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Objective. The diminished expression of microRNA-146a (miR-146a) in systemic lupus erythematosus (SLE) con-
tributes to the aberrant activation of the interferon pathway. Despite its significance, the underlying mechanism driving
this reduced expression remains elusive. Considering the integral role of enhancers in steering gene expression, our
study seeks to pinpoint the SLE-affected enhancers responsible for modulating miR-146a expression. Additionally,
we aim to elucidate the mechanisms by which these enhancers influence the contribution of miR-146a to the activation
of the interferon pathway.

Methods. Circular chromosome conformation capture sequencing and epigenomic profiles were applied to identify
candidate enhancers of miR-146a. CRISPR activation was performed to screen functional enhancers. Differential anal-
ysis of chromatin accessibility was used to identify SLE-dysregulated enhancers, and the mechanism underlying
enhancer dysfunction was investigated by analyzing transcription factor binding. The therapeutic value of a lupus-
related enhancer was further evaluated by targeting it in the peripheral blood mononuclear cells (PBMCs) of patients
with SLE through a CRISPR activation approach.

Results. We identified shared and cell-specific enhancers of miR-146a in distinct immune cells. An enhancer
32.5 kb downstream of miR-146a possesses less accessibility in SLE, and its chromatin openness was negatively cor-
related with SLE disease activity. Moreover, CCAAT/enhancer binding protein α, a down-regulated transcription factor
in patients with SLE, binds to the 32.5-kb enhancer and induces the epigenomic change of this locus. Furthermore,
CRISPR-based activation of this enhancer in SLE PBMCs could inhibit the activity of interferon pathway.

Conclusion. Our work defines a promising target for SLE intervention. We adopted integrative approaches to
define cell-specific and functional enhancers of the SLE critical gene and investigated the mechanism underlying its
dysregulation mediated by a lupus-related enhancer.

INTRODUCTION

Enhancers are the cis-acting DNA regulatory elements that

determine the gene expression pattern.1 The highly ordered spa-

tial interactions between the enhancers and the promoter regions

of genes are critical for the expression of cell type–specific

genes.2 In many diseases, enhancers are dysregulated and con-

tribute to disease development by affecting the expression of

disease-critical genes.3,4 Identifying the functional disease-

associated enhancers would help reveal the mechanisms that
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mediate the abnormal expression of genes in disease and enable

us to better understand the disease pathogenesis.
Enhancers are usually cell-type specific and exclusively regu-

late gene expression5; these characteristics make it a promising
therapeutic target for many diseases. For example, targeting an
erythroid-specific enhancer of BCL11A by the CRISPR/Cas9
system has been applied to treat sickle cell disease and
β-thalassemia, and the clinical outcomes are encouraging.6

Therefore, further characterization of regulatory components can
expand our toolset to target disease-critical genes. However, it
is challenging to precisely locate active enhancers of a specific
gene, especially for functional disease-associated enhancers.

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease with the characteristics of autoantibody production
and abnormal activation of the type I interferon (IFN) pathway.7

Aberrations and dynamic changes of the epigenome have been
identified in the immune cells of patients with SLE, some of which
changed over time and might be associated with clinical pheno-
types and medication use.8,9 However, most of the epigenetic
studies in SLE were observational, and the molecular basis of the
epigenetic changes and their functional outcomes have not been
deeply investigated. Dissecting the disease-associated enhancers
that regulate SLE critical gene expression could provide important
insight into SLE pathogenesis and provide an attractive target in
disease therapy. However, few studies have experimentally
mapped the functional disease-associated enhancers, let alone
dissected the mechanism that mediates enhancer dysregulation.

To fill this gap, we chose geneMIR3142HG as an example to
investigate its regulatory landscape in different cells and the epi-
genetic mechanism underlying its lower expression in SLE.
Accumulated studies have shown thatMIR3142HG is an SLE risk
gene. MIR3142HG encodes microRNA 146-a (miR-146a), a criti-
cal microRNA that is abnormally expressed and negatively

regulates the type I IFN pathway by targeting STAT1 and inter-
feron regulatory factor 5 (IRF5) in SLE.10 Previous studies by our
group have found SLE risk variants located at the promoter and
distal enhancer of miR-146a can lead to the aberrant expression
of miR-146a by affecting the binding affinity with transcription fac-
tors.11,12 Despite the well-recognized pathogenetic relevance of
miR-146a in SLE, its regulatory network and epigenetic architec-
ture remain largely uncharted. Here, we combined multiomics
data, including chromatin accessibility, chromatin contacts, and
histone modifications, with CRISPR activation (CRISPRa) screen-
ing to identify enhancers of miR-146a in distinct cell lineages. We
discovered that the 32.5-kb enhancer was likely an SLE-
associated enhancer because it was less accessible in mono-
cytes through differential analysis of activation-induced, T cell–
derived, and chemokine-related cytokine sequencing (assay for
transposase-accessible chromatin sequencing [ATAC-seq]) data
between patients with SLE and healthy controls. Additionally, this
enhancer was enriched with CCAAT/enhancer binding protein α

(C/EBPα) motifs. In particular, the reduced expression of CEBPA
in SLE monocytes leads to the insufficient openness of the
32.5-kb enhancer and decreased expression of miR-146a, thus
contributing to SLE pathogenesis. We further explored the thera-
peutic value of the SLE-associated enhancer. By adopting a
CRISPRa system targeted to the 32.5-kb enhancer, the activity
of the IFN signaling pathway was significantly inhibited. In conclu-
sion, our research defines the epigenetic basis of miR-146a dys-
regulation in SLE and provides a therapeutic target for clinical
intervention.

