TAM (Basal or BasalTAM), and then cultured for

3 additional days in Th17 polarizing conditions (Day3 or

Day3TAM). RNA was then isolated and sequenced for transcripts

differential expression. Most of the transcript variation segregated

CD4+ T cells by the Th17 polarizing conditions. First principal com-

ponents (PC1) analyses accounted for 90% of the variance between

Th17 polarized T cells and unstimulated cells (basal conditions),

and clearly differentiated Day3 samples (Sin3A sufficient) from

Day3TAM ones (Sin3A deficient) (Fig 3F). Comparison between

Day3TAM and Day3 T cells yielded a total of 9,386 differentially

expressed genes (P < 0.05). Among them, 1,139 genes were upregu-

lated and 2,282 were downregulated in Day3TAM T cells compared

with controls (P < 0.05), when considering genes with a fold change

> 1, as represented in the Volcano plot (Fig 3G). Gene set enrich-

ment analysis (GSEA) was next performed comparing Day3TAM

and Day3 samples. We found a significant enrichment of genes

implicated in mTORC1 signaling pathway (Genes upregulated

through activation of mTORC1 complex) (Fig 3H, Nominal P-

value < 0.001, FDR q-value: 0.147). The heatmap of the top 35 up-

and downregulated genes among the 181 of the mTORC1 signature

is depicted in Appendix Fig S7A. As mTORC1 controls both STAT3

phosphorylation, and Th17 differentiation (Nagai et al, 2013), the

finding that genes implicated in mTORC signaling are enriched upon

Sin3A inactivation, supports its role in Th17 differentiation.

In trying to deepen the analysis, we chose to adopt a different

approach. We considered only those genes that were upregulated

(5 > log2FC >1) or only downregulated (�1 > log2FC > �7) with

an adjusted P-value < 0.01 to generate gene lists to be compared

with available data bases by the EnrichR engine. When using the

downregulated ones, we found them to belong to the cytokine

receptor interaction (adj P-value < 0.002) and IL-17 signaling path-

way (adj P-value < 0.02). When using the upregulated ones, we

found them to belong to amino acid, vitamin, and fatty acid metabo-

lism (0.001 < P-value < 0.05) (Appendix Fig S7B and C). These

additional computational analyses were in line with the enrichment

of genes implicated in mTORC signaling and the role of Sin3A in

shaping Th17 cells.

Finally, to even more directly analyze Sin3A-dependent tran-

scriptional regulation, we possible overlaps of the identified gene

lists with the ENCODE (transcription) plus ChEA (Chip-ex) inte-

grated database (Lachmann et al, 2010). We found that downregu-

lated genes overlapped with the Polycomb 2-regulated gene group,

A

D
E

F

H

G

B C

Figure 3. Conditional deletion of Sin3A allows cell differentiation and
imprints T cells with a mTORC1 signature.

Sin3AF/F Rosa26-CreERT2 CD4+ T cells were treated as described in Fig 2C.

A Proliferation profiles of untreated (NT) and TAM-treated (TAM) cells
labeled with Tag-IT Violet, and kept for 3 days in Th17 conditions.

B Quantification of cell division cycle according to Tag-IT Violet dilution
profiles, N = 5.

C Relative cell numbers (Day 3/Day 0). N = 6.
D Contour plots depicting relative CD44 and CD62L expression after gating

on viable lymphocytes.
E Bar plots showing relative frequencies of effector memory (Tem), central

memory (Tcm) and na€ıve cells viable lymphocytes, N = 5.
F–H RNA-seq transcriptomic analysis of CD4+ T cells derived from Rosa26-

CreERT2 Sin3AF/F mice cultured for 3 days in IL-7 in the absence or the
presence of tamoxifen (basal, basal TAM) and then cultured for three
additional days in Th17 polarizing conditions (Day3 or Day3TAM). Princi-
pal component analyses (F). Volcano plot of differentially expressed genes
(FDR < 0.05; vertical dashed lines indicate fold change values Long2 fold
change 1-1) (G) Gene Set Enrichment analysis (H) highlights a signature
compatible with an MTORC1 signaling pathway (Genes up-regulated
through activation of mTORC1 complex).

Data information: (A, D) Flow cytometric analyses. In (B, C, E) data are
presented as mean (Bars) � SD. Two-tailed paired Student’s t-test. N = 5 cul-
tures per condition (NT or TAM) derived from individual mice. In (F–H) RNA
Seq Omnibus GSE196615 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE196615).
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while the upregulated ones overlapped with gene groups controlled

by myc/max family members (Appendix Fig S7D and E). These fur-

ther analyses suggest that Sin3A may play a broader than expected

role in T-cell biology, although they support the involvement of

Sin3A in instructing a mTORC1 signature possibly critical to Th17

differentiation.

Thus, we next investigated the expression of IL-17A, the signa-

ture cytokine for Th17 cells. We found that while a fraction of con-

trol cells expressed IL-17A after PMA and Ionomycin stimulation

(PI), TAM-treated Sin3A-deficient cells mostly failed to do so

(Fig 4A). At difference, cells produced IFNc to comparable extents

(Fig 4B). Defective IL-17A could not be attributed to differences in

proliferation, as it was observed among Sin3A-sufficient and -

deficient cells having undergone similar rounds of cell division

(Appendix Fig S8A–C). Of note, a fraction of Sin3A-deficient cells

preserved IL-17A expression (Appendix Fig S8D). RT–PCR analysis

pointed toward a transcriptional defect, as Sin3AD cells revealed

lower Il17a RNA levels compared with controls (Fig 4C), while Ifng

levels were similar (Fig 4C and D). In addition to Il17a, also the

expression of Il17f, Il23r, and Il22 was lower in Sin3A-deleted cells.

