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SATB1 prevents immune cell infiltration
by regulating chromatin organization and
gene expression of a chemokine gene
cluster in T cells

Check for updates

Bao Wang 1,2 & Qian Bian 1,2

SATB1, a key regulator of T cell development, governs lineage-specific transcriptional programs upon
T cell activation. The absence of SATB1 has been linked to the initiation and progression of
autoimmunity. However, its precise roles in this process remain incompletely understood. Here we
show that conditional knockout of Satb1 in CD4+ T cells in mice led to T cell hyperactivation and
inflammatory cell infiltration across multiple organs. Transcriptional profiling on activated T cells
revealed that the loss of SATB1 led to aberrant upregulation of CC chemokines. Treating Satb1
conditional knockout mice with CC chemokine receptor inhibitor alleviated inflammatory cell
infiltration. Intriguingly, SATB1’s transcriptional regulation of chemokine genes could not be attributed
to its direct binding to chemokine promoters. Instead, SATB1 exerted its regulatory effects by
controlling higher-order chromatin organization at aCCchemokine locus. The loss of SATB1 led to the
emergence of a new chromatin domain encompassing theCcl3, Ccl4, Ccl5, Ccl6, andCcl9 genes and
a distal enhancer, resulting in increased contacts between the enhancer and all five chemokine genes,
thus inducing their upregulation. Collectively, these results demonstrate that SATB1 protects organs
from immune cell infiltration by regulating chemokine expression, providing valuable insights into the
development of autoimmunity-related phenotypes.

The development, activation, and differentiation of T cells are intricately
regulated bynumerous transcription factors (TFs) and epigenetic regulators1.
Key TFs, including BCL11b, NFAT, and GATA3, are activated at different
stages of T-cell development and bind to specific DNA motifs, thereby
facilitating the transitions between distinct T-cell states2,3. These sequence-
specific TFs can also recruit epigenetic factors to induce changes in various
chromatin modifications such as DNA methylation, histone methylation,
and histone acetylation, thereby facilitating the establishment and main-
tenanceof precise gene expressionpatterns4. Interestingly, recent studieshave
revealed that eukaryotic genomes are organized into a complex hierarchy of
3D architecture including A/B compartments, topologically associating
domains (TADs), and promoter–enhancer interactions by the architecture
proteins such as cohesin and CTCF, as well as specific TFs5,6. Increasing
evidence suggests that proper 3D chromatin organization is crucial for gene
regulation during T-cell development7–9, implying that aberrations in chro-
matin organizationmay contribute to immune disorders and autoimmunity.

One critical transcriptional regulator that has been linked to bothT cell
development and autoimmunity is Special AT-rich sequence binding pro-
tein 1 (SATB1)10, which binds to a specific set ofAT-rich genomic sequences
across the genome11–14. SATB1 exerts its regulatory effects on gene expres-
sion throughmultiplemechanisms, including the recruitment of chromatin
remodeling complexes such as the NuRD complex to the target regions and
the modulation of histone acetylation15–18. SATB1 also functions as a global
chromatin loop organizer in T cells19. Importantly, SATB1 extensively
colocalizes with CTCF throughout the genome and influences CTCF-
mediated chromatin topology, including many enhancer-promoter inter-
actions, thereby influencing gene expression20.

It has been reported that in the Satb1 whole-body knockout mice, T
cell development was arrested at the CD4+CD8+ double-positive stage,
and the mice died before sexual maturity10. When Satb1 is conditionally
deleted in CD4+ T cells, the mice could survive and reach adulthood21.
Intriguingly, multiple studies have substantiated the significant role of
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SATB1 in immune tolerance and the pathogenesis of autoimmune
diseases21–25. The autoimmunity caused by the Satb1 deficiency had been
attributed to the abnormal development of Treg cells21. Indeed, the
amount of Treg cells in Satb1 conditional knockout mice was reduced,
particularly at a young age, and reintroduction of normal Treg cells into
Satb1 conditional knockout mice can partially alleviate the
autoimmunity-related phenotypes resulting from Satb1 knockout22,23.
However, the proportion of Treg cells in the peripheral organs of these
mice returned to normal when themice reached 4 weeks old21, suggesting
other mechanisms besides the development of Treg cells must also con-
tribute to the autoimmunity phenotypes in adult Satb1 conditional
knockout mice. How the loss of SATB1 leads to the occurrence and
development of autoimmune diseases, and whether this is related to the
misregulation of specific genes, remains to be elucidated.

In this study, we showed that the conditional knockout of Satb1 in
CD4+ T cells (Satb1 cKO) resulted in T cell hyperactivation and inflam-
matory cell infiltration, indicative of autoimmunity-related phenotypes.
Notably, we found that the expression levels of chemokinesCcl3, Ccl4, Ccl5,
Ccl6, and Ccl9, which are located within a 160 kb genomic neighborhood,
exhibit a significant increase in Satb1 knockout T cells after activation.
Administration of chemokine inhibitors reduced the level of inflammatory
cell infiltration in Satb1 knockout mice. Interestingly, the transcriptional
regulation of chemokine genes by SATB1 does not involve direct binding to
their promoters or modulation of H3K27ac. Rather, we demonstrate that
SATB1 orchestrates the appropriate expression of the Ccl gene cluster
through its control over higher-order chromatin organization and long-
range communication between the Ccl genes and a prominent transcrip-
tional enhancer (Ccl-enhancer). The loss of SATB1 led to the emergence of a
new chromatin domain encompassing the Ccl3, Ccl4, Ccl5, Ccl6, and Ccl9
genes and theCcl-enhancer, resulting in increased contacts between theCcl-
enhancer and all five chemokine genes, thus inducing their upregulation.
Collectively, our data reveal an intricate transcriptional regulatory
mechanism by which SATB1 ensures proper Ccl gene expression. These
findings underscore the critical role of Satb1 in preserving T cell function,
thereby protecting the organisms from immune cell infiltration.