MATERIALS AND METHODS

Study design. The overall study design is presented
in Figure 1. First, we performed chromatin conformation

Selection of candidate enhancers 
by multi-omics analysis

Functional validation of potential 
enhancers by CRISPR-activation

Identification of enhancers with differential chromatin
accessibility in HC/SLE and mechanism investigation

Interference of the disease-related
 enhancers in PBMCs of SLE patients

ATAC-seq

H3K27ac

4C-seq

High IFN activity Low IFN activity

Promoter

Figure 1. Overall study design and experiment steps. ATAC-seq, Assay for transposase-accessible chromatin sequencing, T cell–derived, and
chemokine-related cytokine sequencing; HC, healthy control; H3K27ac, acetylation of histone H3 on lysine 27; IFN, interferon; PBMC, peripheral
blood mononuclear cell; SLE, systemic lupus erythematosus; 4C-seq, circular chromosome conformation capture sequencing

miR-146a DYSFUNCTIONAL ENHANCER IN SLE 385

 23265205, 2024, 3, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/art.42703 by Shanghai Jiaotong U

niversity, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



capture–on-chip sequencing (circular chromosome conformation
capture sequencing [4C-seq]) and ATAC-seq in different immune
cell subsets and integrated the results with acetylation of histone
H3 on lysine 27 (H3K27ac) data to select the candidate
enhancers of miR-146a. Then, we employed CRISPRa to identify
functional cell type–specific and shared enhancers of miR-146a.
Meanwhile, we carried out the differential analysis of ATAC-seq
data from the healthy controls and patients with SLE to identify
SLE-associated enhancers of miR-146a. Finally, we dissected
the mechanism that mediated the enhancer dysregulation, and
the lupus-related enhancer was targeted by the CRISPRa system
to intervene in pathogenic pathways.

Human study subject samples. The donors of healthy
controls and patients with SLE were recruited and signed
informed consent according to the internal review and ethics
boards of Renji Hospital, Shanghai Jiao Tong University School
of Medicine (SJTUSM). The experiments were approved by the
internal review and ethics boards of Renji Hospital, SJTUSM.
Patients with SLE were diagnosed based on the 1997 update of
the American College of Rheumatology revised SLE criteria13 in
the rheumatology department at Shanghai Renji Hospital.
Demographic and clinical information including age, sex, disease
duration, clinical manifestations, and medications was collected
through chart review. Laboratory test results with the closest time
to sample collection for the study were collected from electronic
patient records. The SLE Disease Activity Index 2000
(SLEDAI-2K)14 were calculated based on chart review. Detailed
demographic and clinical characteristics of the subjects are listed
in Supplementary Tables 1 to 3. Blood samples of healthy con-
trols or patients with SLE were collected with a 10-ml vacuum
sterile tube, and peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll gradient centrifugation.

Statistical analysis. All statistical analyses were per-
formed using GraphPad Prism 8 software and calculated using a
paired or unpaired two-tailed Student’s t-test as indicated in the
figure legend unless otherwise mentioned. Where noted in the fig-
ures, asterisks define the significance level (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001). Data are shown as mean ± SEM;
“n” represents the number of biologically independent samples
or experiments unless otherwise mentioned.

All data relevant to the study are included in the article or
uploaded as supplementary information. The data from
E-GEAD-39 715 were used to analyze miR-146a expression and
CEBPA expression in healthy control patients and patients with
SLE. The data from GSE13162016 were used to analyze the chro-
matin accessibility induced by C/EBPα expression. The Cistrome
database (http://cistrome.org/db/#/)17 was used to analyze the
chromatin immunoprecipitation sequencing (ChIP-seq) data of
C/EBPα binding to the 32.5-kb enhancer. The 4C-seq data that
support the findings of this study have been deposited in

ArrayExpress database under accession codes E-MTAB-9581
and E-MTAB-13082. The ATAC-seq data of healthy control
patients and patients with SLE in the current study are available
from the corresponding author on reasonable request.