By contrast, Il21 was significantly increased when compared to con-

trols (Fig 4D). Thus, post-thymic genetic inactivation of Sin3A hin-

ders proper differentiation of Th17 cells.

STAT3 and Foxp3 are upregulated in Sin3A-deficient CD4+ T cells
in Th17-skewing conditions

Differentiation of Th17 helper cells depends on signals from IL-6, in

combination with TGF-b, IL-23, and IL-21. These signals lead to the

activation of STAT3 and the expression of RORct, the Th17 lineage

defining transcription factor. RORct then acts in synergy with

STAT3 (Ciofani et al, 2012), to promote the production of IL-17A,

IL-17F, and IL-22 (Ivanov et al, 2006; Zhou et al, 2007; Manel

et al, 2008) (Fig 5A).

As Sin3A controls STAT3 transcriptional activity in several cell

types (Icardi et al, 2012; Gambi et al, 2019), we first investigated rel-

ative STAT3 expression, phosphorylation, and nuclear representa-

tion. We found a trend toward increased levels of total STAT3 and

of its phosphorylation on Ser727 in cells lacking Sin3A compared

with controls (Fig 5B and C). In addition, nuclear STAT3 levels were

significantly higher in Sin3A-deficient cells than in controls (Fig 5D

and E). This is in line with the transcriptomic data suggesting an

upregulation of mTORC1 (Fig 3) that is upstream of STAT3, and

suggest that in cells lacking Sin3A STAT3 might be more transcrip-

tionally active.

Next, we analyzed RORct expression. Data indicated RORct to be

expressed at comparable levels in Th17 skewed Sin3A-sufficient and

-deficient cells both at the protein (Fig 5F–H) and mRNA level

(Fig 5I). Thus, cells lacking Sin3A preserve the expression of STAT3

and RORct. However, while Il21, which mainly relies on STAT3

(Wei et al, 2007), was expressed at higher levels in cells lacking

Sin3A (Fig 4D), Il17a, Il23r, and Il22, which are concomitantly regu-

lated by STAT3 and RORct (Ivanov et al, 2006; Durant et al, 2011;

Ciofani et al, 2012), failed to be properly induced. These data sup-

port the notion that STAT3 and not RORct are transcriptional active

in Th17 cells lacking Sin3A.

STAT3 also controls Foxp3 expression (Pallandre et al, 2007). In

turns, Foxp3 can directly interact with RORct, and inhibit Il17a

transcription (Ichiyama et al, 2008; Zhou et al, 2008). We thus

asked whether the absence of Sin3A could favor the expression of

Foxp3 in spite of Th17 skewing conditions, and whether this might

account for defective of Il17a upregulation. Cells lacking Sin3A were

A

B

C

D

Figure 4. Sin3A-deficient T cells fail to differentiate in Th17 skewing
conditions.

Sin3AF/F Rosa26-CreERT2 CD4 T cells treated or not with TAM were kept for
3 days in Th17-skewing conditions as described in Fig 2. Cells were then left
untreated or stimulated with PMA/ionomycin (PI) for 4 h, and analyzed by
intracellular cytokine staining (A, B) or RT-PCR (C, D).

A, B (A) Representative dot plots and (B) bar plots showing the percentage of
cells expressing IL-17A+ (N = 14) and IFNc+ (N = 5).

C, D RT-PCR analysis of indicated gene expression after PI stimulation. Rela-
tive levels are depicted: IL17a, ifng, Il17f, Il21 (N = 7), Il22 (N = 4). Il23r
levels were analyzed without re-stimulation (N = 7).

Data information: In (B–D) data are presented as mean (Bars) � SD. Two-
tailed paired Student’s t-test. N = 14, 5, or 7 cultures per condition (NT or TAM)
derived from individual mice, as indicated.
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indeed enriched for Foxp3+ cells (Fig 6A and B), in line with the

upregulation of Foxp3 mRNA levels (Fig 6C).

TAM is known to activate mTOR signaling and to increase the

number of splenic Treg in mice. Furthermore, estrogen receptor sig-

naling is known to affect Treg development/differentiation (Rich

et al, 2002). To further verify whether TAM affected Th17 cell differ-

entiation, we treated cultures of CD4+ T cells obtained from Cre+

F/+ (Sin3A sufficient, wild-type) or Cre+ F/F (Sin3A-deficient cells,

knockout) mice. Data indicate that TAM had no effect on IL-17, IL-

2, IFN-c, or Foxp3 (Appendix Fig S9A–D).

We noted that Foxp3 and IL-17A proteins were mutually exclu-

sive (Fig 6A). We thus asked whether interfering with FoxP3 activity

would rescue IL-17A expression. To this aim, we took advantage of

P60, a cell permeable 15-mer synthetic peptide reported to bind to

Foxp3 and to prevent its nuclear translocation (Casares et al, 2010).

Sin3A-sufficient and -deficient cells were cultured in Th17 skewing

conditions in the absence or the presence of P60, and then analyzed

for IL-17A expression. We found that adding the P60 inhibitor over

the course of Th17 differentiation significantly increased the per-

centage of IL-17A+ cells (Fig 6D), with no effects on cell viability

(Appendix Fig S10A). Although the rescue was more statistically rel-

evant for Sin3A-deficient cells, both Sin3A-sufficient and -deficient

cells had increased percentage of IL-17A+ cells (Fig 6D). Thus,

although a higher fraction of Sin3A-deficient cells acquires Foxp3

expression, this does not fully explain reduced IL-17A levels.

A

B
D

C E

F G

H I

Figure 5. STAT3 and RORct are properly expressed in Sin3A-deficient cells
and yet fail to promote IL17A.

