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SATB1 is a genome organizer protein that is expressed in a lineage specific manner in
CD4™ T-cells. SATB1 plays a crucial role in expression of multiple genes throughout the
thymic development and peripheral differentiation of T cells. Although SATB1 function has
been subjected to intense investigation, regulation of SATBT gene expression remains
poorly understood. Analysis of RNA-seq data revealed multiple transcription start sites at
the upstream regulatory region of SATB1. We further demonstrated that SATB7 gene is
expressed via alternative promoters during T-helper (Th) cell differentiation. The proximal
promoter “P1” is used more by the naive and activated CD4 ™ T-cells whereas the middle
“P2” and the distal “P3” promoters are used at a significantly higher level by polarized
T-helper cells. Cytokine and TCR signaling play crucial roles toward SATB1 alternative
promoter usage. Under Th2 polarization conditions, transcription factor STAT6, which
operates downstream of the cytokine signaling binds to the P2 and P3 promoters.
Genetic perturbation by knockout and chemical inhibition of STAT6 activation resulted
in the loss of P2 and P3 promoter activity. Moreover, chemical inhibition of activation
of NF-kB, a transcription factor that operates downstream of the TCR signaling, also
resulted in reduced P2 and P3 promoter usage. Furthermore, usage of the P1 promoter
correlated with lower SATB1 protein expression whereas P2 and P3 promoter usage
correlated with higher SATB1 protein expression. Thus, the promoter switch might play
a crucial role in fine-tuning of SATB1 protein expression in a cell type specific manner.

Keywords: SATB1, alternative promoter, TCR signaling, cytokine signaling, STAT6

INTRODUCTION

T-cells constitute the cell mediated, adaptive, immune system component in jawed vertebrates. T-
cells develop in thymus and differentiate in periphery. The common lymphoid progenitor (CLP)
cells develop in thymus into CD4 and CD8 single positive T-cells in a series of steps orchestrated
by transcription factor network. The CD4" T-cells which enter peripheral blood further undergo
differentiation into one of many functionally distinct T-helper cell subtypes depending on the
antigen stimulus and cytokine environment [reviewed in (1, 2)]. Naive CD4™ T-cells respond to
pro-inflammatory cytokines IL-12 and IFN-y and differentiate along Thl lineage aided by the
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master regulatory transcription factor T-bet. In contrast, IL-4
directs the differentiation of naive cells toward the Th2 lineage via
the transcription factor GATA-3. Similarly, IL6/TGFp skew the
differentiation of naive cells toward Th17 lineage via the master
regulatory transcription factor RORyT [also reviewed in (3)].

Special AT-rich sequence Binding protein 1 (SATB1) (4), plays
a crucial role in the development of T-cells in the thymus as
well as their differentiation in the periphery [reviewed in (5)].
In the periphery, SATBI is expressed by T-helper cells where it
activates genes in a locus-specific manner (6, 7). The importance
of SATB1 in T-cells is underscored by the observation that Satb1-
KO animals exhibit arrested thymic development (8). Recently,
SATB1 was shown to be essential in specifying T-lymphocyte
subsets by directing lineage-specific transcription programs (9).

In Th2 cells, SATB1 regulates expression of GATA3 in
a Wnt/B-catenin signaling-dependent manner. Upon Wnt
signaling, B-catenin translocates to the nucleus and binds to
SATBI to de-repress a cascade of genes crucial in differentiation
(10). SATBI also regulates downstream production of IL-
5 cytokine by direct binding to the IL-5 promoter (7, 10).
In contrast, during regulatory T (Treg) cell differentiation
downregulation of SATB1 is essential (11). Treg cells are essential
for immune tolerance. Treg cells respond to and secrete the
cytokine TGEF-B, express the master regulator transcription
factor FOXP-3. FOXP-3 represses SATBI transcriptionally
by regulating its expression and post-transcriptionally by
upregulating microRNAs that target 3> UTR of the SATBI1
transcripts (11, 12). Interestingly, SATBL1 is expressed at the Treg
precursor stage of development and plays a crucial role in the
lineage specification of Treg cells in the thymus (13).