RESULTS

Integration of 3D genome and epigenomic analysis
and identification of the candidate enhancers of
miR-146a. Enhancers control the expression of genes by form-
ing highly ordered chromatin structures. To define the enhancers
that regulate miR-146a expression, we first performed a 4C-seq
assay to construct the chromatin interaction landscape of the
miR-146a promoter region in Jurkat T cells, Raji B cells, and
U-937 monocytes (Supplementary Figure 1). Moreover, given
that most functional regulatory elements are enriched of
strong H3K27ac modification or possess high chromatin
accessibility,18,19 we further analyzed the epigenomic modifica-
tion of genomic regions interacting with the promoter of
miR-146a. The H3K27ac ChIP-seq from the ENCODE database
and the ATAC-seq in our laboratory were used in this analysis.
Then, we identified the candidate enhancers based on the follow-
ing criteria (Supplementary Figure 2): 1) the genomic region should
form a gene loop with the miR-146a promoter, 2) the genomic
region should be enriched of H3K27ac modification and ATAC
peak, and 3) the genomic region should be located in the
−200-kb to 200-kb window of miR-146a transcription start site
(TSS) because most gene loops are distributed in this distance
(Supplementary Figure 1).20 After analysis, we finally identified
10, 6, and 7 candidate enhancers in monocytes, B cells, and T
cells, respectively (Figure 2A and B). Among these candidates, six
enhancers are shared by all three cell types, four enhancers are
monocyte specific, and one enhancer is T cell specific (Figure 2C).
Notably, most candidates are located in the intergenic region, but
some candidates are located in the promoter region and exonic
region (Figure 2D).

Functional screen of miR-146a enhancers by
CRISPRa system across different cell types. Although the
combination of 3D genome data and epigenomic analysis could
aid in the prediction of potential enhancers, experimental confir-
mation was indispensable in the investigation of functional regula-
tory elements. Thus, we used a dead Cas9 (dCas9)-VP64
CRISPRa system21 to screen functional enhancers of miR-146a.
First, we established U-937, Jurkat, and Raji cells with stable
expression of the dCas9-VP64 system through lentiviral infection.
Then, single-guide RNAs targeting candidate enhancers were
designed, synthesized, and electroporated into dCas9-VP64–
expressing cells. The expression levels of mature miR-146a were
detected after electroporation for 12 hours (Figure 3A). Consis-
tent with the epigenomic modifications, most putative
enhancers could regulate miR-146a expression (Figure 3B).
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Figure 2. Identification of the putative enhancers of miR-146a in different immune subpopulations. (A) Flow scheme of identifying putative
enhancers of miR-146a is shown. (B) Chromatin landscape of MIR3142HG locus based on ATAC-seq, H3K27ac-seq, and 4C-seq in monocytes,
B cells, and T cells is shown. The 4C-seq reads were loaded into the University of California Santa Cruz (UCSC) (https://genome.ucsc.edu/cgi-bin/
hgCustom) for 4C visualization. The intensity of colors indicates the interaction frequency. (C) Analysis of the shared and cell type–specific
enhancers is shown. (D) Distribution of enhancers in the genomic region is shown. See also Supplementary Figures 1 and 2. ATAC-seq, activa-
tion-induced, T cell–derived, and chemokine-related cytokine sequencing; H3K27ac, acetylation of histone H3 on lysine 27; MIR, MicroRNA;
miR-146a, microRNA-146a; 4C-seq, circular chromosome conformation capture sequencing.
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Figure 3. CRISPRa confirms the functional enhancers of miR-146a. (A) Flow scheme of confirming the functional enhancer of miR-146a is shown.
(B) Top panel shows RT-qPCR analysis of the miR-146a expression by targeting different enhancer regions using CRISPRa system (n = 3, biologically
independent experiments). Bottom panel shows a summary of characters of enhancers in different cell subsets; the dot indicates that the genomic
regions possess H3K27ac modification, ATAC peak, or interaction with miR-146a promoter. Different colors of dot represent different cells. (C–E) RT-
qPCR analysis of ZBED8, SLU7, and PTTG1 expression with ZBED8, SLU7, and PTTG1 knockdown, respectively, is given (n = 3, biologically indepen-
dent experiments). (F) RT-qPCR analysis of pri-miR-146a expression with ZBED8, SLU7, and PTTG1 knockdown, respectively, is shown (n = 3, biolog-
ically independent experiments). Data are represented as mean ± SEM, and P values are calculated using (B and C–F) unpaired two-tailed Student’s t-
test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. See also Supplementary Figure 3. assay for transposase-accessible chro-
matin, activation-induced, T cell–derived, and chemokine-related cytokine; CRISPRa, CRISPR activation; dCas9, dead Cas9; enh, enhancer; H3K27ac,
acetylation of histone H3 on lysine 27; KD, knockdown; miR-146a, microRNA-146a; NC, negative control; pri-, primary transcript; RT-qPCR, reverse
transcriptase–quantitative polymerase chain reaction; sgRNA, single-guide RNA; 4C, circular chromosome conformation capture.
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The monocyte-specific −134.1-kb enhancer and T cell–specific
18.0-kb enhancer specially regulated miR-146a expression in
monocytes and T cells, respectively (Figure 3B). Notably, the
32.5-kb and 175.4-kb enhancers, which were predicted to be
monocyte-specific enhancers, could also regulate miR-146a
expression in T cells and B cells. These two enhancers have inter-
actions with the miR-146a promoter region in all three cell types,
but enhancer markers are only in monocytes, suggesting that
some unmodified regions also have regulatory potential. In addi-
tion, the −14.8-kb enhancer harbors an SLE risk variant
rs2431697, which has been identified as the functional genetic
variant that regulates the expression of miR-146a by affecting
nuclear factor kappa-light-chain-enhancer of activated B cells
p65 binding.12 Interestingly, we also found that some enhancers,
such as the −46.3-kb, −49.7-kb, and 68.0-kb ones located at the
promoter regions of PTTG1, SLU7, and ZBED8, respectively
(Supplementary Figure 3), can also regulate miR-146a expres-
sion. To explore whether miR-146a expression is regulated by
these genes directly or by their promoters, which act as
enhancers of miR-146a, we knocked down these genes and
measured miR-146a expression. As shown in Figure 3C–F, the
down-regulation of PTTG1, SLU7, and ZBED8 expression could
not affect the expression of miR-146a, suggesting that the pro-
moter regions could function as enhancers to regulate
the expression of nearby genes.