A Schematic representation of STAT3 and RORct-driven events over Th17
differentiation.

B–E Representative western blot of total (B) and nuclear (D) STAT3 and
pSTAT3 (ser727) in control (NT) and Sin3A-deleted Th17-skewed CD4+ T
cells (TAM), and quantification of relative representation over indepen-
dent experiments (C–E). Data relative to Sin3A and actin is also depicted
in Fig 2E, as part of the same source file.

F Contour plots depicting IL-17A and RORct levels in viable PMA and Iono-
mycin stimulated control (NT) and TAM-treated CD4+ T cells.

G, H (G) Representative histograms of RORct protein levels and (H) relative
expression (Relative Fluorescence Intensity, TAM relative to NT), N = 8.

I RT-PCR analysis of Rorc (N = 6) and Rora (N = 7) gene levels. Relative
expression is shown.

Data information: In (B and C) Western Blot. N = 4 and 3 mice. In (D, E, H, I)
data are presented as mean (Bars) � SD. Statistical analyses: in (E, H, I) Two-
tailed paired Student’s t-test. N = 5, 7, 8, 7 cultures per condition (NT or TAM)
derived from individual mice, as indicated. In D pSTAT3/b-ACTIN: Wilcoxon
matched-pairs signed rank test (not normally distributed according to
Shapiro–Wilk test).
Source data are available online for this figure.

A

B C

D

Figure 6. Sin3A inactivation favors the differentiation of Foxp3+ cells.

Cells were cultured as depicted in Fig 2 and analyzed after PMA and
Ionomycin stimulation for 4 h.

A, B (A) Representative contour plots and (B) percentages of IL-17A+ and
Foxp3+ cells, N = 10.

C RT-PCR analysis of Foxp3 expression N = 7.
D Cells were cultured as depicted in Fig 2 in the absence or the presence of

the P60 Foxp3 inhibitor. Cells were then harvested and stimulated with
PMA and ionomycin for 4 h. Bar plots report the percentage of IL-17A+

cells relative to untreated controls, N = 6.

Data information: In (B–D) data are presented as mean (Bars) � SD. Two-
tailed paired Student’s t-test. N = 10, 7 or 6 cultures per condition (NT or TAM)
derived from individual mice, as indicated.
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IL-2 contributes to the establishment of IL-17A� Foxp3+

phenotype in Th17 skewed Sin3A-deficient cells

IL-2 promotes mTORC1 signaling (Ray et al, 2015), STAT3, and

STAT5 phosphorylation and activation and Foxp3 expression and

stability (Setoguchi et al, 2005; Zorn et al, 2006; Chen et al, 2011).

As Sin3A was previously reported to negatively regulate Il2 tran-

scription by bringing HDAC to its promoter (Lam et al, 2015b), we

reasoned that the loss of Sin3A could unleash increased IL-2 expres-

sion, and this could contribute to the upregulation of FoxP3 and

defective Il17a expression. By FACS analysis, we found that Sin3A-

deficient cultures were indeed enriched in IL-2-producing cells

(Fig 7A and B), which was corroborated by higher Il2 mRNA levels

(Fig 7C), and a rise in phosphorylated STAT5, and p70S6 kinase

(Appendix Fig S11A–D). These data provide a mechanistic explana-

tion for the finding that Sin3A-deficient cells were characterized by

the mTORC1 signaling signature. Thus, Sin3A inactivation unleash

Il2 transcription in Th17 conditions, and this might cause Il17a/IL-

17A inhibition.

To directly challenge the role of IL-2, we investigated whether

neutralizing IL-2 during Th17 skewing would impact on relative

expression of FoxP3 and IL-17A. FACS analyses indicated that the

addition of anti-IL-2 neutralizing antibodies had minimal effects on

Sin3A-sufficient cultures, while it lowered the frequency of Foxp3+

cells almost to significant levels in Sin3A-deficient cultures. Con-

comitantly, neutralizing IL-2 increased the frequency of IL-17A+

cells only in cells lacking Sin3A, while had no effects on Sin3A-

sufficient controls (Fig 7D and E). Notably, the rescue in IL-17A+

cells was proportional to the dose of anti-IL-2 Ab (Fig 7F), indepen-

dent of cell viability (Appendix Fig S10B), and inversely correlated

with the frequency of IL-2+ cells (Fig 7G). Thus, inactivation of

Sin3A favors IL-2 upregulation, which neutralization partially res-

cues IL-17A+ cells, and limits Foxp3.

To better understand the relationship of IL-2, IL-17, and Foxp3, a

logistic model was adopted for the unsupervised classification of

samples based on their relative expression of these molecules. The

scatter plots depicted in Appendix Fig S12A indicate that samples

were assigned to independent categories (TAM-treated and

untreated) with 95% confidence only when IL-2 versus IL-17A or

Foxp3 versus IL-17A were considered. Instead, when IL-2 and Foxp3

were analyzed, Sin3A-sufficient (untreated) and -deficient (TAM

treated) clustered together. Thus, together these data indicate that

IL-2-producing cells are more likely to express Foxp3 rather than IL-

17A.