Results
Satb1 knockout led to T cell hyperactivation and inflammatory
cell infiltration in mice
To investigate the effect of Satb1 in T cells, we first crossed Satb1flox/flox

mice with Cd4-Cre mice to create a CD4+ T cell conditional knockout
Satb1 mouse model (Satb1 cKO) (Fig. 1a). We found that Satb1 condi-
tional knockout mice were significantly smaller than their age-matched
control littermates (Fig. 1b). Further quantification showed that the Satb1
conditional knockout mice lost about 20% of their body weight (Fig. 1c).
To understand whether such a growth abnormality is linked to aberra-
tions in T cell states and homeostasis in Satb1 conditional knockout
mice, we evaluated the ratio of CD25 and CD69 positive cells on gated
CD4+ T cell from control and Satb1 cKO mice spleen by flow cytometry.
We observed that the ratio of CD69 and CD25 positive cells was sig-
nificantly increased in Satb1-knockout T cells (Supplementary Figs. 1
and 2), consistent with previous findings in Satb1 null mice10. Addi-
tionally, we also found that compared to the control mice, there was a
significant increase in the proportion of CD44+ T cells and a significant
decrease in the proportion of CD62L+ T cells in the spleen of Satb1 cKO
mice (Supplementary Fig. 3a–d).Within the CD44+ T cell population, we
observed a higher proportion of CD69+ T cells in Satb1 cKO mice
(Supplementary Fig. 3e–g). All these phenomena indicate T cell hyper-
activation upon the loss of SATB1. Moreover, consistent with previous
reports21,23, HE staining revealed obvious inflammatory cell infiltration in
the lungs and stomachs of Satb1 cKO mice, but not their control litter-
mates (Supplementary Fig. 4a). Furthermore, the levels of anti-dsDNA
autoantibodies in the serum of Satb1 cKO mice were significantly higher
than in the control mice (Supplementary Fig. 4b). Collectively, these data
suggest that loss of Satb1 in CD4+ T cells led to hyperactivation of T cells

and infiltration of immune cells into several organs, indicating the
emergence of autoimmunity-related phenotypes in mice.

Satb1knockoutcausedasignificant increase inchemokinegene
expression in activated T cells
To further explore the mechanism by which Satb1 knockout in T cells
caused autoimmune disease, naive CD4+ T cells were isolated from the
spleen of mice and activated in vitro for 24 h, followed by RNA-Seq to
characterize the effect of Satb1 knockout on the genome-wide expression of
activated T cells (Fig. 1d and Supplementary Fig. 5). We found that the
knockout of Satb1 led to a significant change in gene expression of activated
T cells, resulting in the up-regulation of 794 genes and the down-regulation
of 365 genes (Fig. 1d). Consistent with the hyperactivation phenotype, the
up-regulated genes were significantly enriched for genes related to lym-
phocyte activation and cytokine production pathways (Fig. 1e and Sup-
plementary Fig. 6). Notably, many chemokine family genes, such as Ccl3,
Ccl4, Ccl5, Ccl6, and Ccl9, were significantly upregulated (Fig. 1f). Chemo-
kine factors are mainly composed of CXC, CC, C, and CX3C families, all of
which have important implications in autoimmunity. We examined the
expression of genes in each family and found that after Satb1 knockout,
there were no significant changes in the expression of genes in the C, CX3C,
andCXC families (Fig. 1g). As for theCC gene family, apart fromCcl3,Ccl4,
Ccl5, Ccl6, and Ccl9 genes, no other genes showed significant changes
(Fig. 1g). Interestingly, these five CC chemokine genes are located within a
genomic neighborhood of 160 kb. The elevated expression of these cytokine
genes upon the loss of Satb1 was further confirmed at both transcript and
protein levels by performing qPCR (Supplementary Fig. 7a–e) and FACS
analysis (Supplementary Fig. 7f, g), respectively.

Notably, while ourfindings indicate an increase in the expression ofCcl
chemokine genes in Satb1-depleted CD4+ T cells following 24 h activation,
Seo et al. observed a decrease in Ccl5 expression in Satb1 cKOmouse CD8+

T cells after 5 days of in vitro activation26.We confirmed this observation in
naive CD4+ T cells using the same experimental setting (Supplementary
Fig. 8).However, we noted that the transcriptomes of CD4+T cells activated
for 5 days differ substantially from those of T cells activated for 1 day. To
assess the physiological relevance of these different in vitro T cell activation
conditions, we examined the expression of Ccl genes in tissue-infiltrating
Tcells in vivo. Immunohistochemical staining revealed a significant amount
of CCL3-expressingCD4+Tcells within the lung tissues of Satb1 cKOmice,
whereas those cells are rarelypresent inwild-type lung tissues (Fig. 1h, i).We
further isolated lung-infiltrating CD4+ T cells from control or Satb1 cKO
mice and quantified CC chemokine secretion (Fig. 1j). The infiltrating
T cells in Satb1 cKO mice exhibited higher CCL3 chemokine secretion
compared to those in the control group (Fig. 1k). Collectively, these findings
and confirmed thatCcl gene expression was upregulated in activated T cells
upon the loss of Satb1, and suggested that the gene expression profiles of the
infiltratingT cells in vivowere better recapitulated in theT cells activated for
24 h in vitro than in those activated for a prolonged period.

To further understand the relationship between Ccl gene expression
and T cell activation, we compared the CC chemokine expression in naive
CD4+ T cells from WT and Satb1 cKO mice before and after activation
(Supplementary Fig. 9). Interestingly, among the 5 CC chemokine genes,
only Ccl4 exhibits significant transcriptional upregulation in WT naive
CD4+ T cells after activation, while Ccl5, Ccl6, and Ccl9 exhibit transcrip-
tional downregulation after activation, suggesting that these CC chemokine
genes are regulated via distinct mechanisms during the normal T cell acti-
vation process. However, all 5 CC chemokine genes exhibited increased
transcription in activated Satb1 cKO T cells compared to activated WT
T cells, suggesting that SATB1 influences Ccl gene expression via a locus-
wide mechanism.