Despite the importance of SATBI in T-cell development and
function, the mechanism that regulates its expression in T-
helper cells remains poorly understood. In thymocytes, SATBI
gene is dynamically expressed throughout all the stages. The
T-cell receptor (TCR) signaling has been shown to play an
important role in SATBI gene expression during early thymocyte
development (14). Specifically, the transcription factor GATA-3
was found to directly regulate SATB1 expression in developing
thymocytes by binding to the upstream regulatory region (14).
Analysis of publicly available T-cell transcriptome data resulted
in identification of a large regulatory region at the SATBI
gene locus. This large regulatory region codes for multiple
SATB1 mRNA isoforms that differ in the transcription start
sites corresponding to promoters. These isoforms that result
from alternative promoter (AP) usage, differ in the sequence of
the 5 UTR and splicing of the first exon that harbors them.
Alternative promoters play crucial role in gene regulation in the
determination of cell fate and function. APs allow diversification
of transcriptional regulation enabling expression in various cell
lineages and developmental stages. Use of APs results in mRNA
isoforms that differ in the sequence of 5 UTRs that are crucial
for post-transcriptional regulation [reviewed in (15)]. With this
background, we studied the role of alternative promoters in
SATBI expression during T-helper cell differentiation.

Here, we show a complex mechanism of SATB1 regulation
during peripheral T-helper differentiation. We found that SATBI
gene expression is regulated via alternative promoters (proximal

P1, middle P2, and distal P3) during peripheral differentiation
of CD4™" T-cells. The helper T-cells rely on P2 and P3 promoter
usage whereas activated T-cells and Treg cells preferentially use
the P1 promoter, suggesting the importance of pro-inflammatory
cytokines in promoter switching. Experiments performed using
a Jurkat cell line based system suggested a crucial role of
TCR signaling in P2 and P3 promoter usage. We identified
STAT family of transcription factors that operate downstream of
cytokine signaling and NF-kB that operates downstream of the
TCR signaling as regulators of SATBI P2 and P3 promoter usage.
Finally, we find differential correlation between SATBI isoforms
that result from alternative promoter usage and SATB1 protein
expression suggesting possible role of alternative promoters in
regulation of protein expression.

MATERIALS AND METHODS

RNA-Seq Analysis

Publicly available human CD4" T-cell polyA RNA-Seq datasets
[E-MTAB-2319 (16), GSE35871 (17), and GSE71645 (18)] were
analyzed to identify SATBI transcripts in various CD4™" primary
T-cells and cell-lines. In brief, reads were aligned to reference
human genome assembly [hg38, Gencode (19)] using HiSAT2.
Transcripts were assembled and merged using Stringtie (20).
Merged transcriptome assembly was visualized on IGV Genome
Browser (21). CpG island track was downloaded from UCSC
genome browser for the hg38 genome assembly and was also
uploaded onto the genome browser (22). SATBI expression
was analyzed in Th2 cells and induced Treg (iTreg) cells using
featureCounts (23) and DESeq2 (24). Exon expression was
analyzed by generating an exon-count matrix. The GImQLFit test
in EdgeR was applied for differential expression analysis (25).
Normalized exon-counts were converted to FPKM for expression
plot. Statistical significance of the number of overlapping
differentially expressed genes between Jurkat cells and primary
T-cells was tested using two-tailed hypergeometric test (26).
Junction reads between SATBI alternative first exons and second
exon were plotted using bam files on the IGV genome browser.

In vitro Differentiation of Naive CD4™*

T-Cells and Inhibitor Treatment

Human naive CD4" T-cells were isolated from total peripheral
blood mononuclear cells (PBMCs) by magnetic bead based
negative selection (130-094-131, Miltenyi Biotec). In brief,
~100 mL human peripheral blood samples were collected from
healthy volunteers. Blood samples were diluted in PBS and
subjected to Ficoll Paque (17-1440-03, GE Healthcare) density
gradient centrifugation for separation of PBMCs. Purity of naive
CD4™ T-cells was confirmed and their in vitro differentiation was
confirmed by flow cytometry analysis (16). In brief, naive CD4™
T-cells were plated at 1 million/ml density in complete RPMI
medium. For non-specific activation, naive cells were incubated
in the presence of 2pg/ml anti-CD3 (130-093-387, Miltenyi
Biotec), 2 pg/ml anti-CD28 (130-093-375, Miltenyi Biotec). For
Th2 differentiation, naive cells were incubated in presence of
2pg/ml anti-CD3, 2pg/ml anti-CD28, 10ng/ml IL-4 (130-
093-915, Miltenyi Biotec), 10 ug/ml anti-IFNy (130-095-743,
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Miltenyi Biotec), and 10 pg/ml anti-IL-12 (130-095-755, Miltenyi
Biotec). Cells were harvested after 72-96h of incubation. Th2
differentiation was confirmed by staining for intracellular IL-
4 using anti-IL4 PE antibody (12-7049-42, eBiosciences). Naive
CD4%, Tho, and Th2 cells were subjected to RNA and protein
isolation followed by qRT-PCR and Western blot analysis.

For studying the effect of NF-kB transcription factor on SATB1
alternative promoter expression, naive CD4™ cells were subjected
to non-specific activation or differentiation for 48-72 h followed
by treatment with 6 uM NF-kB inhibitor (CID2858522, Tocris)
for another 24 h. The cells were then harvested and subjected to
either qRT-PCR analysis for SATBI alternative promoter usage or
Western blot.