RORct accumulates in the cytoplasm in Sin3A-deficient T cells

IL-2 neutralization partially restored IL-17+ cells, and yet did not

fully overcome the failure of Sin3A-deficient T cells to express IL-

17A. Proteomics studies have identified several phosphorylation,

acetylation, and ubiquitination sites in RORct controlling nuclear

localization, protein stability, DNA-binding, and transcriptional

activity. In addition, previous reports indicated that cytoplasm-to-

nuclear import is controlled by the PI3K-mTOR axis over the course

of differentiation (Kurebayashi et al, 2012). Given the notion that

Sin3A can interact with acetylases and deacetylases including p300

and Sirtuin1, both able to control RORct acetylation (Lim

et al, 2015; Wu et al, 2015), and that genes implicated in mTORC1

signaling pathway are upregulated upon Sin3A inactivation (Fig 3F–

H), we asked whether RORct could be regulated posttranscription-

ally by Sin3A. To this aim, we analyzed RORct subcellular distribu-
tion by confocal immunofluorescence analyses. While RORct was

detected in the nucleus of the vast majority of Sin3A-sufficient cells,

a consistent fraction of Sin3A-deficient ones showed cytoplasmic

relocalization of RORct (Fig 8A), resulting in a consistent fraction of

A B

C

D

F G

E

Figure 7. Sin3A-sensitive IL-2 upregulation limits the differentiation of
IL-17A+ T cells.

A, B Cells were cultured as depicted in Fig 2 and then stimulated with PMA
and Ionomycin for 4 h. A. Representative contour plots and B.
percentages of IL-2+ cells, N = 7.

C RT-PCR analysis of Il2 expression, N = 7.
D, E Cells were cultured as depicted in Fig 2 in the absence or the presence of

a neutralizing anti-IL-2 mAb. D. Bar plot depicting the frequency of
Foxp3+, N = 5 and E. relative IL-17A+ cells, N = 10.

F Relative increase in IL-17A+ Sin3A-sufficient and -deficient cells with
respect to the dose of anti-IL-2 mAb, N = 3.

G Correlation of the relative increase in IL-17A+ cells in the presence of
anti-IL-2 antibody and the percentage of IL-2+ cells in TAM-treated cells.

Data information: In (B–E) data are presented as mean (Bars) � SD. Two-
tailed paired Student’s t-test. N = 9, 7, 5, 10 cultures per condition (NT or TAM)
derived from individual mice, as indicated. In (F) each dot represents the
mean � SD of three independent determinations. Two-tailed paired Student’s
t-test.
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the cells with reduced nuclear RORct representation (Fig 8A and B).

Thus, cells lacking Sin3A show delocalization of RORct, likely con-

tributing to defective expression of Il17a, Il23r, and Il22.

Taken together, our data identify a previously unappreciated role

for Sin3A in Th17 differentiation (schematically depicted in Appen-

dix Fig S12B). Results support its ability to control IL-2, mTOR,

STAT3, and RORct ultimately shaping the immunoregulatory pheno-

type of T cells over the course of Th17 differentiation.

Discussion

The transcriptional regulator Sin3A controls several pathways

governing many aspects of normal and neoplastic growth and sur-

vival. Here, we provide further evidence that Sin3A is absolutely

required for CD4+ thymocyte development, and uncover its critical

role in mature CD4+ T-cell survival and differentiation into Th17

effector cells.

In a previous study, Cowley et al (2005) reported that Lck-Cre-

driven deletion of Sin3A at the DN3 stage of thymocyte development

resulted in the arrest of CD8 immature precursors, and only allowed

the maturation of dysfunctional CD4SP cells. By adopting CD4-Cre

and CD4-CreERT2 deleter strains, we found that also inactivation of

Sin3A past the DN stage, and more precisely at the DP stage

severely halted both CD4+ and CD8+ thymocyte maturation, causing

peripheral T-cell lymphopenia. In Sin3A-CD4D mice, the large

majority of remaining CD4+ T cells in secondary lymphoid organs

had escaped Sin3A deletion. Thus, deletion of Sin3A in the thymus,

either at the DN (Cowley et al, 2005) or at the DP stage (this manu-

script), is not compatible with mature CD4 T-cell development and

survival. In peripheral blood and secondary lymphoid organs of

Sin3A-CD4D, we found cells that had escaped deletion and acquired

a memory phenotype. By contrast, Sin3A-deficient ones remained

na€ıve. Based on unpublished data, we predict those cells to die

shortly after TCR cross-linking. Of note, also CD25+Foxp3 CD4+ T

cells did not accumulate upon Sin3A deletion. This further

strengthens its role in survival.

The reasons accounting for the different impact of Sin3A dele-

tion, that is, at the DN (Cowley et al, 2005) or DP (shown here),

according to the timing of Sin3A deletion remain to be fully clari-

fied. However, it should be noted that while DN thymocytes

undergo a rapid and extensive proliferative phase (6–8 cell cycle

division) to ensure the generation of a large pool of progenitors, DP

cells enter a resting phase to allow rearrangement of the TCR alpha

chain (Taghon et al, 2006; Ciofani & Z�u~niga-Pfl€ucker, 2007). Indeed,

by performing single cell RNA-seq analyses, Li et al (2021) found

that up to 40% of intermediate SP were in the M/G1 phase, while

this was not the case for DP blasts. Thus, it could be speculated that

deletion of Sin3A at the DN stage (Cowley et al, 2005) results in the

selection of a cell subset capable to survive positive thymic selec-

tion, and yet lacking proper responsiveness at the mature stage. By

contrast, inactivation of Sin3A at the DP stage, beyond TCR rearran-

gement, might render developing precursors more sensitive to nega-

tive selection. This is supported by the finding that Sin3A-deficient

thymocytes were enriched for apoptotic cells. A role for RORct

A

B

Figure 8. RORct accumulates in the cytoplasm of Sin3A-deficient T cells.

Cells were cultured as depicted in Fig 2 and then left untreated or stimulated
with PMA and Ionomycin for 4 h. Cells were then deposited on Poly-L-lysine
coated coverslips, fixed, permeabilized and stained with anti-RORct and anti-
Sin3A antibodies. Nuclei were stained with Hoechst 33342.

A Representative confocal images are depicted. Scale bars: 10 lm. Red and
gray arrows indicate representative Sin3A-deficient and -sufficient cells,
respectively.

