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CLINICAL SCIENCE

3D genome alterations in T cells associated with
disease activity of systemic lupus erythematosus

Ming Zhao

Haojun Long,' Qigi Kuang,' Lianlian Ouyang,' Qianjin Lu

ABSTRACT

Objectives Three-dimensional (3D) genome alterations
can dysregulate gene expression by rewiring physical
interactions within chromosomes in a tissue-specific or
cell-specific manner and lead to diseases. We aimed to
elucidate the 3D genome structure and its role in gene
expression networks dysregulated in systemic lupus
erythematosus (SLE).

Methods We performed Hi-C experiments using CD4*
T cells from 7 patients with SLE and 5 age-matched

and sex-matched healthy controls (HCs) combined with
RNA sequencing analysis. Further integrative analyses,
including transcription factor motif enrichment, SPI1
knockdown and histone modifications (H3K27ac,
H3K4me1, H3K4me3), were performed for altered loop-
associated gene loci in SLE.

Results We deciphered the 3D chromosome
organisation in T cells of patients with SLE and found

it was clearly distinct from that of HCs and closely
associated with the disease activity of SLE. Importantly,
we identified loops within chromosomes associated with
the disease activity of SLE and differentially expressed
genes and found some key histone modifications close to
these loops. Moreover, we demonstrated the contribution
of the transcription factor SPI1, whose motif is located
in the altered loop in SLE, to the overexpression of
interferon pathway gene. In addition, we identified the
potential influences of genetic variations in 3D genome
alterations in SLE.

Conclusions Our results highlight the 3D genome
structure alterations associated with SLE development
and provide a foundation for future interrogation of the
relationships between chromosome structure and gene
expression control in SLE.

INTRODUCTION
To understand the three-dimensional (3D) organ-
isation of the global genome, researchers have
applied chromosome conformation capture (3C)"
and its derived methods, such as Hi-C,” to a variety
of organisms from bacteria® to humans® for cell
ensembles or even single cells.’ ® In the past decade,
with increasing sequencing depth, Hi-C data have
revealed that the 3D genome architecture comprises
a hierarchy of structures’: ‘A’ and ‘B’ compartments,
topologically associated domains (TADs), whose
boundaries are enriched for architectural proteins
such as cohesion and CTCE?®’ and chromatin
loops that promote interaction between regulatory
elements and genes.'*"?

Accumulating evidence has suggested that the
3D structure has a role in human diseases.”® For

,"* Delong Feng," Longyuan Hu," Lin Liu, Jiali Wu," Zhi Hu,'

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Systemic lupus erythematosus (SLE) is a
complex autoimmune disease and is widely
studied at the epigenetic level, including DNA
methylation, histone modification and non-
coding RNAs.

= Dysregulated expression of some genes is
correlated with disease activity in patients with
SLE.

= Three-dimensional (3D) genomic alterations
may be related to the pathogenesis of
autoimmune diseases.

WHAT THIS STUDY ADDS

= This study showed the alteration of 3D genome
organisation in CD4" T cells of patients with
SLE with different disease activities and reveals
that both topologically associated domain
appearance and loop strength profiles are
correlated with the disease activities of patients
with SLE.

= This study identified the interaction loops
within chromosomes associated with SLE and
SLE Disease Activity Index scores and revealed
the potential relationship among transcription
factors, histone modifications, genetic variation
and differentially expressed genes in SLE.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings contribute to revealing the
epigenetic mechanism and highlighting the
relationships among chromosome structure,
genetic variations and gene expression control
in the pathogenesis of SLE, as well as providing
a biomarker for the diagnosis of SLE and a
target for disease treatment.