Taken together, our results indicate that the knockout of Satb1 led to
the transcriptional upregulationof a specific cluster ofCC family chemokine
genes in activated CD4+ T cells. The aberrant elevation in chemokines may
play an important role in promoting autoimmune diseases and inflam-
matory cell infiltration in mice.
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Chemokine inhibitor treatment reduced the infiltration of
inflammatory cells
Our results showed that the loss of SATB1 led to the aberrant activation of a
subset of CC chemokine genes. CC chemokines bind to CC receptors and
predominantly recruit mononuclear cells27,28. A previous study demon-
strated that the aberrant upregulation of CCL2, CCL3, and CCL4 leads to

the recruitment of inflammatory cells into the eye and central nervous
system, andcorrelateswith thedevelopmentof autoimmune anterior uveitis
(AU) associated with experimental autoimmune encephalomyelitis
(EAE)29. CC chemokines also contribute to themigration of lymphocytes to
the pancreas, impair the function of pancreatic islets, and ultimately lead to
the initiation of autoimmune diabetes30. To further assess the contribution

Fig. 1 | Knockout of SATB1 resulted in increased
expression of chemokine genes in activatedT cells.
aWestern blot shows the efficient depletion of
SATB1 in CD4+ T cells. b A representative mouse
from each group is photographed (6–16 weeks male
mice). c Statistical comparison of quantified body
weight among Ctrl and Satb1 cKOmice (6–16weeks
male mice, n = 10 for each group). Error bars indi-
cate Mean ± SD and each dot represents a mouse.
Statistical significance is measured via paired Stu-
dent’s t-tests and is presented as follows:
***p < 0.005. d Volcano plot shows the 365 sig-
nificantly down-regulated (log2FC <−1 and padj <
0.05) and 794 significantly up-regulated (log2FC >
1 and padj < 0.05) genes in activated naive CD4+

T cells of Ctrl and Satb1 cKO. About 6–16 weeks
male mice were used in this experiment and each
group had 3 independent biological replicates. eDot
plots indicate the top 5most enriched BP (biological
process) GO terms in up-regulated genes identified
in (a). f Heatmaps of Ccl3, Ccl4, Ccl5, Ccl6 and Ccl9
genes. Each column shows the scaled gene expres-
sion in an RNA-Seq replicate, each row represents a
gene. g Violin plots of differentially expressed genes
in each chemokine family. Statistical significance is
measured via unpaired Student’s t-tests and is pre-
sented as follows: *p < 0.05, **p < 0.01,
***p < 0.005. h, i Immunohistochemical stainings
for CD4 and CCL3 in lung tissues for each group.
The representative image shows the lung infiltrating
immune cells expressing CD4 and CCL3. j Flow
cytometric sorting strategy for CD4+ T cells in lung
tissues. The lung tissues were digested into single-
cell suspension and stained CD4 antibodies for flow
cytometric sorting. k Protein levels of chemokine
CCL3 in lung-infiltrating T cells (sorted from (g))
were measured using ELISA (n = 3). Statistical sig-
nificance is measured via unpaired Student’s t-tests
and is presented as ***p < 0.005.

−5 0 5

0
10

0
20

0
30

0
40

0
50

0

log2FoldChange

−l
og

(p
ad

j)

volcano plot
Down = 365 Up = 794

myeloid leukocyte
activation

cell chemotaxis
leukocyte migration

positive regulation of
cytokine production

positive regulation of
leukocyte activation

0.080 0.095 0.105
GeneRatio

Count
60
65
70
75

5.4e−35
1.1e−32
2.3e−32
3.4e−32
4.6e−32

p.adjust

Up genes (log2FC >1, padj < 0.05) TOP5 (BP ClusterProfiler)

Satb1 cKO vs Ctrl

Lo
g2

 F
ol

dC
ha

ng
e

9

6

3

0

-3

*

**

*

CX3C CXCC
CC

Ccl34569 Other

Ccl3

Ccl4

Ccl5

Ccl6

Ccl9

-2

-1

0

1

2

CCL3 ELISA

SS
C

CD4

Ctrl Satb1 cKO
Lung Lung

80 um80 um

80 um

Lung Satb1 cKOLung Ctrl

Lung Satb1 cKOLung Ctrl

CD4

CCL3

80 um

Ctrl Satb1 cKO

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l

***

SATB1

β-actin

Ctrl Sa
tb

1 c
KO 

Total CD4+ T cells

***

30

25

20

15
Ctrl Satb1 cKO

B
od

y 
w

ei
gh

t (
g)

0

16

cm
a

d

f

h

j k

i

g

e

b c

0

20K

40K

60K

0

20K

40K

60K

100 101 102 103 104 100 101 102 103 104

Ctrl Satb1 cKO

0

5

10

15

Ctrl Satb1 cKO

https://doi.org/10.1038/s42003-024-07021-8 Article

Communications Biology |          (2024) 7:1304 3

www.nature.com/commsbio


of chemokine activation to the autoimmune phenotypes in Satb1 condi-
tional knockoutmice,we examinedwhether chemokine inhibitor treatment
can alleviate inflammatory cell infiltration and organ damage in these mice.

We treated 8-week-old control or Satb1 conditional knockout mice
with the inhibitor of the CCR1 (BX471) and CCR5 (BMS-813160), which
are the receptors of CCL3, CCL4, CCL5, and CCL931–33. After being treated
with the inhibitors every 3 days for a total of 30 days (Fig. 2a), the lung and
stomach tissues of the mice were taken for HE staining. The infiltration of
inflammatory cells in the organs ofmicewas substantially alleviated after the
administration of the CCL receptor inhibitor (Fig. 2b, c). Thus, SATB1
protects the organism from infiltration of inflammatory cells partially by
repressing the expression of chemokine genes.

SATB1 binds to an enhancer at theCcl locuswithout affecting its
acetylation level
To further understand how the deletion of Satb1 induced aberrant activation
of CC chemokine genes, we performed CUT&Tag to profile the genome-
wide occupancy of SATB1 in primary and activated naive CD4+ T cells
(Fig. 3a, b). A total of 53,023 and 50,077 SATB1 peaks were identified in
primary and activated naive CD4+ T cells, respectively (Supplementary
Fig. 10). In both primary and activated naive CD4+ T cells, ~35% of SATB1
peaks colocalize with the promoters of genes. Notably, a significant fraction
of SATB1 peaks are located in either introns or intergenic regions, indicating
that SATB1 may bind to putative enhancers to regulate transcription
(Fig. 3c, d).