Differential analysis of chromatin accessibility
discovers SLE-dysregulated enhancer of miR-146a.
Immune cells from patients with SLE possess a distinct chromatin
landscape compared with healthy controls.9 It was found that vari-
ations in chromatin accessibility at gene regulatory elements were
positively correlated with variations in the expression of the associ-
ated genes.22 To find the epigenomic alterations driving the
differential expression of miR-146a in SLE, we first performed
ATAC-seq23 in CD14+ monocytes, CD19+ B cells, CD4+ T cells,
and CD8+ T cells collected from eight healthy controls and eight
patients with SLE (discovery cohort; the demographic and clinical
characteristics of the study subjects are listed in Supplementary
Table 1). The difference of chromatin accessibility of ATAC-seq
data was analyzed by an R package named ROTS (Figure 4A).24

Focusing on the miR-146a locus, the enhancer with the signifi-
cantly differentiated chromatin accessibility (false discovery rate
<0.05) was 32.5 kb away from the miR-146a TSS in monocytes
(Figure 4B). As demonstrated in Figure 4C and D, the chromatin
accessibility at this enhancer is significantly reduced in SLE. Next,
to confirm whether the chromatin accessibility of the 32.5-kb
enhancer is dysfunctional in SLE, we further recruited 9 healthy
controls and 20 patients with SLE (validation cohort; the demo-
graphic and clinical characteristics of the study subjects are listed
in Supplementary Table 2) to sort the CD14+ monocytes and per-
formed an ATAC-seq assay. Consistent with the results in the dis-
covery cohort, we also observed that the chromatin accessibility

of the 32.5-kb enhancer is obviously decreased in the validation
cohort (Supplementary Figure 4). Moreover, the chromatin accessi-
bility of the ATAC peak in this enhancer is positively correlated with
the expression ofmiR-146a in patients with SLE (patients in the dis-
covery cohort + validation cohort) (Figure 4E). To further explore the
association between this enhancer and SLE, we performed a cor-
relation analysis between the chromatin accessibility of this
enhancer and the clinical phenotypes. As shown in Figure 4F, the
SLEDAI scores, a widely adopted criteria evaluating the disease
activity of lupus, of patients with SLE were negatively correlated
with the chromatin accessibility of the ATAC-seq peaks in this
region, suggesting that the chromatin accessibility at this locus
might reflect the disease status.

Transcription factor C/EBPα drives the chromatin
accessibility variation of the SLE-associated enhancer.
The chromatin accessibility is significantly influenced by key tran-
scription factors (TFs).18,23 To explore the mechanism that drives
the chromatin accessibility variation at the lupus-related
enhancer, we first analyzed the transcription factor binding motifs
enriched in this region using HOMER software (http://homer.
ucsd.edu/homer/motif/). Supplementary Figure 5A lists the top
10 most significant transcription factors (TFs) predicted to bind
at this enhancer. C/EBPα, a myeloid master regulator,25 was pre-
dicted to bind to this enhancer, and ChIP-seq results in myeloid
cell lines further confirmed the enrichment of C/EBPα in this
enhancer (Figure 5A). Cell type–specific and stimulation-
responsive regulation of gene expression are usually governed
by the alteration of TF levels. Remarkably, we found that the
expression of both miR-146a and C/EBPα were reduced in
monocytes of patients with SLE (ImmuNexut database)
(Figure 5B and C),15 including CD16+ monocytes (healthy control
[HC] = 78, SLE = 60), intermediate monocytes (HC = 63,
SLE = 59), nonclassical monocytes (HC = 63, SLE = 59), and
classical monocytes (HC = 77, SLE = 61), and were positively cor-
related in three subtypes of monocytes (Supplementary
Figure 5B–D). Furthermore, the knockdown of CEBPA reduced
the expression of miR-146a (Figure 5D and E). More importantly,
this region is closed in BLaER1 cell (B cell precursor leukemia),
but with the induction of C/EBPα expression, the chromatin
accessibility of this enhancer was gradually increased as revealed
by ATAC-seq (Figure 5F).16 In addition, knockdown of CEBPA
decreased the chromatin accessibility of this enhancer as
detected by formaldehyde-assisted isolation of regulatory ele-
ments (FAIRE)-quantitative polymerase chain reaction (qPCR)
(Figure 5G). These findings imply that C/EBPα plays a pivotal role
in maintaining the chromatin architecture at this enhancer.