example, chromosome translocation frequently
occurs in haematological malignancies and influ-
ences translocation partner choice.’* ™ The disrup-
tion of TAD boundaries can lead to aberrant loop
interactions that induce oncogene expression in
gliomagenesis.'® Enhancer variants associated with
Alzheimer’s disease affect gene expression via chro-
matin looping.'” In short, cell type-specific 3D
genome information therefore provides a useful
resource to mechanistically dissect disease risk loci
by connecting non-coding regions to disease risk

genes.'®
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Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease characterised by autoreactive antibody produc-
tion, dysregulation of both T and B lymphocytes and immune
complex formation that cause multiorgan damage.'” ?° Among
many autoimmune diseases, SLE might be the most deeply
studied at the epigenetic level,”! including DNA methylation,*
histone modification?® and non-coding RNAs.** In 3D genomic
studies in SLE, Su et al used the combination of promoter-
Capture-C and assay for transposase-accessible chromatin
using sequencing (ATAC-seq) to map regulatory SLE variants
to target genes in follicular helper T cells from healthy chil-
dren.” By using circular chromosome conformation capture
and high-throughput sequencing (4C-seq), Hou et al found
that the genomic region harbouring an SLE susceptibility locus
rs2431697 is a cell-type-specific enhancer specifically regulating
miR-146a expression.”® However, few 3D genome studies have
been performed with samples from patients with SLE, and the
association between 3D genome alterations and SLE disease
activity and the potential regulatory roles of 3D genome alter-
ations in autoimmune-related gene expression remain unclear.

Here, we used integrative methods to analyse 3D genome alter-
ations and the transcriptome of CD4™ T cells in SLE. We also identi-
fied SLE-associated loops with differentially expressed genes (DEGs).
We presented a 3D genome landscape of altered loop loci in SLE and
demonstrated potential influences of the transcription factor SPI1 at
an interferon (IFN)-I pathway-related gene.

Materials and methods
See online supplemental materials and methods.

RESULTS

Widespread 3D genome alterations in SLE CD4" cells

To investigate the 3D genome architecture of patients with SLE, we
performed Hi-C with peripheral blood CD4" T cells from seven
patients with SLE and five healthy controls (HCs). The demographic
information for both patients with SLE and HCs are described in
online supplemental table S1. After Hi-C sequencing, an average
of 2 billion raw reads per sample (approximately 610 billion base
pairs) were generated from 12 samples (online supplemental table
S2). Then, we identified A/B compartments, topologically asso-
ciating domains (TADs) and loops. As shown in figure 1A and B,
there was little change in the compartment structure between the
patients with SLE and the HCs. Furthermore, we performed aggre-
gate TAD or loop analysis by principal component analysis (PCA), in
which the SLE Disease Activity Index (SLEDAI) score of each patient
with SLE was considered. There are certain rules on TAD border
appearance and loop strength in 12 individuals. Score plots from
PCA displayed clustering trends between the patients with SLE and
the HC:s (figure 1C and D). Moreover, figure 1C shows an increasing
trend of SLEDAI scores from right to left (PC1 from high to low) and
from bottom to top (PC2 from low to high) at the TAD appearance
level. Figure 1D shows an increasing trend in the SLEDAI score from
the bottom to top (PC2 from low to high) at the loop strength level.
These findings indicate that genomic 3D features (TADs border and
loop strength) of CD4* T cells between patients with SLE and HCs
are distinct, and the higher the activity of SLE, the greater the differ-
ences in 3D genomic features.

3D genome alterations associated with differentially
expressed genes in SLE CD4* T cells

To investigate the role of TADs and chromatin loops in
controlling gene expression, we performed RNA sequencing
(RNA-seq) to analyse changes in gene expression profiles in

samples from three patients with SLE and three HCs tested by
Hi-C analysis. We found that the gene expression profiles of
the no. 7 patient with SLE (SLE7) who had no apparent clinical
phenotype were more similar to HCs (online supplemental table
S1 and figure S1). Thus, DEGs were identified by gene expres-
sion comparison between two samples from patients with SLE
and two samples from HCs (figure 2A). Gene Ontology (GO)
enrichment analysis of the DEGs showed that many immune
functions were enriched and covered approximately 80% of the
DEGs (figure 2B). Two gene sets extracted from the GO enrich-
ments (immune response genes and vesicle genes) were used to
profile DEGs overlapping TAD border or loop features using
PCA among all samples, in which SLEDAI scores were consid-
ered. The PCA revealed that the 3D genomic alterations of
these genes can distinguish the patients with SLE from the HCs
and were also positively correlated with SLEDAI scores in the
patients with SLE (figure 2C-F).