We examined the occupancy of SATB1 at the genomic region
encompassingCcl3, Ccl4,Ccl5, Ccl6, andCcl9. Although aweak SATB1peak
was found at the promoter of Ccl4, SATB1 did not exhibit prominent
occupancy at the promoters of other CC chemokine genes (Fig. 3e). Inter-
estingly, a prominent SATB1 peak was observed at an intergenic region
~10 kb downstreamof theCcl3 gene, raising the possibility that SATB1may
bind to a putative enhancer at the Ccl locus (Fig. 3e). Together, our data
suggest that SATB1 does not simply regulateCcl gene expression by directly
binding to their promoters.

Previous studies have suggested that SATB1 can either upregulate or
downregulate histone acetylation levels at its binding sites, thereby influ-
encing gene expression17. We conducted H3K27ac CUT&Tag experiments
in both control and Satb1 cKO mouse naive CD4+ T cells to examine the
changes inH3K27ac levels, bothgenome-wide andat theCcl locus (Fig. 4a, b
and Supplementary Fig. 11). SATB1 knockout resulted in the upregulation
ofH3K27 acetylation levels at 4694 sites and downregulation at 3867 sites in
naive CD4+ T cells (Fig. 4c). Genes adjacent to the upregulated or down-
regulatedH3K27acpeaks exhibit anoverall upregulationor downregulation
in their transcription levels, respectively (Fig. 4d), consistentwith the known
role of H3K27ac in promoting transcription.

At the Ccl locus, the H3K27ac levels at the Ccl3, Ccl4, Ccl5, Ccl6, and
Ccl9 genes remained largely unaffected following SATB1 knockout, con-
sistent with the lack of SATB1 binding at the promoters ofCcl genes (Fig. 4e).
Importantly, the SATB1 peaks downstream of the Ccl3 gene exhibited strong
H3K27ac signals, suggesting this site indeed represents an active enhancer,
which we designate asCcl-Enhancer (Fig. 4e). However, the H3K27ac level at
the Ccl-Enhancer was also not affected by the loss of SATB1 binding. Taken
together, these multi-omic analyses suggest the transcriptional regulatory
effects on the Ccl locus exerted by SATB1 are achieved via a mechanism
independent of the modulation of H3K27ac levels.

SATB1 regulates Ccl gene expression by influencing the
enhancer-promoter interactions
In addition to recruiting chromatin-remodeling proteins, recent studies
have demonstrated that SATB1 is also an important regulator of the 3D
chromatin structure20,21,34,35. In particular, our recent study showed that
SATB1 can affect the function of chromatin architecture protein CTCF,
thereby influencing the organization of chromatin domains and enhancer-
promoter interactions20. Typically, enhancer-promoter interactions take
place within larger chromosomal loop domains anchored by CTCF36,37.

These loop domains, also known as topologically associating domains
(TADs), play a vital role in gene regulation by determining the specificity
and frequencies of enhancer-promoter contacts36,38–40. Given the intimate
link between SATB1 and CTCF, we sought to examine whether the loss of
SATB1 disrupts the higher-order chromatin organization at the Ccl locus,
consequently resulting in changes in Ccl expression while minimally
affecting the epigenetic modifications.

We compared the chromatin structure at the Ccl locus using the pre-
viously published Hi-C datasets on wild-type (Ctrl) and Satb1 knockout
thymic T cells34. In wild-type T cells, the entire Ccl locus is located within a
TAD spanning 1.5 Mbp (83.25 Mbp to 84.75 Mbp). Notably, a ~ 250 kb
subTAD encompassing the Ccl locus appears in Satb1 knockout T cells
(Fig. 5a). Concomitantly, the genomic regions within the new subTAD
interact with each other at higher frequencies than with the regions outside
the subTAD (Fig. 5b). Notably, this newly emerged subTAD is flanked by
two SATB1/ CTCF co-occupied sites that exhibit prominent looping
interactions. Upon the depletion of SATB1, the binding of CTCF at these
sites (Fig. 5a) and throughout the genome was largely unchanged (Sup-
plementary Fig. 12), consistent with the previous report that SATB1 con-
strains the interactions between CTCF binding sites without significantly
affecting CTCF occupancy20.

The Hi-C heatmaps at the Ccl locus also exhibit a notable increase of
signals near the diagonal in Satb1 cKO thymic T cells, which correspond to
shorter-distance chromatin interactions (Fig. 5a). Such an increase in
proximal interactions in Satb1 cKO thymic T cells is also observed in the
pile-up heatmap of all TADs (Supplementary Fig. 13), suggesting the
ablation of Satb1 causes chromatin structure changes beyond the Ccl locus.
For example, we also observed a newly emerged subTAD encompassing the
Ccr and Il loci in Satb1 cKO thymic T cells (Supplementary Fig. 14), sug-
gesting the misregulation of these genes may also contribute to the
autoimmunity-related phenotypes.

Our finding raises a possibility that the formation of the new subTAD
encompassing theCcl locus results in elevated interactions between theCcl-
Enhancer and thefiveCcl genes. Notably,Ccl3 andCcl4, two genes closest to
the Ccl-Enhancer, exhibit the greatest upregulation in activated Satb1 cKO
T cells (Supplementary Fig. 9). Thesefindings are consistent with ourmodel
that the loss of SATB1 remodels the chromatin structure of the Ccl locus,
causing increased interactions between theCcl genes and theCcl-Enhancer,
thereby resulting in elevated transcription for all theCcl genes. To explicitly
test this hypothesis, we first quantified the interaction frequencies between
theCcl-Enhancer and the promoters ofCcl3, Ccl4, Ccl5, Ccl6, andCcl9 genes
by conducting 3C-qPCR experiments on naive CD4+ T cells obtained from
control and Satb1 conditional knockout mice after 24-hour activation.
Indeed, the loss of SATB1 significantly increased the enhancer-promoter
interactions at the Ccl locus in naive CD4+ T cells (Fig. 5c). To further
validate the regulatory function of theCcl-Enhancer, a dCas9-KRABsystem
was targeted to the Ccl-Enhancer in Satb1 knockout naive CD4+ T cells. By
performing qPCR analysis, we show that the silencing of the Ccl-Enhancer
significantly abrogates the aberrant activation of all five Ccl genes (Fig. 5d).
Collectively, our data reinforce the notion that SATB1 plays a key role in
maintaining the genome organization in T cells. The loss of SATB1 disrupts
the large-scale genome organization at the Ccl locus and causes aberrant
upregulation of Ccl3, Ccl4, Ccl5, Ccl6, and Ccl9 genes, ultimately promoting
inflammatory cell infiltration and autoimmunity (Fig. 6).