For studies in mice, spleens were dissected from wild type
(WT) and Stat4 or Stat6 knockout (KO) animals (Jackson
Laboratories, Bar Harbor, ME, USA). Cells were extracted from
tissues and were cleared using cell strainer (352340, Corning).
Cells were then subjected to naive CD4™ T-cell isolation by
negative selection using magnetic beads (CD4TCD62LT T cell
Isolation Kit II, Miltenyi Biotec, 130-093-227). Similar to human
samples, a fraction of naive CD41 T-cells was activated in
presence of plate bound anti-Cd28 500 ng/ml (BD 553295), anti-
CD3 1 pg/ml (BD 553238), IL-2 (R&D Systems 419 402-ML), or
subjected to in vitro Th2 differentiation for 4 days in additional
presence of II-4 10ng/ml (R&D Systems 404-ML), anti-Ifny
10 ug/ml (BD 557530), and anti-11-12 10 ug/ml (BD 554475). A
fraction of cells from WT and knockout animals were subjected
to Gata3 (BD 560074), Ifn-y (BD 554411), and Satb1 (BD 562378)
staining to confirm polarization. The other fraction of cells was
used for RNA isolation followed by qRT-PCR analysis.

RNA Sequencing and gRT-PCR Analysis
Total RNA was extracted using RNeasy Mini Kit (Qiagen,
#74106). Isolated RNA were either subjected to PolyA
enrichment using MicroPoly(A) Puris Kit (Thermo #AM1919)
followed by sequencing (Accession number PRJNA503398) or
cDNA synthesis using random hexamer primers for differential
gene expression analysis. Alternative first exon specific forward
primers (Exon 1la, 1b, and 1lc corresponding to putative
promoters P1, P2, and P3) were designed and used with Exon 2
specific reverse primer. Gene expression (SATBI, GATA3, IL2RA,
18s rRNA) analysis was also carried out using specific primers.
Primer sequences used in qRT-PCR analysis are summarized in
Supplementary Table 1, Supplementary Information.

ChIP-Seq Analysis

Publicly available mouse dataset for Stat6é ChIP-seq in Th2 and
Stat4 ChIP-seq in Th1l [GSE22105 (27)], and H3K4me3 ChIP-
Seq in naive, Th2 and Th1 cells [GSE14254 (28)] were analyzed
for binding on the mouse Satbl locus. In brief, ChIP-seq reads
were aligned to mouse Gencode mm10 genome assembly (19)
using Bowtie2 (version 4.8.4) (29) and BWA (version 0.7.12) (30)
for Stat4 or Stat6 ChIP-Seq and H3K4me3 ChIP-Seq datasets,
respectively. For Stat4 and Stat6 ChIP-Seq, aligned files were
subjected to peak calling using MACS (31). The bed files and the
bigwig files were visualized on the IGV genome browser.

Jurkat Cell Culture and Treatments

Jurkat E6.1 cells were obtained from ATCC (TIB-152). Cells
were cultured in RPMI 1640 complete medium (10% FBS) as
per the ATCC guidelines. Cells were seeded at 0.2 million/ml
density 1 day prior to the activation. Jurkat cells were activated
with 0.1 pg/ml Phorbol 12-myristate 13-acetate (PMA) (P1585,
Sigma), 1 wM Ionomycin (10634, Sigma), and/or 50 ng/ml IL-
4 (130095373, Miltenyi Biotec) as indicated. The cells were
harvested 48h after treatment. To dissect out the role of
transcription factors in regulation of SATBI promoters, Jurkat
cells were treated with specific inhibitors 24h before they
were harvested. Following specific inhibitors were used—5 and
20 M JAKS3 inhibitor (420122, Calbiochem), and 6 wM NF-«kB
inhibitor (CID2858522, Tocris). After harvesting, Jurkat cells
were subjected either to QRT-PCR analysis for SATBI alternative
promoter usage or for expression of various other genes (IL2RA,
GATA3) or were subjected to western blot analysis.

Western Blot Analysis

Cell lysates were prepared in RIPA buffer (150 mM NaCl,
1% IGEPAL, 0.5% Na-deoxycholate, 0.1% SDS, 50mM Tris
pH8) with protease and phosphatase inhibitors. Protein
amounts were estimated by BCA method (Thermo Scientific
# 23227). Equal amounts of protein were electrophoresed on
a 10% SDS-polyacrylamide gel and transferred onto a PVDF
membrane. Western blot analysis was performed using the
following primary antibodies: rabbit anti-pSTAT6 (#9361,
Cell Signaling Technology), rabbit total anti-STAT6 (#9362,
Cell Signaling Technology), rabbit anti-SATB1 (#3650, Cell
Signaling Technology), anti-GATA-3 (Abcam, ab106625), mouse
anti-B-Actin (ac004, Abclonal), mouse anti-y-Tubulin (#T6557,
Sigma), and appropriate anti-mouse and anti-rabbit secondary
antibodies. Densitometry analysis was performed using Image]
(v 1.5.1) (32).