B Plots depict the fraction of cells with cytoplasmic RORct.

Data information: In (B), Dots represent individual images with 20–50 cells,
collected over two independent experiments. An average of 300 cells was
counter per conditions. Cells with picnotic nuclei or with vacuolated
cytoplasm were excluded. Statistical analysis: One way Anova.
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might also be envisaged. Indeed, it normally enforces a resting state

in developing thymocytes and favors their survival via Bcl-XL upre-

gulation (Sun et al, 2000). Given the finding that upon Sin3A dele-

tion in mature T cells, RORct accumulates in the cytoplasm, and

direct RORct targets are defectively induced, it is possible that

RORct functions are also altered in Sin3A-deficient thymocytes.

Ongoing experiments are addressing this aspect. Inactivation of

Sin3A in mature CD4 T cells showed that T cells failed to persist,

strengthening the role of Sin3A in controlling survival.

To analyze the role of Sin3A in mature T cells, we adopted TAM-

induced in vitro deletion. We found that post-thymic Sin3A inactiva-

tion was compatible with cell proliferation and their differentiation

into memory cells. Although a slight enrichment of apoptotic cells

and of cells arrested in the S-phase in cultures was detected within

Sin3A-deficient cells, previously reported in other model systems by

us and others (Dannenberg et al, 2005; McDonel et al, 2012; Gambi

et al, 2019), Sin3A-sufficient and -deficient (TAM-treated) cells com-

pleted comparable rounds of cell division and acquired several

memory markers. By Day 3, Sin3A knockdown cells also revealed a

distinct mTORC1 signaling signature, corroborated by higher CD25

and PD-1 surface levels, and increased phosphorylation of p70S6K,

an mTORC1 effector molecule (Brunn et al, 1996). Nevertheless, in

Th17 skewing conditions, Sin3A-deficient cells failed to produce IL-

17A because of Il17a defective expression. Compared with controls,

Sin3A-deficient T cells also failed to upregulate Il17f, Il23, and Il22,

typical determinants of Th17 cell differentiation, and instead upre-

gulated Il21 to higher extents when compared to controls. As Il21 is

more dependent on STAT3 (Wei et al, 2007), while Il17a, Il23R, and

Il22 require RORct (Zhou et al, 2007), these data are consistent with

STAT3 (increased phosphorylation and nuclear representation), and

not RORct being transcriptionally active.

Cells lacking Sin3A also upregulated Il2 and were enriched for IL-

2+ cells. Lam et al (2015b) previously found that Sin3A represses Il2

expression by bringing histone deacetylase (HDAC) activity to Il2 pro-

moter regions. The binding of Sin3A/HDAC was relieved by TCR/

Cdk5-induced Sin3A phosphorylation, which promoted IL-2 expres-

sion (Lam et al, 2015b). Our Sin3A-deficient T cells might lack this

inhibitory mechanism. Augmented IL-2 played an active role. Indeed,

neutralizing anti-IL-2 antibodies significantly increased IL-17A+ cells

in Sin3A-deficient cultures, and concomitantly lowered the frequency

of Foxp3+ cells, although not to statistical significance.

Foxp3 expression in human and mouse T cells is mediated by

STAT3, which is activated downstream to CD3/CD28 and TGFb sig-

naling (Pallandre et al, 2007). Foxp3 stability is also controlled by

IL-2 (Chen et al, 2011). In Sin3A-deficient T cells, STAT3 appeared

transcriptionally active, when considering Il21. In spite of previous

reports highlighting the ability of active STAT3 to inhibit Foxp3, we

found it to be upregulated. Specific phosphorylation of STAT3 at

Serine 727 was shown to be induced by IL-6 via Cdk5 and needed

for Foxp3 inhibition (Lam et al, 2015a). We speculate that in steady-

state conditions, Sin3A restrains STAT3 downstream to IL-6. Inter-

estingly, in Sin3A-deficient T cells, we found increased total and

pSTAT3Ser727 levels. Given that Sin3A can bind Cdk5 (Lam

et al, 2015b), it would be tempting to speculate that the loss of

Sin3A might lower pSTAT3Ser727 representation within Foxp3

enhancer regions, thus allowing Foxp3 expression. To further eluci-

date this, the characterization of putative differences in STAT3 pro-

moter occupancy in Sin3A-deficient cells compared with controls

and of the nature of the regulatory complexes possible affected by

Sin3A deficiency would need to be investigated.

Thus, our data suggest that in Th17 conditions, Sin3A normally

restrains IL-2 and Foxp3 expression. We initially hypothesized that

the acquisition of Foxp3 might account for RORct malfunctioning.

Indeed, Zhou et al (2008) reported that TGFb-induced Foxp3

inhibits RORct through direct interaction (Zhou et al, 2008). In this

study, RORct and Foxp3 were found co-expressed in naive CD4+ T

cells exposed to TGF-b, and Foxp3-mediated inhibition of RORct
was relieved by IL-6, IL-21, and IL-23 promoting Th17 cell

differentiation.

The finding that Foxp3 and IL-17A were mutually expressed and

that the Foxp3 P60 inhibitor (Casares et al, 2010) partially rescued

IL-17A+ cells supported this notion. However, P60 also increased IL-

17+ cells in control cultures, suggesting that Foxp3 and Sin3A act via

independent mechanisms, and that additional mechanisms might

contribute to defective Il17a expression.