Discussion
In this study, we have demonstrated the critical role of SATB1, an inner
nuclearproteinhighly expressed inTcells, inprotectingagainst immunecell
infiltration by regulating CC chemokine expression. Knocking out Satb1 in
CD4+T cells leads to increased expression ofCcl3, Ccl4, Ccl5, Ccl6, andCcl9
genes in T cells, resulting in immune cell infiltration. Mechanistically, these
five CC chemokine genes are clustered within a 160 kb genomic neigh-
borhood, with a prominent enhancer (Ccl-Enhaner) located 10 kb down-
streamof theCcl3gene. TheknockoutofSatb1 led to the emergence of anew
subTAD at this locus, promoting increased interaction frequencies between
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theCcl-Enhancer and the promoters of these CC chemokine genes, thereby
causing their aberrant up-regulation. These findings underscore the
importance of intricate transcriptional regulatory mechanisms in main-
taining the delicate balance of T-cell functions.

Chemokines are crucial in various aspects of host defense, immuno-
surveillance, and cell recruitment to sites of infection or injury41,42, and play

an important role in the development of autoimmunity43,44. There are four
major families of chemokines, CXC, CC, C, and CX3C45, among which the
CC chemokines constitute the largest subfamily. Notably, CCL3 and CCL4,
two of the most abundant chemokines, are potent chemotactic factors that
induce themigration ofmonocytes andmacrophages46. The receptor CCR5
plays a pivotal role in responding to CCL3, CCL4, and CCL5 and activating
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Th1 cells during viral infections47. CCR5 also plays an important role in
inducing immune cells tomigrate to the inflamed liver48. Furthermore, it has
been revealed that CC chemokines contribute to the recruitment of
inflammatory cells into the eye, central nervous, and pancreas in various
autoimmune diseases29,30.

In this study, we found that treating Satb1 cKO mice with a che-
mokine receptor inhibitor significantly reduces immune cell infiltration
into organs, highlighting the potential utility of chemokine receptor
inhibitors in clinical therapies for autoimmune diseases. Indeed, some
previous studies have demonstrated the therapeutic advantages of tar-
getingCCLchemokines49,50. As an example, inType 1 (insulin-dependent)
diabetes mellitus (T1DM), a chronic autoimmune disease, treating Non-
ObeseDiabetic (NOD)mice with an anti-CCL3 neutralizing antibody has
been shown to decrease diabetes incidence49. In some cancers, elevated
expression of CCL2 facilitates the infiltration of monocytes into tumor
tissue, thereby impeding the cytotoxic activity of immune cells against
cancer cells50. In this context, anti-CCL2 neutralizing antibodies can
inhibit the monocyte’s infiltration into tumor tissue and constrain tumor
growth50. However, it is important to note that chemokine function is
highly complex, and direct administration of chemokine receptor inhi-
bitors may have intricate outcomes51. Thus, further elucidation of the
regulatory mechanisms and downstream effects of chemokine will be
beneficial for the clinical management of a broad range of autoimmunity-
related conditions.

SATB1 plays a crucial role in T cell development10,21,35. Multiple pre-
vious studies have demonstrated the correlation between Satb1 and auto-
immune diseases21–23. The loss of Satb1 in CD4+ T cells causes immune cell
infiltration into multiple organs and a significant increase in serum anti-
dsDNA autoantibodies23, which have been partly attributed to the aberrant
Treg cell development21. Additionally, Satb1 knockout at the hematopoietic
stage in mice recapitulated Sjögren’s syndrome22, an autoimmune disorder
that causes dry eyes and mouth. This phenotype could be attributed to
elevated levels of indoleamine 2,3-dioxygenase24. While the knockout of
Satb1 in T cells from early developmental stages has been linked to auto-
immunity, Yasuda et al., reported that the removal of Satb1 in Th17 cells
mitigated the progression of experimental autoimmune encephalomyelitis
(EAE)52, suggesting the pleiotropic effects of Satb1 in T cell homeostasis and
functions. The precise mechanisms by which the deficiency in Satb1 causes
autoimmunity-related phenotypes remain to be elucidated.

Here we show that the aberrant upregulation of the CC chemokine
gene cluster serves as a contributing mechanism underlying the inflam-
matory cell infiltration resulting from the conditional knockout of Satb1. By
profiling the transcriptome, 3C-qPCR, H3K27ac, and SATB1 occupancy in
T cells isolated from the peripheral lymphatic organs of Satb1 conditional
knockout mice, we demonstrated that SATB1 controls the transcription of
several criticalCC subfamily chemokine genes bymaintaining a proper level
of promoter-enhancer interaction. The ablation of Satb1 results in aberrant
upregulation of chemokines, promoting inflammatory cell infiltration and