In an endeavor to delineate the mechanistic underpinnings of
diminished CEBPA expression in SLE, we turned our focus to the
dysregulated inflammatory cytokine milieu characteristic of this
autoimmune condition.7 Existing literature intimates a potential
suppressive effect of specific cytokine combinations on CEBPA
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expression.26 In this context, we postulated a potential nexus
between SLE-associated cytokine perturbations and the attenu-
ated expression of CEBPA, subsequently culminating in the

down-regulation of miR-146a. Corroborating our hypothesis, our
data revealed a marked diminution in the expression profiles of
both CEBPA and miR-146a upon exposure to an IFNγ +

B

D

C

E F

Scale 2 kb hg19
chr5: 159,925,500 159,926,000 159,926,500 159,927,000 159,927,500 159,928,000 159,928,500 159,929,000 159,929,500
35 _

0 _
35 _

0 
35 _

0 
30 _35 _

0 _
35 _

HC monocyte 1
ATAC

HC monocyte 2
ATAC

HC monocyte 3
ATAC

HC monocyte 4
ATAC

0 _
35 _

0 _

35 _

0 _

HC monocyte 5
ATAC

HC monocyte 6
ATAC

HC monocyte 7
ATAC

35 _

0 _

HC monocyte 8
ATAC

35 

_
0 _

35 _

0 _
35 _

0 _
35 _

0 _
35 _

0 _
35 _

0 

0 _

SLE monocyte 1
ATAC

SLE monocyte 2
ATAC

SLE monocyte 3
ATAC

SLE monocyte 4
ATAC

SLE monocyte 5
ATAC

SLE monocyte 6
ATAC

SLE monocyte 7
ATAC

35

35 _

0 _

SLE monocyte 8
ATAC

HC SLE
0

50

100

150

200

AT
AC

-s
eq

no
rm

al
iz

ed
co

un
ts

of
32

.5
kb

en
ha

nc
er

in
M

on
oc

yt
es **

32.5 kb enhancer in monocytes

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

   ATAC-seq normalized counts 
of 32.5 kb enhancer in Monocytes

m
iR

-1
46

a
re

la
tiv

e
ex

pr
es

si
on

r= 0.3835

p=0.0439

0 50 100 150 200
0

10

20

30

   ATAC-seq normalized counts
of 32.5 kb enhancer in Monocytes

SL
ED

AI
 s

co
re

r= -0.4274

p=0.0233

A

HC

SLE
ATAC-seq

Monocyte

CD4+T cell

CD8+T cell

CD19+B cell

Isolation of  monocytes, CD19+ B 
cells, CD4+ T cells, CD8+ T cells

dysregulated enhancers

HC

SLE

TF motif  analysis

Enhancer

Identification of SLE

-134.1kb

-68.0kb

-49.7kb

-46.3kb

-29.3kb

-14.8kb

promoter

18.0kb

32.5kb

37.9kb

40.6kb

175.4kb

P
os

iti
on

Mon
oc

yte

CD19
+ B

 ce
ll

CD4+
T c

ell

CD8+
T c

ell

-logFDR
0.0

0.5

1.0

1.5

2.0

logFC
1.0

0.5

0.0

-0.5

-1.0

Figure 4. Chromatin accessibility analysis in SLE and healthy control reveals SLE-related enhancer of miR-146a. (A) Flow scheme of identifying
SLE-dysregulated enhancers is shown. (B) Differential analysis of the chromatin accessibility of miR-146a functional enhancers in SLE and healthy
control (n = 8, biologically independent individuals for SLE and healthy control) is shown. (C and D) Chromatin accessibility of the 32.5-kb enhancer
is reduced in the monocytes of patients with SLE (n = 8, biologically independent individuals). (E) Chromatin accessibility of the 32.5-kb enhancer is
positively correlated with the expression of miR-146a (n = 28, biologically independent individuals with SLE). (F) The chromatin accessibility of the
32.5-kb enhancer is negatively correlated with SLE SLEDAI scores (n = 28, biologically independent individuals with SLE). Data are represented as
mean ± SEM, and P values are calculated using (D) unpaired two-tailed Student’s t-test or (E and F) Spearman’s test. *P < 0.05; **P < 0.01; ***P
< 0.001; ****P < 0.0001. See also Supplementary Figure 4. ATAC-seq, assay for transposase-accessible chromatin sequencing, T cell–derived,
and chemokine-related cytokine sequencing; chr, chromosome; FDR, false discovery rate; HC, healthy control; hg19, human genome build 19;
miR-146a, microRNA-146a; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index; TF, transcription factor.