Three hundred ninety-one loops highly correlated with
SLEDAI and distinct gene expression

To better understand the relationship between loop strength
and SLEDAI score, we performed Pearson’s correlation anal-
ysis. More loops were positively correlated with SLEDAI
scores (online supplemental figure S2A). Recently, gene signa-
ture expression was shown to be correlated with SLE disease
activity.”’ We quantified the relationship between SLEDAI-
associated loops and gene expression by intersection analysis
(figure 3A). In the merged loop set, 4373 loops that were highly
correlated with the SLEDAI score were identified. Then, loop
anchors without overlap with DEGs in SLE were removed.
Finally, 391 SLEDAI-associated loops were identified as SLE-
associated loops (online supplemental table S3). In addition,
we also analysed the relationships between loop strength and
other clinical parameters of patients with SLE, respectively,
including the levels of complement 3 and complement 4, the
number of red blood cell, white blood cell and platelet, haemo-
globin concentration. The loops that correlated with these clin-
ical parameters are shown in online supplemental table S4. For
display and visual consistency with the SLE-associated loops that
we screened, scatter plots were used to show the relationship
between the SLEDAI range and changes in the SLE-associated
loop strength in all samples (figure 3B). In addition, functional
enrichment and pathway analysis revealed that the 391 genes
with SLE-associated loops were mainly related to inflammatory
and immune-related biological processes (online supplemental
figure S2B and online supplemental table S5). In addition, some
immune-related pathways including influenza infection, TNF
Receptor Associated Factor 6 (TRAF6)-mediated IRF7 acti-
vation in toll-like receptor 7/8 or 9 signalling and the NLRP3
inflammasome were enriched in 391 genes (online supple-
mental table S5). To further investigate the SLE-associated loop
features, we compared the length distributions of all loops in 12
samples and the SLE-associated loop set. A longer length distri-
bution was observed in the SLE-associated loop set (figure 3C),
which has the potential to confer long-range interactions over
the TAD border. We characterised inter-TAD loop differences
between loops set of 12 individual samples and SLE-associated
loop sets and found that more SLE-associated loops tended to
be long-range inter-TAD loops (figure 3D). Further analysis was
performed on TAD border insulation strength. We selected the
TAD borders overlapping with SLE-associated inter-TAD loops
set in each sample and calculated the mean and median insu-
lation scores around selected TAD borders. A decreasing trend
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Figure 1  Genomic three-dimensional feature difference of CD4* T cell between patients with systemic lupus erythematosus (SLE) and healthy
controls (HCs). (A) Compartments of 12 samples including 7 patients with SLE and 5 HCs. Compartment c score from —1 to 1 are shown with blue

to red. (B) Pairwise Pearson’s correlation coefficient and associated scatter plots between each two samples. The upper right displays Pearson’s
correlation coefficient. The scores are shown in different degrees of red. The lower left displays scatter plots of compartments c score between each
two samples. The c score distributions of each sample are shown on diagonal. (C-D) Principal component analysis of the topologically associated
domains (TADs) border appearance (C) and the loop strength (D) of the 12 samples. Patients with SLE are shown as red points and HCs are shown as
blue points. The point size reflects the SLE Disease Activity Index (SLEDAI) of patients and we set SLEDAI of HCs as 0.