Statistical Analysis

Gene expression values were normalized to the Control
group as indicated. Student’s t-test was applied for two-
group comparisons. For multiple group comparisons, one-way
ANOVA was performed with post-hoc Bonferroni correction
using commercial software (Prism 5.0a, GraphPad).

RESULTS

SATB1 Uses Alternative Promoters During

Th2 Differentiation

We performed analysis on publicly available RNA-Seq datasets
for primary CD4" T-cells and cell lines [E-MTAB-2319 (16),
GSE35871 (17) and GSE71645 (18)] and found presence of three
mRNA isoforms expressed at the SATBI locus. These isoforms
differ in their transcription start site (TSS) and therefore 5
untranslated region (5’UTR). Interestingly, these isoforms
do not differ in the coding DNA sequence (CDS) and thus
seem to code for identical SATBI protein sequence. The three
transcription start sites encompass a ~20 Kb regulatory region.
We marked the regions around the TSSs as putative promoters
(P1 proximal, P2 middle, and P3 distal) (Figure 1A). We
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FIGURE 1 | SATB1 alternative promoter usage during T-helper 2 (Th2) cell differentiation. (A) SATB1 isoforms in CD41 T-cells identified by RNA-Seq analysis. Three
mRNA isoforms of SATB7 with alternative first exons (E1a, E1b, and E1c) that correspond to the usage of three alternative promoters (P1, P2, and P3, respectively).
(B) Schematic of in vitro differentiation of naive CD4T T-cells into Th2 cells. Naive CD4+ cells were treated with anti-CD3 and anti-CD28 along with IL4 for 96 h to
induce Th2 differentiation. (C) Immunoblot assay performed as mentioned in methods using the antibody against GATA3, phospho-STAT6 (pSTAT6), total STAT6 and
SATB1 for naive CD4™T and Th2 cells. Increase in expression of GATA3, pSTAT6, SATB1 confirms the differentiation of naive CD4% cells into Th2 cells. (D,E) gRT-PCR
analysis for total SATBT expression and SATB1 alternative promoter usage in naive and differentiated Th2 cells. A significant increase in expression of SATB1 is
observed which corresponds to increased usage of SATB1 P2 and P3 promoter. Error bars indicate SEM. (N = 6; * <0.05, ** <0.01); P-values were calculated using
Student’s t-test.

checked the expression of these three isoforms in human naive
CD4" T-cells and those subjected to in vitro differentiation
into Th2 phenotype (Figure 1B) by quantitative real-time PCR
(qRT-PCR) analysis. Naive cell isolation and Th2 differentiation
was confirmed by flow cytometry analysis for CD4 and IL-
4 expression, western blot analysis for expression of Gata3
and activated Stat6 (pStat6) (Supplementary Figures 1A-D,
Figure 1C). Expectedly, total SATB1 protein and gene expression
also increased during Th2 differentiation (Figures 1C,D).
The proximal promoter P1 transcripts showed decrease in
expression whereas the P2 and P3 promoter transcripts

showed significant increase in expression upon Th2

differentiation (Figure 1E).

Stat6 and Stat4 Regulate Satb1 P2

Promoter Usage

We performed Chromatin Immunoprecipitation sequencing
(ChIP-Seq) analysis on public datasets [GSE22105 (27)] to study
the histone modifications typically associated with transcription
activation [H3K4me3 (33)] upon Th2 differentiation. We found
that as compared to naive CD4" T-cells, the Th2 cells showed
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increase in H3K4me3 marks on P2 and P3 promoter (Figure 2A).
We then analyzed the ChIP-Seq data for the master regulator
transcription factors of Th2 differentiation, such as Gata3 (34)
[GSE20898 (35)] and Stat6 (36) [GSE14254 (28)] for their
involvement in Satbl promoter regulation. We found that Stat6
exhibited differential occupancy on mouse Satbl promoters.
Interestingly, Stat6 occupied P2 and P3 promoter regions but
not the P1 promoter (Figure 2B). To study the importance of
Stat6 binding in the regulation of alternative promoter usage,
we used Stat6 knockout (KO) mice. Naive CD4% T-cells isolated
from spleens of wild-type and Stat6-KO mice were subjected
to Th2 differentiation conditions. Satbl isoform expression
analysis by qRT-PCR suggested that P2 promoter usage was
significantly affected in Stat6-KO mice (Figure 2C). Stat6-KO
also resulted in significant decrease in Satbl protein levels
(Figure 2D) suggesting a significant contribution of P2 and P3
promoters toward protein expression.