Accordingly, we found that T cells lacking Sin3A had increased

RORct representation in the cytoplasm compared with controls. This

could directly explain reduced expression of target genes. The

nuclear localization of RORct is regulated by import into the nucleus,

and export from the nucleus. The former is controlled by PI3K-Akt-

mTORC1-dependent signals (Limagne et al, 2017). Once into the

nucleus, RORct phosphorylation and acetylation modulate RORct
activity. For instance, phosphorylation via the extracellular signal

regulated kinases (ERKs) restrict Th17 activity (Ma et al, 2022). The

effects of acetylation/deacetylation by histone acetyltransferases and

histone acetyldeacetylases on RORct function have been studied with

somehow contradictory conclusions. Lim et al (2015) reported that

RORct acetylation impaired DNA-binding and hence transcriptional

activity. In line with this notion, naive CD4+ T cells transduced with

K69/81/99Q mutants mimicking a constitutively acetylated form of

RORct, failed to differentiate into Th17 cells. By contrast, Wu

et al (2015) found that p300 can acetylate RORct at K81 residue and

increase its stability, as well as transcriptional activity. The same

authors found that HDAC1 counteracted p300 activity. The histone

deacetylase Sirtuin 1 (SIRT1) has also been shown to deacetylate

RORct and by that promote Th17 differentiation (Lim et al, 2015). Of

note, STAT3 acetylation affects its ability to translocate into the

nucleus (Zhuang, 2013). STAT3 can heterodimerize with either the

histone deacetylase SIRT1 or the histone acetylase p300. Limange

and co-authors reported that SIRT1 agonists blunted STAT3 acetyla-

tion and caused its retention in the cytoplasm. These authors also

found that, SIRT1 did not interact with STAT3 but with RORct in
Th17 cells in the absence of SIRT1 activation. Upon activation, SIRT1

did no longer interact with RORct, but instead with STAT3, causing

its cytoplasmic retention (Limagne et al, 2017). Sin3A can form com-

plexes with both p300 and HDAC1 (Kadamb et al, 2013; Dancy &

Cole, 2015; Tsai et al, 2017). Future studies will have to determine

whether these Sin3A complexes can bind RORct and if so, which

could be the acetylation status of RORct in Sin3A-sufficient and

-deficient cells, and how this would impact on its subcellular

distribution.

Together, our data indicate that Sin3A regulates IL-2, mTOR,

STAT3, Foxp3, and RORct over the course of Th17 differentiation

balancing immunoregulatory phenotypes. Whether similar events also

shape Th17 cell function in vivo remains to be determined. Indeed,

our attempts to trace mature T cells upon Sin3A inactivation failed, as
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CD4+ Sin3A deleted cells lacked in vivo persistence. Nevertheless, a

subset of T cells within the small intestinal lamina propria was found

to co-express both Foxp3 and RORct and to produce less IL-17 than

those that express RORct alone (Zhou et al, 2008), suggesting that

Th17 cells can acquire distinct physiological functions in response to

extracellular signals (cytokines/growth factors). We suggest that

Sin3A contributes to such differentiation program, by directly or indi-

rectly tuning IL-2, mTORC1, STAT3, Foxp3, and RORct. Although

some controversy regarding the role of mTORC1 signaling on Foxp3

expression exists (Battaglia et al, 2005; Kopf et al, 2007), it has been

shown to regulate the generation and function of central and effector

Foxp3+ regulatory T cells (Sun et al, 2018). It is thus tempting to sug-

gest that IL-2 and/or agents directly tuning mTORC1 (i.e., nutrients,

microbial components) (McGeachy & McSorley, 2012) might shape

the inflammatory/regulatory phenotype of Th17 cells. As Sin3A inhib-

itors have been developed for in vivo use, these data also raise the pos-

sibility to target Sin3A (Kwon et al, 2015) in autoimmune diseases or

gut inflammatory disorders. In these conditions, Sin3A inhibition

could dampen the pro-inflammatory nature of Th17 cells, while favor-

ing immunoregulatory functions.

Materials and Methods

Mice

Mice were housed and bred in the San Raffaele Institutional specific

pathogen-free animal facilities. Mice used in this study were backcrossed

with C57BL/6J mice (> 10 generations). Mice carrying Sin3A-floxed

alleles (Dannenberg et al, 2005) (Sin3AF/F; gently provided by Dr. Jan

Tavernier, Ghent University and Hospital, Ghent University, 9000 Ghent,

Belgium) were crossed with CD4-Cre (Lee et al, 2001) (gently provided

by Dr. Paolo Dellabona, San Raffaele Institute), CD4-CreERT2 (gently

provided by Burkhard Becher, University of Zurich), or Rosa26-CreERT2

(Ventura et al, 2007) (gently provided by Dr. Marco Bianchi, San

Raffaele Institute) transgenic mice to generate Sin3AF/F CD4-Cre+/�,
Sin3AF/F CD4-CreERT2 +/� and Sin3AF/F Rosa26-CreERT2+/� mice,

respectively. Sin3AF/F mice were also crossed with OT II mice (gently

provided by Dr. Andrea Annoni, San Raffaele Institute) and subse-

quently with Rosa26-CreERT2+/� mice. Mice were screened by PCR. The

following primers were used to detect the floxed (250 bp) or wild-type

(150 bp) Sin3A allele: 50-CAGATCCTATTCCAGGTGTCAAAG and 50-
CATGTTCATGTTTAGATATACTTCG. The presence (390 bp) of Cre

was also investigated by PCR with the following primers 50-
CCTGGAAAATGCTTCTGTCCG and 50-CAGGGTGTTATAAGCAATCCC.
Studies were performed in accordance with the European Union guide-

lines and with the approval of the San Raffaele Institute Institutional Eth-

ical Committee (Milan, Italy; IACUC-814).