of insulation strength was observed in the patients with SLE and Additionally, to confirm the changes in SLE loop-associated
indicated that SLE-associated inter-TADs loops were determined gene expression observed by RNA-seq, we compared the relative
by weak insulation scores around TAD borders, and SLEDAI expression of SLE loop-associated genes between our RNA-seq
scores were involved in this trend (figure 3E). data and the published CD4" T RNA-seq dataset (GSE97263).
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Figure 2 Gene expression difference between patients with systemic lupus erythematosus (SLE) and healthy controls (HCs). (A) Heat map represent
differentially expressed genes (DEGs) between patients with SLE (SLE1, SLE4) and HCs (HC2, HC4). (B) Gene Ontology (GO) functional enrichment of
the DEGs. (C—F) Principal component analysis of the topologically associated domains (TADs) border appearance and loop strength from which the
TADs and loops overlap with genes from DEGs and annotated as GO function ‘immune response’ and ‘vesicle genes'. SLEDAI, SLE Disease Activity

Index.

And a heat map revealed the similarities in the differential gene
expression profile between them (online supplemental figure
S2D). We also performed RT-quantitative PCR (qPCR) to detect
some DEGs identified by RNA-seq (online supplemental table
S6). The results showed that the expression of DDX60L, LTBP1,
CXCL13, SLC8A1, ATGS and IFIT1 was significantly upregu-
lated and the expression of FCERIA and HDC was downregu-
lated in CD4" T cells of patients with SLE compared with HCs
(online supplemental figure S2E), which was consistent with the
results of our RNA-seq. Thus, comparable different interactions,
especially SLE-associated loops, were identified in CD4" T cells
from patients with SLE.

3D chromatin changes around SLE-related gene loci

As over 90% of SLE-associated loops were enhancer or
promoter-based interactions (online supplemental figure S2C),
we focused on SLE-associated loop-associated gene loci. There
were two SLE-associated loops overlapping with the DDX60L
gene promoter (figure 4A). DDX60L is an ATP-dependent heli-
case gene involved in the IFN antiviral response, which is an

innate immune response.”® At the DDX60L locus, the Hi-C
interaction matrix indicated that patients with SLE with higher
SLEDAI scores had a stronger interaction frequency than HCs
(figure 4B). Moreover, the SLEDAI scores of the patients were
higher, and the loop strength and gene expression at the locus
were stronger (figure 4C and D). To assess the interaction
between the SLE loop-associated promoter in DDX60L and long-
range interacting region, we cloned the DDX60L gene promoter
with or without promoter interacting region into the luciferase
reporter vector, respectively (online supplemental table S7). The
results showed that the group containing DDX60L promoter
and the promoter interacting region, an SLE loop interaction,
had greater luciferase activity than the group containing only the
DDXG60L promoter (online supplemental figure S3A), suggesting
the SLE loop interaction promoted the transcription of DDX60L
gene. In addition, according to previous study,” we used CRIS-
PR-Cas9 methodology to delete the promoter interacting regions
of DDX60L gene, and observed that the respective deletion of
two fragments in the region downregulated DDX60L expression
in Jurkat cell line (online supplemental figure S3B).
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In addition, within the DDX60L gene promoter, we observed
the following: (1) the active histone marks H3K27ac, H3K4mel
and H3K4me3 were enriched at two loop anchors based on the
public data of normal activated CD4™ T cells;?’ (2) SPI1 is the
transcription factor binding footprint most frequently enriched
at the two loop anchors according to our ATAC-seq data from
other patients with SLE (NODE: https://www.biosino.org/
node/index, accession number: OEP003228) (figure 4A and E).
SPI1 is an ETS-domain transcription factor that activates gene
expression during lymphoid and myeloid cell development.*
The chromatin immunoprecipitation (ChIP) atlas database also