Increase in Satbl expression has also been observed in
other T-helper subtypes (Supplementary Figure 3). Activation
of cytokine signaling and Stat family of transcription factors
is a property shared by all T-helper cells [reviewed in (37)].
For example, Stat4 transcription factor plays a crucial role in
differentiation of naive CD4" T-cells into Th1 phenotype (38).
We analyzed H3K4me3 marks and Stat4 occupancy at the Satbl
locus in Thl cells. Similar to Th2, Thl cells also showed an
enrichment of both H3K4me3 marks and Stat4 occupancy at the
P2 promoter. When naive cells isolated from Stat4-KO mice were
subjected to Thl differentiation conditions, they failed to show
an increase in P2 promoter usage, unlike the wild-type animals
(Supplementary Figure 4).

Next, we analyzed publicly available transcriptome data
[GSE71645 (18)] for the expression of SATBI alternative first
exons in CD4™" T-cells subjected to activation by TCR signaling
(ThO) and Th2 polarization conditions. We observed that P2 and
P3 promoter usage was higher in Th2 cells as compared to ThO
cells underlining the importance of cytokine signaling in P2 and
P3 promoter expression (Figure 3A). Total SATB1 expression
was also higher in Th2 cells (Figure 3B).

To further validate the importance of Stat6 in P2 promoter
usage, we established an in vitro system that mimics Th2
differentiation. We cultured Jurkat cells under conditions that
mimic polarization signals (Figure 3C) with an aim to establish
a system that permits easier manipulation at the genetic level,
which will be required for our future studies. Upon treatment of
Jurkat cells with PMA and Ionomycin [that mimic activation of
TCR signaling (39)] in the presence of IL-4 cytokine, phospho-
Stat6 (pStat6) levels were elevated along with increase in
SATBI P2 promoter usage (Figures 3E,F). We performed RNA-
seq analysis of Jurkat cells treated with activating (P+I) and
polarizing (P+I+IL4) conditions and found significant overlap
of upregulated genes between Jurkat cells activated in presence
of IL-4 and Th2 cells (Figure 3D). Treatment of Jurkat cells
subjected to polarizing conditions in the presence of JAK3
inhibitor resulted in decrease in P2 promoter usage in a dose-
dependent manner (Figures 3G,H), suggesting causal role of
JAK/STAT signaling in SATBI P2 and P3 promoter usage. Thus,
the results obtained using the chemical inhibitors in the in vitro

system corroborate those obtained from the in vivo experiments
with genetic perturbation (knockout animals) and consolidate
the role of JAK/STAT signaling in the P2 promoter usage.

NF-«kB Signaling Regulates SATB1 P2

Promoter Usage

We found that STAT-family of transcription factors downstream
of the cytokine signaling positively regulate the SATBI P2
promoter expression. However, when Jurkat cells were treated
with IL-4 cytokine (in absence of PMA and Ionomycin), no
increase in P2 and P3 promoter expression was observed (data
not shown). The switch in promoter usage was observed only
upon simultaneous activation of cytokine and TCR signaling.
This observation does not rule out the role of TCR signaling in
SATBI alternative promoter usage. TCR signaling is mediated
by NFAT transcription factors downstream of the CD3 signaling
(40) and the AP-1 (41) and NF-«kB (42) transcription factors
downstream of the CD28 signaling. Synergistic activation of gene
expression by cooperativity of STAT6 and NF-kB transcription
factors has been reported (43-45). Therefore we checked if NF-kB
and STAT6 co-regulate SATBI P2 promoter expression by using
a chemical inhibitor of NF-kB activation.

We subjected naive human CD4" T-cells isolated from
peripheral blood to Th2 differentiation. The differentiating Th2
cells that were treated with inhibitor that specifically affects NF-
kB activation downstream of PKC6 resulted in decrease in the
P2 promoter usage. This decrease also coincided with decrease
in SATBI protein expression. No similar decrease was observed
in the P2 promoter usage in ThO cells (Figures 4A,B). We tested
this observation in Jurkat cells subjected to activating (P+I) and
polarizing conditions (P+I+4IL4). IL2RA and GATA3 were used
as positive controls for NF-«kB inhibition in activated (46) and
polarized Jurkat cells (47), respectively (Figures 4C,D). We also
monitored if NF-kB inhibition affects phosphorylation of STAT6
in polarized Jurkat cells and found no significant difference
in pSTAT6 levels upon NF-kB inhibition (Figure 4E). Similar
to primary cells, SATBI P2 promoter usage was significantly
affected when polarized Jurkat cells were treated with the NF-
kB inhibitor. Unlike primary cells, usage of the P3 promoter was
also affected though not to the same extent as the P2 promoter.
Similar to ThO cells, this inhibition was specific to polarized
Jurkat cells since those activated with PMA and Ionomycin did
not show any effect on usage of any of the SATBI promoters.
These results suggested a synergistic activation of SATBI P2
promoter usage by IL4 and NF-kB signaling (Figures 4E,G).