ZHU ET AL390

 23265205, 2024, 3, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/art.42703 by Shanghai Jiaotong U

niversity, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



hg38 chr5
1.0

1.0

0.0

q33.3 q34

160492000 160494000 160496000 160498000 160500000 160502000 160504000 160506000 160508000 160510000

32.5 kb enhancer

hg38 chr5
1.0

1.0

0.0

q33.3 q34q33.3 q34

160492000 160494000 160496000 160498000 160500000 160502000 160504000 160506000 160508000 160510000

32.5 kb enhancer

CEBPA induction 
0h ATAC_1

150

0

CEBPA induction 
0h ATAC_2

150

0

CEBPA induction 
12h ATAC_1

150

0

CEBPA induction
12h ATAC_2 

150

0

CEBPA induction 
24h ATAC_1

150

0

CEBPA induction 
24h ATAC_2

150

0

CEBPA induction
96h ATAC_1 

150

0

CEBPA induction 
96h ATAC_2 

150

0

32.5kb enhancer

q33.3 q34

160492000 160494000 160496000 160498000 160500000 160502000 160504000 160506000 160508000 160510000hg38 chr5

CEBPA induction 
0h ATAC_1

150

0

CEBPA induction 
0h ATAC_2

150

0

CEBPA induction 
12h ATAC_1

150

0

CEBPA induction
12h ATAC_2 

150

0

CEBPA induction 
24h ATAC_1

150

0

CEBPA induction 
24h ATAC_2

150

0

CEBPA induction
96h ATAC_1 

150

0

CEBPA induction 
96h ATAC_2 

150

0

32.5kb enhancer

q33.3 q34q33.3 q34

160492000 160494000 160496000 160498000 160500000 160502000 160504000 160506000 160508000 160510000hg38 chr5