shows SPI1 binding to the DDX60L promoter in lymphoid and
myeloid cells.>! When SPI1 gene expression was suppressed by
small interfering RNA (siRNA), moderate inhibition of DDX60L
gene expression was observed, and the levels of H3K4me3 and
H3K27ac were also decreased at the two loci of the DDX60L p
rinomoter (figure 4F and G). To show the role of SPI1 in gene
regulation and looping in T cells, we performed ChIP-qPCR and
3C-qPCR detections in CD4" T cells with SPI1 knockdown.
The ChIP experiment was performed using SPI1 antibody and
the enriched DNA fragments were detected by qPCR to deter-
mine the binding of SPI1 in DDX60L promoter and/or distal
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Z-score difference between HCs (different rows) and patients with SLE (different columns). DDX60L gene is marked at the bottom. (C) DDX60L gene
expression of sample HC2, HC4, HC5 and SLE1, SLE4, SLE7. The points size reflects the SLEDAI scores. (D) The strengths of two loops in all the samples.
(E) Nucleotide resolution average chromatin accessibility (y-axis) along the binding site of SPI1 in the sample HC6 and SLES8. (F) Changes of gene
expression levels of SP/T and DDX60L in CD4* T cells with SPI1 knockdown. (G) Changes of enrichment levels of H3K4me1, H3K4me3 and H3K27ac

in CD4™ T cells with SPI1 knockdown. HC, healthy controls; mRNA, messenger RNA; siRNA, small interfering RNA; SLEDAI, SLE Disease Activity Index;
SLE, systemic lupus erythematosus.
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looping region. The result showed that silencing SPI1 decreased
the binding of SPI1 in the DDX60L promoter (200bp upstream
of transcription starting site) compared with negative control
(online supplemental figure S3C). The results suggested that
SPI1 was able to bind the promoter region of DDX60L. More-
over, we performed the 3C assay and detected the change of
DDXG60L gene-associated looping by multiple primers in CD4"
T cells with SPI1 knockdown. The results of 3C-qPCR showed
that the interaction between the DDX60L promoter and distal
looping region was decreased in CD4™ T cells transfected with
SPI1 siRNA compared with negative control (online supple-
mental figure S3D, E). Overall, these results suggest that the
transcriptional regulation of the DDX60L locus was controlled
by SPI1, histone modifications and chromatin interactions in
CD4" T cells from patients with SLE.

Recent studies have demonstrated that SPI1 was associated with
the Th9 phenotype in CD4™ T cells.”* T helper (Th)9 cell and
interleukin (IL)-9 are involved in the pathogenesis of SLE,* so we
performed RT-qPCR analysis on IL9 and other genes associated
with Th9 cell in HCs and patients with SLE. The expression of
Th9 cell-associated genes (IL9, BATF, IRF1, ETVS, NFATC2 and
FOXO1) was significantly upregulated in CD4* T cells of patients
with SLE compared with HCs (online supplemental figure S3F).
In addition, we also detected the regulation of SPI1 on other T cell
genes expression such as Th9 cell-associated genes IL9 and BATF,
which have SPI1 binding motif within their promoter regions,
when we knocked down SPI1 gene with siRNA in induced Th9
cells in vitro. We observed a significant decrease in IL9 and

BATF expression in Th9 cells with SPI1 knockdown compared
with negative control (online supplemental figure S3G). Taken
together, these data indicated that SPI1 might play an important
role in regulating T cell-related genes in patients with SLE.

Moreover, we found that other SLE-associated loop-associated
genes, such as CXCL13, SLC8A1-AS1 and DNAJB4, exhibited
similar patterns in that both gene expression and their associated
loop strengths were positively correlated with SLEDAI scores. The
3D genomic features and gene expression levels of these gene loci
in patients with SLE and HCs are shown in online supplemental
figures S4-S6. We also determined the function of SLE-associated
loop in regulating CXCL13 gene transcription (online supple-
mental file S4 A-D). The luciferase reporter gene assay showed a
stronger luciferase activity in group containing CXCL13 promoter
and the promoter interacting region compared with control
group with only promoter (online supplemental figure S4E). In
addition, deletion the CXCL13 promoter interacting region by
CRISPR-Cas9 system in Jurkat cell line could lead to a decreased
messenger RNA expression of CXCL13 gene (online supple-
mental figure S4F). However, we also found a few SLE-associated
loops in which the SLEDAI score negatively correlated with loop
strength and positively correlated with gene expression, such as a
loop near the CASPS locus (online supplemental figure S7).