SATB1 P2 Promoter Usage Is Specific to
T-Helper Cells

CD4™ T-cells can differentiate into Th cell subtypes or regulatory
T-cells. While SATB1 expression has been observed in T-helper
cells, SATB1 expression is suppressed in regulatory T-(Treg) cells
by both transcriptional and post-transcriptional mechanisms
(11). Unlike T-helper cells, Treg cell differentiation is triggered
by the anti-inflammatory cytokine TGF-f (48) which leads to the
activation of SMAD transcription factors and those downstream
of the TCR-signaling (49). We then studied the usage of SATBI
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FIGURE 2 | Stat6 regulates P2 promoter usage in vivo. (A) ChlP-Seq analysis of H3K4me3 levels on Satb1 locus in naive CD4+ and Th2 cells (mouse mm10 genome
assembly) performed as mentioned in “Materials and methods”. H3K4me3 marks are enriched at the P2 and P3 promoter regions in Th2 cells as compared to naive
CD4™ T-cells. (B) ChIP-Seq analysis of Stat6 occupancy at the Satb1 alternative promoters in Th2 cells (enlarged view of Satb1 regulatory region). Staté ChlP-Seq
aligned reads (first track) and significant peaks (second track) along with Satb1 alternative promoters in mouse (mm10 genome assembly). Stat6 binds to the Satb1
P2 promoter in T-helper cells. (C) gRT-PCR analysis of Satb1 alternative promoter usage (P1, P2, and P3) in naive CD4* and Th2 cells performed in WT and Stat6 KO
mice, respectively. Error bars represent SEM (N = 4); P-values were calculated using one-way ANOVA (* <0.05). Stat6 KO adversely affects Satb1 alternative
promoter usage. Unlike the wild type animals, no significant increase is observed in Satb7 P2 and P3 promoter usage in cells from Stat6 KO animals subjected to Th2
differentiation conditions. (D) Flow cytometry analysis for Satb1 protein expression in wild-type and Stat6 KO, respectively under Th2 differentiating conditions. Satb1
protein expression is not enhanced when naive T-cells from Stat6 KO animals are subjected to Th2 differentiation conditions.

alternative promoters in Treg cells using a publicly available
RNA-seq dataset [E-MTAB-2319 (16)]. As expected, Treg cells
showed lower usage of P2 promoter as compared to Th2 cells.
Surprisingly, P1 promoter usage was significantly higher in Treg
cells (Figures 5A,B), suggesting its association with activation of
TCR signaling in the absence of the pro-inflammatory cytokine

signaling. To test this hypothesis further, we studied SATBI
promoter usage in the Jurkat cell based system. We found
that the SATBI P1 promoter usage was higher in Jurkat cells
activated with P+I and that the P1 promoter usage correlated
with lower SATBI protein expression levels (Figures 5C-F).
Further analysis of Ribo-Seq and RNA-Seq data from Jurkat cells
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FIGURE 3 | STAT6 regulates P2 promoter usage in vitro. RNA-Seq analysis of available data (GSE71645) for (A) expression of SATBT alternative first exons and

(B) total SATB1 expression. Expression analysis confirms higher usage of SATB7 P2 and P3 promoters and higher total SATB1 expression in human Th2 cells as
compared to ThO cells. Error bars represent min-max values of FPKM and normalized counts, respectively (N = 3); P-values calculated using EdgeR and DESeq2
respectively. (C) Schematic for the treatment of Jurkat cells under activating (PMA+lonomycin; P-+) and polarizing conditions (+1L4). (D) Venn diagram showing an
overlap of differentially expressed genes obtained by RNA-seq analysis between ThO vs. Th2 cells and P+l vs. P+I+IL4 treated Jurkat cells. Significant overlap is
observed between genes expressed higher in Th2 and P+1+IL4 treated Jurkat cells suggesting that Jurkat cell line-based model mimics Th2 differentiation condition.
Significance of overlap was calculated using two-tailed hypergeometric test. (E) Immunoblot analysis confirms STAT6 activation (pSTAT6) only in Jurkat cells subjected
to polarizing conditions. y-Tubulin was used as loading control. (F) gRT-PCR analysis for SATB1 P2 promoter usage in Jurkat cells activated with TCR and cytokine
signaling. A significant increase in expression is observed in SATB1 P2 promoter usage in Jurkat cells under polarization conditions (N = 5). (G) Immunoblot analysis
for pSTAT6 levels and (H) gRT-PCR analysis for SATB1 P2 promoter usage in Jurkat cells activated with TCR and cytokine signaling in presence of JAKS inhibitor. A
decrease in pSTATS levels and SATB1 P2 promoter usage is observed upon JAKS inhibition. Error bar represents SEM (N = 3); P-values calculated using Student’s
t-test (* <0.05, ** <0.01).