Fig. 5 | SATB1 regulates the expression ofCcl genes bymodulating the enhancer-
promoter interactions. a Hi-C heatmaps at 10 kb resolution show changed chro-
matin interactions at Ccl3, Ccl4, Ccl5, Ccl6, and Ccl9 gene loci in thymic T cells.
CUT&Tag profiles show the SATB1 and CTCF signals in control and Satb1 cKO
thymocyte cells. The Ccl-Enhancer was labeled in the gray box. bDiagram depicting
the regions of subTAD and adjacent and boxplot showing the interaction fre-
quencies of different regions indicated in (a). The adjacent region was set as an
internal reference. Error bars indicate Mean ± SD. Statistical significance is mea-
sured via unpaired Student’s t-tests and is presented as follows: *p < 0.05, **p < 0.01,
***p < 0.005. c The diagram depicted the 3C-qPCR experiment design and the 3C-

qPCR experiment was used to validate the enhancer-promoter interaction of Ccl3,
Ccl4, Ccl5, Ccl6, andCcl9 genes in both control and Satb1 cKO naive CD4+ T cells. A
negative control was also detected. Error bars indicate Mean ± SD. Statistical sig-
nificance is measured via unpaired Student’s t-tests and is presented as follows:
*p < 0.05, **p < 0.01, ***p < 0.005. d dCas9 experiment was performed to validate
the function of enhancer-promoter interaction in the regulation of gene expression
for Ccl3, Ccl4, Ccl5, Ccl6, and Ccl9. Error bars indicate Mean ± SD. Statistical sig-
nificance is measured via unpaired Student’s t-tests and is presented as follows:
*p < 0.05, **p < 0.01, ***p < 0.005.

Fig. 6 | Diagram depicting the mechanisms by
which SATB1 regulates chemokine gene expres-
sion. SATB1 inhibited Ccl gene expression by
restraining enhancer-promoter interaction. The loss
of SATB1 led to the emergence of a new chromatin
domain encompassing theCcl3, Ccl4, Ccl5, Ccl6, and
Ccl9 genes and a distal enhancer, which possibly
mediated by CTCF, resulting in increased contacts
between the enhancer and all five chemokine genes,
thus inducing autoimmunity.
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the manifestation of autoimmune phenotypes. These findings highlight
SATB1’s vital role as a stabilizing factor in preventing the abnormal acti-
vation of T cells and protecting organs from immune cell infiltration. It is
noteworthy that the etiology of autoimmune diseases resulting from Satb1
deficiency was previously attributed primarily to aberrant development of
Treg cells. However, the involvement of other mechanisms has remained
largely unexplored. Our research demonstrates that, in addition to the role
of Treg cells, Satb1 deficiency leads to enhanced chemokine secretion by
CD4+T cells, thereby facilitating immune cell infiltration into target organs
and contributing to the pathogenesis and progression of autoimmune dis-
eases. These findings offer novel insights into the molecular mechanisms
underlying Satb1-induced autoimmune diseases.

Importantly, our results suggest that rather than functioning as a
canonical transcriptional factor or epigenetic modification modulator,
SATB1 regulates the expression of the Ccl cluster by modulating the higher-
order chromatin organization. The hierarchical organization of the eukar-
yotic genome within the nucleus, including A/B compartments, topologically
associating domains (TADs), and chromatin loops, is intimately linked to
gene expression6,53–55. Evidence is accumulating to suggest that chromatin
structure plays a significant role in the control of T cell differentiation and
activation56–58. Our findings further support the notion that dysregulated
chromatin structure can lead to abnormal gene expression, impacting T cell
development and function, and contributing to immune system imbalances
and disease onset. Thus, gaining a deeper understanding of the mechanisms
governing higher-order chromatin structure regulation may offer valuable
insights and potential therapeutic targets for treating autoimmunity and T-
cell-related diseases.

Methods
Satb1 conditional knockout mice and animal models
Satb1flox/floxmice were generated using CRISPR/Cas9 system by Jiangsu Jicui
Yaokang Biotechnology Co., Ltd. Briefly, sgRNA-targeting the 3 and 5
introns on both sides of the Satb1were constructed and transcribed in vitro.
Then, the Cas9 mRNA and the sgRNA will be co-injected into zygotes.
Genotyping of all the offspring was performed by PCR. CD4+ T cell-Satb1
conditional knockoutmicewere generated by crossing Satb1flox/floxmicewith
the Cd4-Cre mice. The Cd4-Cre mice were purchased from Saiye Bio-
technology Co., Ltd (Beijing, China). Cd4-Cre mice were crossed with
Satb1flox/flox mice to generate Satb1flox/flox Cd4-Cre mice (Satb1 conditional
knockout (cKO)mice). Controlmice consisted of littermates from the same
progeny thatwere either Satb1flox/flox orCd4-Cremice.Unless specified in the
figure legends, mice at the age of 6–16 weeks were used for subsequent
experiments. For CCR5 inhibitor treatment, The CCR5 inhibitor (Selleck,
S0085)wasdissolved in ethanol and administered tomice byoral gavage at a
dose of 5mg/kg every three days for 30 days. Allmice usedweremaintained
under specific pathogen-free (SPF) conditions and all experiments were
performed following guidelines for animal welfare set by the Animal Wel-
fare Committee of Shanghai Jiaotong University School of Medicine. We
have complied with all relevant ethical regulations for animal use.

Naive T cell isolation and activation
Mice were sacrificed by cervical dislocation, and then immediately
immersed in 75% alcohol and sterilized for 10min. Subsequently, the mice
were transferred to the biosafety cabinet, the abdominal skin of themicewas
cut with ophthalmic scissors, and the mouse spleen was removed with
ophthalmic tweezers. The spleen was washed once with PBS, placed in a
40 µm filter (FALCON,Corning, 352340) and ground thoroughly. The cells
were lysed with red blood cell lysate for 10min. After lysate, cells were
harvested and resuspended in PBS. Naive T cells were isolated using
EasySepTM Mouse naive CD4+ T Cell Isolation Kit (STEMCELL, 19765)
according to the manufacturer’s instructions. Subsequently, the enriched
naive cells underwent antibody staining (CD4-ABflo-594, Abclonal, Cat:
A24722; CD25-PE-Cy7, Invitrogen, Cat: 25-0251-82; CD62L-FITC,
eBioscience, Cat: 11-0621-81) and the CD4+ CD25- CD62L+ T cells were
sorted as naive CD4+ T cell, as reported previously59. For activation, the

sorted naive CD4+ T cells were cultured in RPMI-1640 medium, supple-
mented with 10% FBS, 1% β-mercaptoethanol, and 1% penicillin-
streptomycin. DynabeadTM mouse activator CD3/CD28 (Thermofisher,
11453D)was added to the isolated cells, and the cells were activated for 24 h,
followed by RNA sequencing, CUT&Tag, RT-qPCR, and 3C-qPCR.