3D chromatin changes around SLE-associated single-
nucleotide polymorphisms

Recently, disease-associated single-nucleotide polymorphisms
(SNPs) as well as variations were shown to affect the 3D genomic
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Figure 5 Long-term interactions change at systemic lupus erythematosus (SLE) risk single-nucleotide polymorphism (SNP) rs13385731 between

patients with SLE and healthy controls (HCs). (A) Chromatin interaction map of rs13385731 localised region of all the samples. rs13385731 is
indicated at the bottom. (B) Difference in chromatin interaction map of rs13385731 localised region. The 20kb binned heatmap depicting the
Z-score difference between HCs (different rows) and patients with SLE (different columns) are shown. rs13385731 is indicated at the bottom.
Long-term interaction enhanced in sample SLE1, SLE2, SLE3, SLE4, SLE5, SLE6 compared with HC1~HC5 could be viewed. (C) Genomic features of
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structure.”* ** To further elucidate the roles of SLE-associated
SNPs in 3D genomic structure, we compared the difference in
loop strength at SNP loci between the patients with SLE and the
HCs without focusing on the 391 SLE-associated loop set. An
SLE-associated SNP, rs13385731, was located in the region sepa-
rated by contact depletion zones (figure SA). Compared with
that of the HCs, the interaction in the rs13385731 region was
increased in the patients with SLE, except in SLE7 (figure 5B).
Interestingly, we found that the SNP locus overlapped with an
activated enhancer according to the enrichments of the histone
markers H3K4mel, H3K4me3 and H3K27ac indicated by
ChIP-seq data from ENCODE (figure 5C).%’ Consistent with the
Hi-C interaction heatmap results, loop interactions over a longer
range occurred in the enhancer region with rs13385731 in SLE
samples, which may affect the local chromatin configuration and
gene expression of LTBP1 (figure SC). LTBP1 is a component of
the transforming growth factor beta (TGF-B) pathway that binds
to fibrillin-1 in the extracellular matrix to inactivate TGF-B.>

The 3D chromatin changes in two SLE-associated SNPs,
rs2732549 and rs2245214, are also shown in online supple-
mental figures S8-9. The rs2732549 SNP is located in a
condensed TAD domain with two gene loci, APIP and SLC1A2,
which are DEGs in SLE CD4% T cell (online supplemental
figure S8A,B). We observed many interactions in the TAD and
strong enhancer markers (H3K4mel and H3K27ac) near the
two gene loci (online supplemental figure S8C). According to
the Enhancer-Atlas2.0 database, the region was annotated as
a super enhancer in CD4* T/CD8" T cells.>” Another SLE-
associated SNP, rs2245214, is located at loop anchors, including
short-distance interactions, long-distance interactions and
longer-distance interactions (online supplemental figure S9A).
The longer distance interactions were increased in most of the
patients with SLE compared with the HCs (online supplemental
figure S9B, C). As a result, we found that the ATGS locus, a gene
involved in autophagic vesicle formation,”® overlapped with
SNP rs2245214, which may be related to its overexpression in
patients with SLE.

DISCUSSION

In recent decades, increasing evidence has illustrated the impor-
tance of the 3D genomic structure in autoimmune diseases.
Human islet 3D genome maps have been developed to iden-
tify the target genes of type 2 diabetes-relevant regulatory
elements.”” Burren et al identified common candidate genes
for five immune-mediated diseases in activated CD4™ T cells,
highlighting an interaction-mediated regulation of IL2RA
expression.’® In this study, we generated comprehensive and
high-resolution 3D genome maps in CD4" T cells of seven
patients with SLE and five HCs, and revealed the difference in
3D genome maps between patients with SLE and HCs, especially
in TAD appearance and loop strength profiles. Interestingly, our
Hi-C analysis provided the first evidence that both TAD appear-
ance and loop strength profiles in CD4™ T cells were correlated
with the disease activities of patients with SLE. Furthermore, we
identified 391 SLE-associated loops by Hi-C and RNA-seq data,
which will help understand the epigenetic mechanisms under-
lying the aberrant activation and functions of CD4" T cells in
patients with SLE.