T cell activation and differentiation

CD4+ T cells were isolated by negative selection from spleens and

lymph nodes (Miltenyi Biotec, #130-104-454) according to the man-

ufacturer’s instructions (typically > 95% purity). To initiate Sin3A

deletion, CD4+ T cells were then cultured for 6 days in RPMI supple-

mented with 5% FBS, L-Glutamine, Pen/Strep, b-mercaptoethanol

and IL-7 (5 ng/ml) in the absence or the presence of 4-OH tamoxifen

(TAM, 1 lM). Cells (1 × 106/ml) were then recovered and activated

for 3 days on plate-bound anti-CD3 (BD, #553058) and soluble anti-

CD28 (Biolegend, #102116) antibodies in the indicated skewing con-

ditions, in the absence or the presence of TAM (0.5 lM). For Th17

differentiation, T cells were plated on 5 lg/ml plate-bound anti-CD3

and 5 lg/ml anti-CD28 antibodies in Iscove’s Modified Dulbecco’s

Medium (IMDM) supplemented with 10% FBS, L-Glutamine, Pen/

Strep, b-mercaptoethanol, 50 ng/ml IL-6, 1 ng/ml TGF-b, 10 ng/ml

IL-1b, 10 lg/ml anti-IL-4 and 10 lg/ml anti-IFNc. For Th0 differen-

tiation, T cells were cultured on 1 lg/ml plate-bound anti-CD3 and

1 lg/ml soluble anti-CD28 antibodies in RPMI supplemented with

5% FBS, L-Glutamine, Pen/Strep, b-mercaptoethanol, 20 ng/ml IL-2

and 2.3 ng/ml TGF-b. For Th1 differentiation, cells were cultured as

in Th0, supplementing cells with 3 lg/ml anti-IL-4 and 10 ng/ml IL-

12. For Treg differentiation, T cells were cultured on 1 lg/ml plate-

bound anti-CD3 and 5 lg/ml soluble anti-CD28 antibodies in RPMI

supplemented with 5% FBS, L-Glutamine, Pen/Strep, b-
mercaptoethanol, 20 ng/ml IL-2 and 2.3 ng/ml TGF-b. All cytokines
used were purchased from Peprotech. After 3 days of activation,

cells were stimulated with Phorbol 12-myristate 13-acetate (PMA)

(10 ng/ml, Sigma, #P8139)/ionomycin (1 lg/ml, Sigma, #I0634) for

4 h, adding Brefeldin A (BFA) (5 lg/ml, sigma, #B7651) for the last

2 h of culture. As control, half of the cells were treated only with

BFA. In some experiments, anti-IL-2 blocking antibody (1 lg/ml

unless specified, BioCell #BE0043-1) or the Foxp3 inhibitor P60

(Casares et al, 2010) (20 lM) were provided during the 3 days Th17

differentiating cultures.

In experiments using OTII+/� Sin3A CreERT2 mice, CD4 T cells

were purified as above, kept for 6 days in RPMI supplemented with

5% FBS, L-Glutamine, Pen/Strep, b-mercaptoethanol and IL-7

(5 ng/ml) in the absence or the presence of 4-OH tamoxifen (TAM,

1 lM) and then cultured for 3 days in Th17 conditions in the pres-

ence of 1.25 lM ovalbumin (OVA).

Flow cytometry

Cells were collected, washed in PBS, and stained with a viable dye

(Zombie Aqua, Biolegend, #423101) for 20 min on ice in the dark.

Cells were then resuspended in Fc-blocking solution (anti CD16/

CD32 antibody 2.4G2, homemade), incubated for 5 min and then

labeled with indicated antibodies for 15 min at 4°C in the dark. Cells

were then washed and fixed for 30 min to ON at 4°C (Foxp3/Tran-

scription Staining Buffer Set, eBioscience, #00-5523-00). Fixed cells

were permeabilized using the same buffer set and intracellular stain-

ings were performed for 30 min at 4°C in the dark. Stained cells

were collected and measured on a BD FACSCanto3 machine. Ana-

lyses were performed using the FlowJo software. The list of anti-

bodies adopted in the study is provided in Appendix Table S1.

Apoptosis and cell proliferation

To measure apoptosis, surface levels of Annexin V were investigated

by flow cytometry. 1 × 105 cells were washed and resuspended in

100 ll of ice-cold binding buffer (140 mM NaCl, 4 mM KCl, 0.75 mM

MgCl2 and 10 mM HEPES). Ten minutes before acquisition, anti-

AnnexinV-FITC antibody (5 ll, BD, #51-65874X), 7-AAD (5 ll, BD,
#559925) and 1.75 ll of 85 mM CaCl2 were added. Proliferation was

determined by labeling T cells with the Tag-IT Violet Proliferation Cell

Tracking Dye (Biolegend, #425101), according to the manufacturer
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instructions. Briefly, cells were washed twice with PBS, resuspended

in PBS (100 × 106 cell/ml), and incubated with Tag-It Violet Prolifera-

tion Cell Tracking Dye (5 lM) for 20-min RT in the dark. Then, an

equal volume of FBS was added to the sample, and cells were finally

washed with and 10 ml cell culture medium.

Cell cycle analysis

CD4+ T cells (1 × 106) were washed twice with cold PBS, resus-

pended in 500 ll PBS, fixed by adding 4.5 ml ice-cold 70% ethanol

while vortexing and incubated for at least 2 h at 4°C. Samples were

centrifuged, washed with PBS for 15 min RT, incubated in 300 ll of
1 lg/ml DAPI 0.1% Triton X-100 in PBS for 30 min and acquired in

linear mode at low speed.