Lung-infiltrating T-cell isolation
Lung tissues from control and Satb1 cKOmice were isolated and minced
with dissection scissors. 1 ml of PBS containing collagenase type II
(1.5 mg/ml) was then added to the samples and digested at 37 °C for 1 h.
The samples were shaken and mixed every 10min during this process,
with repeated pipetting to accelerate tissue lysis. After digestion, the cells
were filtered using a 70 µm cell sieve and collected via centrifugation at
500 g for 5 min. The cells were then resuspended in DPBS and stained
with the CD4-ABflo-594 antibody at room temperature for 30min. The
stained cells then underwent fluorescence-activated cell sorting (FACS).
About 100,000 CD4+ T cells were collected from both the control and
Satb1 cKO samples. Finally, the sorted cells were lysed and subjected to
the ELISA assay to assess the protein level of CCL3.

Hematoxylin and eosin (HE) staining
HE staining was conducted according to the standard protocols. In brief,
mice were fixed by transcardiac perfusion with 4% paraformaldehyde and
lung and stomach tissues were fixed with 4% paraformaldehyde for 24 h.
Afterfixation, the tissueswere then embedded in paraffin. Subsequently, the
embedded tissues were dewaxed with xylene for 10min, followed by
anhydrous ethanol for 2min, 95% ethanol for 1min, and 75% ethanol for
1min. The tissues were stained with hematoxylin for 5min, restained with
eosin for 5min, and mounted with coverslips.

CCR inhibitor treatment
CCR1 inhibitor BX471 (Selleck, S7604) and CCR5 inhibitor BMS-813160
(Selleck, S0085) were purchased from Selleck (Selleck Chemicals, Shanghai,
China). BX471 and BMS-813160 were first dissolved in anhydrous ethanol
and then diluted 1:20 using phosphate-buffered saline (PBS) to generate
1 µg/µl stock solutions.Micewere then administered a dosage of 5mg/kg of
each inhibitor orally once every three days, continuing for 30 days. Subse-
quently, the tissues of each group were collected and subjected to hema-
toxylin and eosin (H&E) staining.

RNA-seq and analysis
RNA-seq libraries were constructed by Anoroad (Beijing, China).
Experiments were performed using VAHTS Universal V6 RNA-seq
Library Prep Kit for Illumina® (NR604-01/02) according to the manu-
facturer’s instructions. In brief, mRNA was extracted from each sample,
and 1–3 µg of each total RNA was purified using poly-T oligo-attached
magnetic beads. The mRNA was then fragmented into short nucleotides,
and first-strand complementary DNA (cDNA) was synthesized using
random hexamer primer, and followed by second-strand cDNA gen-
eration. After end repair and 3′-end single nucleotide A (adenosine)
addition, the RNA-seq libraries were sequenced on the Illumina Nova
Seq 6000 platform at PE150 mode. For RNA-seq data analysis, the
sequencing data were aligned to the mouse reference genome (mm10)
using the STAR aligner (Dobin et al., 2013) (version 2.7.3a), and all
mapped reads were subsequently counted using HTSeq (Anders et al.,
2015) (version 0.12.4). The RNA-Seq counts were normalized and sta-
bilized variance using DESeq2 (Love et al., 2014). The differentially
expressed genes (DEGs) were identified using a cutoff of abs(log2FC) > 1
and padj < 0.05. Furthermore, GO enrichment analysis was performed
using the clusterprofiler (Yu et al., 2012) package (version 4.0.5) in R.

CUT&Tag library preparation
CUT&Tag sample preparation and experiments were performed using the
Hyperactive In-Situ ChIP Library Prep Kit for Illumina (Vazyme, TD901-
01) as described before (Kaya-Okur et al., 2019) with minimal changes.
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Briefly, cells were immobilized using ConA beads. Then, cells were per-
meabilized and incubated with different primary antibodies (anti-SATB1,
Abcam 109122; anti-H3K27ac, Abcam 177178) overnight for 4 °C and then
treated with secondary antibodies (Goat anti-Rabbit IgG) for 1 h at room
temperature. Afterward, cells were incubated with pG-Tn5 transposase for
1 h and then cells werewashed twice and incubated at 37 °C for 1 h.DNAof
each sample was extracted using phenol-chloroform-isoamyl alcohol and
amplified by PCR. All CUT&Tag libraries were sequenced on the Illumina
Nova Seq 6000 platform at PE150 mode.

CUT&Tag data analysis
For CUT&Tag data analysis, raw sequenced fastq data were trimmed using
TrimGalore (version 0.6.6) with the default parameters. Trimmed sequence
reads were then aligned to the mouse reference genome (mm10) using
bowtie260 (https://github.com/BenLangmead/bowtie2) with the parameters
--very-sensitive -X 2000. Duplicates of mapped reads were removed using
sambamba61 (version 0.8.1). The mapped reads were subsequently shifted
before peak calling using the alignmentSieve --ATACshift function from the
deepTools package 39 (version 3.3.1). For each CUT&Tag library, we gen-
erated the bigwig files at 10 bp bin size using the bamCoverage function from
DeepTools and normalized by RPKM. Peak calling for CUT&Tag data was
performed using SEACR under the stringent mode with default parameters.

qPCR
RT-qPCR experiments were performed using EZ-press Cell to cDNA Kit
PLUS (EZbioscience, B0003) according to the manufacturer’s instructions.
Briefly, naive CD4+ T cells were activated for 24 h and collected by cen-
trifuge. 400 µl cell lysis buffer was added to the samples. After incubation at
room temperature for 5min, 4 µl of lysates were transferred and 0.8 µl
gDNA Remover was added for 5min. 5 µl 4 × RT Master Mix and 10.2 µl
RNase free ddH2O were added to the sample respectively and incubated at
42 °C for 15min. After the incubation, 4 µl of cDNA was taken out and
mixed with 1 µl 10mMprimers and 2 × qPCR buffer. qPCR reactions were
performed in a LightCycler 480 II Roche. The Ct values of genes are nor-
malized with the Ct value of β-actin, and then the relative gene expression
levels between the treatment group and control group are calculated. The
primers used for qPCR are listed in Table 1.