Our analysis indicated the increased loop interactions and
gene expression at several SLE-associated loops and gene loci,
such as DDX60L, CXCL13, SLC8A-AS1, DNJB4 and CASPS
locus. DDX60L belongs to the IFN pathway genes, which are
considered as important factors in the development of SLE.

Thus, in this study we investigated the potential epigenetic regu-
latory mechanism in DDX60L loci and found the binding motif
of SPI1 within the increased interaction loop around DDX60L
loci. Then, we demonstrated that SPI1 regulated histone modi-
fications and interaction loop in DDX60L promoter to induce
DDX60L overexpression in SLE CD4" T cells. Previous study
showed that SPI1, as an important transcription factor in the Ets
family, was significantly hypomethylated at promoter regions,
leading to upregulated gene expression in SLE CD4™ T cells.*!
Recently, PU.1, a SPI1 coding protein, was indicated to regu-
late the local chromatin state, enhancer-promoter contacts and
downstream gene expression and genetic variants associated
with differential PU.1 binding were associated with neutrophil
transcriptional control and immune disease susceptibility.*?
Therefore, we speculate that SPI1 may play an important role in
3D chromatin alteration and gene expression regulation in SLE
CD4" T cells.

Much evidence has confirmed that genetic factors and envi-
ronmental factors are involved in the pathogenesis of SLE.
Previous genome-wide association studies identified many
SLE-associated SNPs, most of which located in the non-coding
regions of the genome.* ** The functions of these SNPs remain
unclear. In this study, we found that some SLE-associated SNPs
were located in chromatin looping in patients with SLE, where
enhancers were identified according to the enrichments of
H3K27ac and H3K4mel. Moreover, we observed long-range
controls of disease-related gene expression by looping interac-
tions of 0.5~1Mb and even longer in patients with SLE. There-
fore, the regulatory elements harbouring the SLE-associated
SNPs have more long-range or more frequent looping interac-
tions, which lead to spatial proximity between specific genomic
regions and cis-regulatory regions for the regulation of genes
expression. These findings suggested that SLE-associated SNPs
may be related to 3D chromatin alterations in CD4* T cells of
patients with SLE, leading to gene expression changes and aber-
rant immune responses.

Together, integrating the data from Hi-C and gene expression
and SLEDAI scores in patients with SLE, we established the 3D
genomic interaction landscape of SLE and identified potential
SLE-associated loops, which will help elucidate the genetic and
epigenetic mechanisms underlying SLE. In addition, we found
that the alterations in chromatin interactions were associated
with the disease activity of SLE, which suggests an important role
of chromatin interactions in the pathogenesis of SLE and may
provide potential markers for the diagnosis of SLE. However,
there are some limitations in this study. Blood samples from
some of the patients with SLE failed to isolate sufficient numbers
of CD4* T cells for both Hi-C and RNA-seq simultaneously. In
this study, these sorted CD4" T cells were preferentially used
for Hi-C, and the rest were used for RNA-seq, which resulted
in only three SLE and three HCs being included in RNA-seq.
Next, we will validate the chromatin interaction alterations and
gene expression regulation in a larger SLE cohort and uncover
the changes in histone modification patterns and CTCF binding
around the SLE-associated loops in CD4 ™ T cells of patients with
SLE with different SLEDAI scores. Importantly, we will investi-
gate the roles of SLE-associated loops and potential regulated
genes in the pathogenesis of SLE.
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