RNA-Seq analysis

Illumina strand-specific mRNA Roughly 100 ng of high-quality total

RNA (RIN > 8) was used for the transcriptomic interrogation of con-

trol and SIN3A deleted CD4 T cells using Illumina’s Stranded mRNA

Prep ligation according to the manufacturer’s instructions. Briefly,

Oligo(dT) magnetic beads were used to purify and capture the

mRNA molecules in the total RNA. The purified mRNA was frag-

mented and copied into first strand complementary DNA (cDNA)

using reverse transcriptase and random primers. A second strand

cDNA synthesis step removed the RNA template while incorporating

dUTP in place of dTTP in order to preserve strand specificity. Next,

double-stranded cDNA was A-tailed, then ligated to Illumina

anchors bearing T-overhangs. PCR-amplification of the library

allowed the barcoding of the samples with 10 bp dual indexes and

the completion of Illumina sequences for cluster generation. Librar-

ies were quantified with Qubit dsDNA HS Assay Kit and their profile

was examined using Agilent’s HS D1000 ScreenTape Assay.

Sequencing was carried out in an Illumina NextSeq2000 using

paired end, dual-index sequencing (Rd1: 59 cycles; i7: 10 cycles; i5:

10 cycles, Rd2 59 cycles) at a depth of 30 million reads per sample.

RNA-seq reads are trimmed using Trim Galore v0.4.4 using

default parameters to remove the Nextera adapter sequence. Map-

ping is performed using STAR (2.6) against the mouse NCBIM37

genome, guided by gene models from Ensembl annotation release

68. Quantification and generation of gene expression matrices were

performed with the function featureCounts, implemented in the R

package Rsubread. Aligned fragments are imported into RStudio and

before statistical analysis, the function filterbyExpr, implemented in

the R package edgeR, was used to determine genes with enough

counts for further analyses. Differential gene expression analysis is

performed using the DESeq2 algorithm within R and RStudio. Gene

set enrichment analysis was carried out using GSEA software

(https://www.gsea-msigdb.org/).

RT-PCR and real-time PCR

Total RNA was purified using ReliaPrep RNA Miniprep System

(Promega, #Z6011), according to the manufacturer’s instructions.

RNA was retrotranscribed for 1 h at 42°C with retro transcriptase M-

MLV (Invitrogen, #28025-013) in the presence of oligo(dT)15 Primer

(Promega, #C1101), dNTPs (Euroclone), and RNAsin Ribonuclease

Inhibitor (Promega, #N2111). The cDNA was diluted 10 times to

perform qRT-PCR with SYBR Green Master Mix (Applied Biosys-

tems, #4309155). The list of primers adopted in the study is pro-

vided in Appendix Table S2. Ct values were normalized to the

housekeeping gene UbiquitinC by the DDCt method.

Western blot

Total lysates were recovered in 2% SDS Tris–HCl 65 mmol/l pH 6.8

lysis buffer and sonicated. Whole cell, cytosolic, and nuclear

extracts were obtained using the REAP protocol (Suzuki

et al, 2010). Lysates corresponding to the same number of cells were

separated by SDS–PAGE, transferred to nitrocellulose membrane,

blocked with phosphate buffered solution (PBS)-5% milk, and

subjected to immunoblotting. In some cases, membranes were

stripped using a mild stripping buffer (15 g/l glycine, 1 g/l SDS, 1%

Tween 20, pH 2.2). A protein size marker was loaded on the gels as

reference (Amersham ECL Rainbow Marker full range, GERPN800E,

Merck). The following antibodies were used: Anti-STAT3 (Cell Sig-

naling, #9139), anti-(Ser727) STAT3 (Cell Signaling, #9134), anti- b-
ACTIN (Cell Signaling, #3700), and anti-SIN3A (Cell Signaling,

#7691). Quantification of protein levels was performed by measur-

ing the mean gray value of the bands using ImageJ.

Confocal immunofluorescence analyses

T cells were cultured in Th17 conditions and treated or not with

PMA and Ionomycin for 4 h. Cells were then deposited on Poly-L-

lysine coated coverslips in duplicates, fixed for 10 min at RT with

3.7% Paraformaldehyde in PHEM buffer (60 mM PIPES, 25 mM

HEPES, 10 mM EGTA, 4 mM MgSO4) and permeabilized with ice-

cold Sucrose-HEPES-Triton-X100 buffer, for 5 min on ice. Coverslips

were washed, blocked in 4% BSA, 10% Normal Goat Serum and

eventually incubated with primary antibodies (1:200) for 1–2 h at

RT. Anti-ROR gamma (t) (AFKJS-9), eBioscience, #14-6988-82 and

anti-Sin3A (Abcam #129087) were validated and used. After wash-

ing, coverslips were incubated with Alexa-labeled secondary anti-

bodies (1 lg/ml, Abcam), nuclei stained with Hoechst 33342, and

images were sequentially acquired with a 63× 1.4NA objectives

using Leica TCS SP5 confocal microscope equipped with 405, 488,

546, and 633 nm lasers obtaining images at 1024 × 1024 pixel reso-

lution with 16-bit pixel depth. Images were acquired and analyzed

using ImageJ (Schindelin et al, 2009), and data processed in Excel.

Plots and statistical analyses were performed with Prism software.

Statistical analyses

Unless otherwise indicated, a paired two-tailed Student’s t-test was

used. P-values < 0.05 were considered significant. Error bars repre-

sents standard deviations (SD). GraphPad Prism 9 was used to per-

form statistical analyses.

Logistic model

A logistic model was adopted to assign the distribution of TAM-

treated or untreated cells based on selected markers. The R stats

package (version 4.0.2) for logistic model fitting and the R ggplot2

package (version 3.3.3) were used and run in Rstudio (version

1.0.153).
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Data availability

The datasets and computer code produced in this study are available

in the following databases: RNA-Seq data: Gene Expression Omni-

bus GSE196615 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE196615).

Expanded View for this article is available online.
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