CD16
p_

HC

CD16
p_

SLE

Int
_H

C

Int
_S

LE

NC_H
C

NC_S
LE

CL_
HC

CL_
SLE

0

100

200

300

400

C
EB

PA
TP

M

**** **** ****

****

CD16
p_

HC

CD16
p_

SLE

Int
_H

C

Int
_S

LE

NC_H
C

NC_S
LE

CL_
HC

CL_
SLE

0

100

200

300

400

C
EB

PA
TP

M

**** **** ****

****

AA

BB

FF

CD16
p_

HC

CD16
p_

SLE

Int
_H

C

Int
_S

LE

NC_H
C

NC_S
LE

CL_
HC

CL_
SLE

0

5

10

15

M
IR

31
42

H
G

TP
M ****

****

***

****

CD16
p_

HC

CD16
p_

SLE

Int
_H

C

Int
_S

LE

NC_H
C

NC_S
LE

CL_
HC

CL_
SLE

0

5

10

15

M
IR

31
42

H
G

TP
M ****

****

***

****

CC

DD EE GG

NC

CEBPA KD

0.0

0.5

1.0

1.5

R
el

at
iv

e
Ex

pr
es

si
on

*
miR-146a

NC

CEBPA KD

0.0

0.5

1.0

1.5

R
el

at
iv

e
Ex

pr
es

si
on

*
miR-146a

NC

CEBPA KD

0.0

0.5

1.0

1.5

R
el

at
iv

e
Ex

pr
es

si
on

*
CEBPA

NC

CEBPA KD

0.0

0.5

1.0

1.5

R
el

at
iv

e
Ex

pr
es

si
on

*
CEBPA

U937 CEBPA
ChIP-seq
U937 CEBPA
ChIP-seq

Thp1 CEBPA
ChIP-seq
Thp1 CEBPA
ChIP-seq

UP_3
.4k

b

UP_2
.7k

b

UP_1
.9k

b

UP_1
.4k

b

32
.5k

b en
ha

nc
er

DOW
N_0

.6k
b

DOW
N_1

.5k
b

0.0

0.1

0.2

0.3

0.4

Fo
ld

E
nr

ic
hm

en
t

NC

CEBPA KD
Faire-qPCR

*

UP_3
.4k

b

UP_2
.7k

b

UP_1
.9k

b

UP_1
.4k

b

32
.5k

b en
ha

nc
er

DOW
N_0

.6k
b

DOW
N_1

.5k
b

0.0

0.1

0.2

0.3

0.4

Fo
ld

E
nr

ic
hm

en
t

NC

CEBPA KD
Faire-qPCR

*

Figure 5. C/EBPα drives the chromatin accessibility of the 32.5-kb enhancer and affects miR-146a expression. (A) ChIP-seq demonstrates
that C/EBPα binds to the 32.5-kb enhancer. (B and C) The expression of CEBPA and MIR3142HG (pri-miR-146a) is down-regulated in the
monocytes of patients with SLE. CD16p, CD16+ monocytes (HC = 78, SLE = 60); Int, intermediate monocytes (HC = 63, SLE = 59); NC, non-
classical monocytes (HC = 63, SLE = 59); CL, classical monocytes (HC = 77, SLE = 61). (D and E) RT-qPCR analysis of CEBPA and miR-146a
expression after CEBPA knockdown in U-937 monocytes is shown (n = 3, biologically independent experiments). (F) C/EBPα induces
the chromatin accessibility of 32.5-kb enhancer in BLaER1 cells as detected by ATAC-seq. (G) Knockdown of CEBPA decreased the chro-
matin accessibility of the 32.5-kb enhancer in U-937 monocytes as detected by FAIRE-qPCR (n = 3, biologically independent experiments).
Fold enrichment was calculated as the ratio of the signal from the FAIRE sample to the signal from the input control DNA as measured by
qPCR. Data are represented as mean ± SEM, and P values are calculated using (B–E and G) unpaired two-tailed Student’s t-test.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. See also Supplementary Figure 5. ATAC-seq, Assay for transposase-accessible chroma-
tin sequencing, T cell–derived, and chemokine-related cytokine sequencing; ChIP-seq, chromatin immunoprecipitation sequencing; chr,
chromosome; C/EBPα, CCAAT/enhancer binding protein alpha; FAIRE, formaldehyde-assisted isolation of regulatory elements; hg38,
human genome build 38; KD, Knockdown; MIR, MicroRNA; miR-146a, microRNA-146a; pri-, primary transcript; qPCR, quantitative polymer-
ase chain reaction; RT-qPCR, reverse transcriptase–qPCR; SLE, systemic lupus erythematosus; TPM, transcripts per kilobase million.
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interleukin-6 (IL-6) cocktail (Supplementary Figure 5E and F). It is
noteworthy to highlight the aberrant elevation of IFNγ and IL-6 in
the SLE landscape.27,28 In essence, the CEBPA attenuation, pre-
sumably triggered by the cytokine disequilibrium, emerges as a
potential determinant of the compromised chromatin accessibility
at this enhancer locus in SLE monocytes, with plausible ramifica-
tions for miR-146a expression dynamics.

Perturbation of lupus-related enhancer possesses
therapeutic potential. Disease-associated enhancers could
function as a therapeutic target to intervene in disease progres-
sion, such as disruption of the erythroid-specific enhancer of
BCL11A in the treatment of sickle cell disease and
β-thalassemia.6,26 As a critical negative regulator of the type I
IFN pathway and the production of inflammatory cytokines, miR-
146a has been demonstrated to be an attractive therapeutic tar-
get in SLE.10,12 Our results imply that the 32.5-kb enhancer, as
an SLE-dysregulated enhancer, controls miR-146a expression,
so we hypothesized that targeting the 32.5-kb enhancer with
CRISPR could restore miR-146a expression and thus restrain
the abnormal activation of the type I IFN pathway and the aberrant
production of inflammatory cytokines in patients with SLE. To test
this hypothesis, we first used the CRISPR/Cas9 system to con-
firm the regulatory function of this region. As expected, the dele-
tion of the 32.5-kb enhancer significantly decreased the
expression of miR-146a (Figure 6A and Supplementary
Figure 6A). More importantly, the decreased expression of
miR-146a results in the high expression of interferon-stimulated
genes (ISGs) such as ISG15 and 20,50-oligoadenylate synthetase
1 (Figure 6B–D). Next, we collected PBMCs from patients with
SLE and delivered the plasmids of CRISPR-synergistic activation
mediator (SAM) to the PBMCs using the Neon transfection sys-
tem, thus activating the expression of miR-146a by targeting the
32.5-kb enhancer (Figure 6E). (The demographic and clinical
characteristics of the study subjects are listed in Supplementary
Table 3.) After transfection for 24 hours, the expression of miR-
146a and the downstream effect genes were detected by reverse
transcriptase–qPCR (RT-qPCR). As demonstrated in Figure 6F,
targeting the 32.5 kb enhancer by CRISPR-SAM system could
effectively increase the expression of miR-146a. More impor-
tantly, the downstream effects to correct the overactivation of
the IFN signaling pathway and the overproduction of inflammatory
cytokines can also be achieved by targeting this lupus-associated
enhancer (Figure 6G and H; Supplementary Figure 6B and C).
These results suggest that targeting this lupus-associated
enhancer should be an effective method to regulate the activity
of the IFN pathway and the production of inflammatory cytokines.

DISCUSSION

In this study, we integrated multiomics analysis with CRISPR
screening to comprehensively decode the regulatory networks of

a critical SLE gene in distinct cells and localize a lupus-related
enhancer, which might act as a therapeutic target in the future.
We also found that the reduced expression of CEBPA reshapes
the epigenetic modification of the 32.5-kb enhancer, an
SLE-related enhancer. Consequently, the decreased accessibility
of the 32.5-kb enhancer leads to the reduced expression of
miR-146a and contributes to SLE pathogenesis.

Enhancers are required to precisely regulate lineage- and
stage-specific gene expression.5 Currently, diverse strategies have
been developed to predict enhancers but without functional confir-
mations, especially for enhancers of noncoding RNAs.12,27–29

We designed an applicable procedure to comprehensively decode
the regulatory networks of miR-146a by integration of epigenomic
study, chromatin 3D structure study, and CRISPRa in distinct cell
types. This established the functional enhancer landscape of miR-
146a and enables us to better understand the regulatory network
of gene expression. Notably, the expression of genes was regu-
lated by a series of enhancers; enhancers in a cluster might work
additively or synergistically to regulate their target genes.30,31

We identified multiple enhancers regulating miR-146a expression
individually, and how they coordinate to regulate miR-146a
expression deserves to be studied in the future.