revealed higher ribosome occupancy on the alternative firstexons ~DISCUSSION

resulting from usage of the P2 and P3 promoters as compared to

the P1 promoter. These results suggest differential translatability ~ In summary, the results presented above demonstrate that SATBI
of SATB1 isoforms (Supplementary Figure 5). gene expression is orchestrated by an intricate regulatory network
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FIGURE 4 | NF-«B regulates SATB1 P2 promoter expression. (A) Quantitative RT-PCR analysis of SATB1 alternative promoter usage in iNF-kB treated ThO and Th2
cells. (B) Western blot for SATB1 expression in control and iNF-kB treated Th2 cells and densitometry analysis of expression (N = 4). Quantitative RT-PCR analysis of
NF-«B target genes (C) IL2Ra and (D) GATA3 confirms NF-«B inhibition in Jurkat cells subjected to activating and polarizing conditions. (E) Immunoblot analysis of
activated STAT6 (pSTATB6) expression. Quantitative RT-PCR analysis of (F) SATB1 alternative promoter usage and (G) total SATB7 expression upon NF-kB inhibition in
Jurkat cells. A significant decrease in SATB7 P2 and P3 promoter usage was observed upon inhibition of NF-kB in polarized but not in activated Jurkat cells (N = 5).
Error bar represents SEM and P-value calculated using one-way ANOVA (ns, not significant) (* <0.05).
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of NF-kB signaling and cytokine signaling. During T-helper
cell differentiation, the SATBI gene is expressed via alternative
promoter usage. The P1 promoter is preferentially used by
the naive CD4" T-cells and ThO cells whereas the P2 and
P3 promoters are preferentially used by the Th2 cells. STAT6
transcription factor that is downstream of cytokine signaling
binds to the SATBI P2 promoter and positively regulates its
expression in Th2 cells. The NF-kB transcription factor which
is downstream of the TCR signaling also regulates the P2 and
P3 promoter usage. Finally, we observed that the P1 promoter
was used more in Treg cells and ThO cells which weakly
correlated with protein expression. Whether this correlation
results from differential translation of resulting isoforms or

differential protein degradation in different cell types needs to
be further studied. The results are summarized and represented
schematically in Figure 6.

Various genes have been shown to be regulated via multiple
promoters during immune cell activation (50-52). Substantial
number of these genes switch promoters without change in
the coding DNA sequence suggesting that the promoter switch
may enable their expression under different transcription factor
repertoires in different physiological contexts. The master
regulator transcription factor of Th2 differentiation, GATA3 (53),
and the key pro-inflammatory cytokine, IL4 (54), have also been
shown to differentially use alternative promoters in naive and
differentiated Th2 cells. Similar to SATBI, GATA3 alternative
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promoter switch may therefore enable regulation of SATB1 expression in a cell-type specific manner.

promoters are also under the dual regulation of IL-4 and TCR
signaling. However, while GATA3 is specifically expressed in Th2
cells, the SATBI locus responds to cytokine signaling during both
Th1 and Th2 differentiation.

T-helper cell differentiation is triggered by antigens
and cytokine cues leading to activation of STAT family of
transcription factors by phosphorylation. STAT4 and STAT6
play a critical role in maintaining chromatin configuration and
transcription of genes that drive Thl and Th2 differentiation,
respectively. STAT4 and STAT6 bind to specific DNA sequences
in these two cell types but also regulate quite a few common
target genes (27), SATBI being one of them. STATs also shape
the enhancer landscapes of T-cells. Interestingly, we did not
observe expected motifs at the STAT4 and STAT6 occupancy

sites in the SATBI P2 promoter region. The nearest direct STAT
binding site was observed upstream of the SATBI regulatory
region (data not shown). STAT6 also participates in the long-
range intra-chromosomal interactions in Th2 cells to regulate
expression of various gene loci (55). Therefore, the possibility
that the upstream STAT binding site operates as an enhancer
element to regulate P2 (and P3) promoter expression via
promoter-enhancer looping cannot be ruled out.