3C-qPCR experiments
3C-qPCR assays were performed as previously described20,62 with slight
modifications. Naive CD4+T cells isolated from control and Satb1 cKOmice
were activated for 24 h and then cross-linked with 1% formaldehyde. 2.5M
Glycine to the cells to make the final concentration of Glycine 0.2M. The
cells were resuspended with ice-cold Hi-C lysis buffer and incubated for
30min at room temperature. After lysis, the pellet was resuspended 1x NEB
Cutsmart Buffer, and 0.3% final concentration of SDS was added. Samples
were incubated for no more than 10min at 60 °C, followed by another
50min at 37 °C in a shaker at 750 rpm. Triton X-100 was added to the
samples to quench the SDS and digested with EcoRI at 37 °C overnight. The
next day, the samples were incubated at 65 °C for 20min to inactivate the
restriction enzyme, and a ligation master mix was added to the samples.
After ligation at 16 °C for 4 h in a thermomixer, DNA was purified by
standard phenol-chloroform extraction. 3C-qPCR reactions were performed

using the Sybr-Greener Kit. A ligation product between two regions ~500 kb
apart that do not exhibit interactions above the background was used as the
negative control. For all 3C-qPCR experiments, a short-range ligation pro-
duct formed by two adjacent DpnII restriction fragments was used as an
internal standard for normalizing the relative interaction frequencies
between genomic regions. The primers used for 3C-qPCR are listed in
Table 2.

dCas9 validation
The original dCas9-KRAB plasmid vector was purchased from Addgene
(Addgene plasmid #71236) and was replaced with an enhanced green
fluorescent protein (eGFP) cassette with PCR (dCas9-KRAB-eGFP
plasmid)62. sgRNA sequences: 5′- GGTACTGCTCTAATCGTCTAAGG-
3′, which target the Ccl-Enhancer (Defined in the manuscript) were
designed with CHOPCHOP63 (http://chopchop.cbu.uib.no/). Once the
plasmid construction is finished, it is subsequently packaged into a lenti-
virus. To produce lentivirus, the lentiviral vectors carrying the sgRNA
sequences alongside the packaging plasmids psPAX2andpMD2.Gwere co-
transfected into 293 T cells. The medium was collected daily and filtered.
Next, 4× Lenti-X concentrator solution (Clontech, 631231) was added. The
medium was incubated at 4 °C overnight and then centrifuged at 3000 × g
for 20min at 4 °C. The pellet was collected and then resuspended in 400 µl
RPMI-1640. CD4+ T cells were isolated from the spleen and sorted using a
Mouse CD4+ T cell separation kit (Selleck, B90001). Specifically, isolated
naiveTcells are cultured in12-well plates,with the additionof 20 ng/ml IL-2
and CD3/CD28magnetic beads activated for 24 h. Subsequently, lentivirus
is added to the cells at a ratio of 100 MOI. After 72 hours of infection, cells
are sorted for GFP+ cells by flow cytometry, and the sorted cells are col-
lected for qPCR detection.

ELISA experiment for CCL3 detection
CCL3 protein level was determined usingMouse CCL3/MIP-1α ELISA Kit
(Liankebio, EK261) according to the manufacturer’s instructions. Briefly,
the sortedLung-infiltratingCD4+Tcells isolated from4 control and4 Satb1
cKOmicewere lysedwith lysis buffer and added to theELISA reactionplate.
CCL3 protein standards at the concentrations of 0, 7.81, 15.63, 31.25, 62.5,
125, 250, and 500 ng/ml were also added to the reaction plate to create a
standard curve. Absorbance for each well was detected using a microplate
reader, and the concentration of CCL3 in each sample was calculated. The
fold change in CCL3 concentration was determined by dividing the con-
centration in the Satb1 cKO mice samples by the concentration in the
control mice samples.

Anti-dsDNA autoantibody detection
Concentrations of anti-dsDNA autoantibodies in the serum were measured
using aMouse anti-dsDNA antibody ELISAKit (CUSABIO, CSB-E11194m)
according to the manufacturer’s instructions. Briefly, blood was drawn from
the eyeballs of 4 control and 3 Satb1 cKOmice, left at room temperature for
1 h, and then centrifuged at 1000 × g for 10min. The precipitate was dis-
carded and the supernatant was collected as serum. The serum was then
added to an ELISA reaction plate. Anti-dsDNA antibody (IgG) standards at
the concentrations of 2.5, 5, 10, and 20 ng/ml were used to create a standard
curve for determining the autoantibody concentrations in the serum.

Table 1 | Primers for RT-qPCR

Gene name Forward primer (5′-3′) Reversed primer (5′-3′)

CCL3 ACTGCCTGCTGCTTCTCCTACA ATGACACCTGGCTGGGAGCAAA

CCL4 ACCCTCCCACTTCCTGCTGTTT CTGTCTGCCTCTTTTGGTCAGG

CCL5 CCTGCTGCTTTGCCTACCTCTC ACACACTTGGCGGTTCCTTCGA

CCL6 CACCAGTGGTGGGTGCATCAAG GTGCTTAGGCACCTCTGAACTC

CCL9 TCCAGAGCAGTCTGAAGGCACA CCGTGAGTTATAGGACAGGCAG

β-actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG
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Statistics and reproducibility
All bar plots arepresentedasMean ± SD,with individual datapoints shown.
Statistics were calculated on samples containing three or more replicates
from independent experiments. P-values were calculated using either the
unpaired t-test or the Wald test, as indicated in figure legends.

Data availability
All data supporting the findings within this study are available in Supple-
mentary Information. All source data for graphs in this study are provided
in the Supplementary Data file. Uncropped blot images are provided in
Supplementary Information (Supplementary Fig. 15). High-throughput
sequencingdata andprocessedfiles used in this studyhavebeendeposited in
the National Center for Biotechnology Information (NCBI) Gene Expres-
sion Omnibus (GEO) under accession number GSE224977. Other analysis
codes and additional rawdata required to reanalyze the data reported in this
paper are available from the lead contact upon reasonable request.
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