Enhancers are characterized by H3K27ac modification,
monomethylation on lysine 4 of histone H3 modification, and high
chromatin accessibility.32 Consistent with these observations, we
found that most functional enhancers possess specific epigenetic
modifications.33,34 However, we also found that some regions
without enhancer-like modifications can also act as regulators.
Besides, promoters of nearby genes also have enhancer activities
to increase the transcription of miR-146a. This is consistent with
the studies in coding genes.35,36 These findings reveal the com-
plexity of the gene regulation network.

The dysfunction of regulatory elements in the genome plays a
vital role in disease pathogenesis.4 Several studies revealed that
the epigenetic modifications of regulatory elements in patients
with SLE were altered, presenting as an SLE-specific signa-
ture.9,37 However, the functional consequences, the target
genes, and the mechanisms leading to these changes remain
unclarified. By integration of the CRISPRa screen and chromatin
accessibility differential analysis, we identified an SLE-associated
enhancer, 32.5 kb away from the miR-146a, that regulates the
expression of miR-146a. The accessibility of this enhancer was
reduced in patients with SLE, positively correlated with the
expression of miR-146a, and negatively correlated with the
SLEDAI scores, indicating that the dysfunction of this enhancer
may contribute to SLE pathogenesis.

Targeting disease-associated enhancers is a novel potential
strategy for disease therapy.6,38 Here, we found that targeting
the SLE-associated 32.5-kb enhancer with the CRISPRa system
effectively down-regulated the activity of the IFN pathway and
the production of inflammatory cytokines, suggesting a promising
target for therapy in the future.
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Figure 6. Targeting the 32.5-kb enhancer attenuates the activity of the type I IFN pathway by regulating miR-146a expression. (A) Deletion of the
32.5-kb enhancer in U-937 monocytes using the CRISPR-Cas9 tool is shown. (B) Deletion of the 32.5-kb enhancer strongly reduced miR-146a
expression in U-937 monocytes (n = 6, biologically independent samples). (C and D) WT clones and 32.5-kb enhancer–deleted clones were
treated with 100 U/ml IFN-α for 6 hours, and the expression of ISGs was detected by RT-qPCR (n = 6, biologically independent samples).
(E) Experimental design to inhibit the expression of ISGs and inflammatory cytokines by CRISPRa system in PBMCs of patients with SLE is shown.
(F–H) CRISPRa therapy decreases the expression of ISGs in the PBMCs of patients with SLE by up-regulating miR-146a expression through tar-
geting the 32.5-kb enhancer (n = 16, replicates represent biological samples from unique individuals). Data are represented as mean ± SEM, and
P values are calculated using (B–D) unpaired two-tailed Student’s t-test and (F–H) paired two-tailed Student’s test. *P < 0.05; **P < 0.01; ***P
< 0.001; ****P < 0.0001. See also Supplementary Figure 6. ATAC-seq, Assay for transposase-accessible chromatin sequencing, T cell–derived,
and chemokine-related cytokine sequencing; chr, chromosome; CRISPRa, CRISPR activation; H3K27ac, acetylation of histone H3 on lysine 27;
IFN, interferon; ISG, interferon-stimulated gene; KO, knockout; miR-146a, microRNA-146a; NT, negative; PBMC, peripheral blood mononuclear
cell; RT-qPCR, reverse transcriptase–quantitative polymerase chain reaction; SAM, synergistic activation mediator; sgRNA, single-guide RNA;
SLE, systemic lupus erythematosus; WT, wild type.
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The chromatin accessibility was mediated by transcription
factor binding.25,39 By analysis of binding motif and ChIP-seq
data, we identified that C/EBPα, as the predominant transcrip-
tion factor, binds to this SLE-associated enhancer, and the
down-regulated CEBPA in patients with SLE contributes to the
decreased expression of miR-146a. More importantly, we pro-
vided direct evidence that C/EBPα determines the chromatin
accessibility difference of this enhancer in patients with SLE by
ATAC-seq and FAIRE-qPCR. Our study demonstrates the
mechanisms that mediate enhancer dysfunction in lupus
research for the first time.

The down-regulation of CEBPA in SLE results in the
dysfunction of SLE-associated enhancer. However, the
mechanism that mediates the reduction of CEBPA is unclear.
Here, we found that the cytokine combination IFNγ + IL6, the
cytokines aberrantly produced in SLE,40,41 could decrease
the expression of both CEBPA and miR-146a, suggesting
that the cytokine imbalance in SLE might influence the
expression of critical transcription factors and thus affect
the epigenomic aberration to regulate the downstream gene
expression. This suggests that the cytokine imbalance of
SLE may affect key transcription factors, subsequently
influencing epigenomic aberrations and downstream gene
expression. These findings hint at a potential therapeutic
strategy: Targeting dysregulated cytokines with specific
inhibitors or antibodies might restore miR-146a expression
by stabilizing the epigenetic balance, thereby regulating
the IFN pathway. Exploring this treatment avenue further is
warranted.

Altogether, our study illustrates the landscape of functional
enhancers of miR-146a in distinct immune cells and discovers a
lupus-related enhancer in monocyte that could serve as a target
for treatment. Looking forward, the dissection of the regulatory
network of the lupus risk gene could shed light on our under-
standing of the pathogenesis of SLE and the discovery of novel
therapeutic targets for lupus.
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