We observed an increase in the usage of two out of the three
SATBI alternative promoters (P2 and P3) during T-helper cell
differentiation. The usage of P2 promoter increases more than
that of the P3 promoter. The P3 promoter region also harbors
the start site of the divergent transcript from the SATBI-ASI
(SATB1 Anti-Sense RNA 1) gene. Bidirectional transcription is
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often associated with genes related to transcriptional regulation
and development (56) and their promoters often coincide with
large CpG islands (57). In agreement with this notion the SATBI
P3 promoter coincides with a CpG island. However, since the
usage of both P2 and P3 promoters positively correlates with
SATBI1 protein expression, the need for the use of two different
promoters remains unclear. The use of two different promoters
might presumably enable rapid increase in SATBI expression
with an additive effect on transcription. Else, SATBI isoforms
may affect expression and translation of other isoforms. These
possibilities need to be further studied. The Jurkat cell line based
system developed here can be useful for the study of promoter
functions by knock-outs or similar experiments.

The Jurkat cell-line based system was also crucial in suggesting
the involvement of NF-«kB in SATBI P2 promoter usage.
Jurkat cells treated with IL-4 cytokine alone did not result in
phosphorylation of STAT6 or increase in P2 promoter usage
(data not shown). However, IL-4 treatment in combination
with activation using PMA and ionomycin (P+I) resulted in
STAT6 activation and increase in P2 promoter activity. This
suggested that either pSTAT6 alone is sufficient for increase in P2
promoter usage or the transcription factors downstream of the
TCR signaling co-operate with STAT6 to drive the P2 promoter
usage. Considering the role of NF-kB in regulation of cytokine
signaling (58), we blocked NF-kB activation using chemical
inhibitors and found that without affecting the global levels of
STAT6 phosphorylation, the treatment resulted in reduced P2
promoter usage and also affected P3 promoter significantly in
Jurkat cells. Synergistic activation of gene expression by NF-kB
and STAT6 has been observed in past (43-45). Such synergism
could be responsible for driving SATBI alternative promoter
expression. Whether STAT6 and NF-«kB interact directly at the
P2 promoter remains to be studied.

SATBI1 protein is expressed in T-helper cells in a lineage
specific manner (9). Even though it is expressed in all T-helper
subtypes, its role is better studied in Th2 differentiation (7).
Unlike the helper T-cells, SATB1 is repressed in regulatory
T-cells (11) at both transcriptional and post-transcriptional
level suggesting distinct effects of pro-inflammatory cytokines
and anti-inflammatory cytokines on the SATBI P2 promoter
expression. Interestingly, even though the expression of SATBI is
suppressed in Treg cells, the P1 promoter is active. Transcription
via the P1 promoter is therefore weakly correlated with SATB1
protein expression. We extended this observation to the primary
CD47T T-cells and Jurkat cells and observed that activation of
these cells by TCR-signaling alone resulted in higher P1 promoter
usage and lower SATBI1 protein expression as compared to
the polarizing conditions. It is therefore possible that the P1
promoter is less translatable and is used when basal level of
SATBI expression is needed.

Transcription factor/s responsible for P1 promoter usage
in activated T-cells have not yet been identified. Since NF-kB
inhibition had no specific effect on P1 promoter expression,
AP-1 and NF-AT transcription factors both also downstream
of TCR signaling, can be studied. Also, the role of NF-kB
in regulation of P2 promoter usage in T-helper cells may
not be direct. Further experiments need to be performed to

check the direct binding of NF-kB at the P2 promoter. A
co-operative binding of STAT factors with NF-kB has been
previously reported (59) and cannot be ruled out in case of P2
promoter usage.

SATBI alternative promoter usage leads to change in
the sequence of the 5 untranslated region. The 5 UTR
has been shown to play a role in regulation of various
genes by controlling the rate of translation via secondary
structure formation, presence of upstream open reading
frames, and via miRNA binding [reviewed in (60, 61)].
We observed weak correlation between P1 promoter usage
and SATB1 protein expression in Treg cells and activated
Jurkat cells. It would be of interest to test whether in 5
UTR sequence differentially affects the translation efficiency of
SATBI transcripts originating from alternative promoter usage.
Further differential degradation of SATBI protein in activated
vs. polarized cells also cannot be ruled out as a cause of
this discrepancy.

In summary, we have elucidated a complex mode of regulation
of SATBI gene expression via alternative promoters during
peripheral differentiation of T-cells. SATBI regulation represents
a unique example with conserved mode of regulation in multiple
T-helper subtypes with possible effect on protein levels. We
anticipate that understanding of the unique functions of these
promoters in gene regulation and the physiological consequences
of their expression/repression will be a prime focus of the
future studies.
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