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Abstract
Chromatin remodeling factors are involved in the inflammatory responses, contributing to tissue damage and multi-organ 
dysfunction in COVID-19 patients. However, the underlying mechanisms remain unclear. In this study, high-dimensional 
analyses of single-cell RNA sequencing and single-cell ATAC sequencing data revealed increased chromatin accessibility 
at the promoters or enhancers of the pro-inflammatory cytokine tissue inhibitor of metalloproteinase-1 (TIMP1), as well 
as altered gene transcription profiles in monocytes from COVID-19 patients. Motif enrichment and positive regulators 
analyses identified SMARCC1, the core subunit of the chromatin remodeling complex, and the transcription factor JUND 
as positive regulators to co-modulate TIMP1 expression. In-vitro experiments, co-immunoprecipitation and chromatin 
immunoprecipitation (ChIP)-qPCR, and others, demonstrated the collaboration of SMARCC1 and JUND. Increased 7α,25-
dihydroxycholesterol (7α,25-OHC) enhanced SMARCC1-JUND interactions to co-regulate TIMP1 expression. Further 
investigation indicated that 7α,25-OHC promoted the expression of SMARCC1 and its co-localization with H3K27ac, which 
involved in the expression of TIMP1 and inflammatory responses. Our study highlights the critical roles of SMARCC1 and 
JUND in COVID-19 inflammation, and offers the potential targets for the prevention and treatment of COVID-19.
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Introduction

Coronavirus disease 2019 (Abbreviated as COVID-19), 
caused by the SARS-CoV-2 coronavirus, resulting in hun-
dreds of millions of infections and millions of deaths world-
wide. Research indicated that 10–20% of SARS-CoV-2-in-
fected individuals experience persistent symptoms lasting 
for several months or even years [1]. Symptoms that remain 
for at least three months after SARS-CoV-2 infection are 
classified as Long COVID. Patients who experience severe 
illness are at higher risk of developing Long COVID [2]. 
Widespread vaccination significantly decreases the inci-
dence of severe COVID-19 and mortality, however, reinfec-
tions become increasingly common due to the emergence of 
new SARS-CoV-2 variants [3]. The increased duration of 
infection, along with multiple reinfections, further elevates 
the likelihood of Long COVID [1]. Consequently, it remains 
practical significance to delve into the underlying pathogenic 
mechanisms of COVID-19.
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Cytokines are key regulators of the immune response, 
and their excessive release can lead to uncontrolled inflam-
mation, and multi-organ disfunction in various diseases [4]. 
For instance, elevated levels of tissue inhibitor of metal-
loproteinase-1 (TIMP1) have been linked to the progres-
sion of multiple inflammatory diseases including pancreatic 
cancer, sepsis and inflammatory malignancies [5]. Excessive 
IL-18 led to lung injury in influenza and SARS, as well as 
subsequently potential cardiac inflammation and fibrosis 
[6]. SARS-CoV-2 infection can trigger dysregulation of the 
host immune response, leading to overabundance of pro-
inflammatory cytokines, CCL2, IL-1, IL-6, and CCL8, etc. 
[7]. Up to 12 months after SARS-CoV-2 infection, some 
COVID-19 patients still experienced persistent inflammation 
and activation of immune cells [8]. Despite the use of toci-
lizumab (an IL-6 inhibitor) and anakinra (an IL-1 receptor 
blocker) showing effectiveness, only a minority of COVID-
19 patients benefit from these treatments [9]. Thus, it is nec-
essary to further investigate the new inflammatory factors 
and their underlying production mechanisms in COVID-19.

Monocytes/macrophages contribute to the initiation of 
inflammatory responses and exacerbate disease progression 
by producing and releasing pro-inflammatory cytokines, 
including IL-6, IL-1β, IL-18, and IFN-α, etc. [10, 11]. 
Ly6C high-expressing monocytes can trigger inflammatory 
responses, accelerating liver fibrosis and hepatic pathologi-
cal progression in myocardial infarction [12]. Additionally, 
in the autoimmune disease VEXAS (vacuoles, E1 enzyme, 
X-linked, autoinflammatory, somatic) syndrome, monocytes 
exhibit signs of hyperactivation, with high expression of 
inflammatory factors such as IL-1β and IL-18, which further 
amplifies the inflammatory response and exerts a detrimental 
effect on disease progression [13]. Monocytes also play a 
critical role in the immune response in SARS-CoV-2 infec-
tion [14, 15].

The expression patterns of inflammatory cytokines are 
regulated at multiple levels, including gene transcriptional, 
post-transcriptional, translational, and post-translational 
level. At transcriptional level, gene transcriptional activity 
is controlled by cell-specific chromatin structures. Cis-reg-
ulatory elements such as promoters and enhancers, ATP-
dependent chromatin remodeling complexes and transcrip-
tion factors (TFs) play essential roles in gene transcription 
[16]. Recent studies have demonstrated that SARS-CoV-2 
infection can disrupt the host cell epigenetic regulation, 
affecting chromatin structure within the cell nucleus and 
altering immune genes expression [17, 18]. However, the 
characteristics of chromatin accessibility, cis-regulatory 
elements, and the trans-acting factors driving epigenetic 
changes in monocytes following SARS-CoV-2 infection 
remain poorly understood. A comprehensive mechanistic 
investigation is necessary to elucidate the epigenetic regu-
lation of pro-inflammatory cytokines in monocytes.

In this study, we analyzed single-cell assay for trans-
posase-accessible chromatin using sequencing (scATAC-
seq) data and single-cell RNA sequencing (scRNA-seq) 
data of peripheral blood mononuclear cells (PBMCs) from 
COVID-19 patients. The results revealed the epigenetic 
regulatory features of transcriptional processes in mono-
cytes and identified key cis-regulatory elements and trans-
acting factors involved in the transcription of pro-inflamma-
tory cytokines, TIMP1, CX3CR1 and CCR1, etc. In-vitro 
experiments, chromatin immunoprecipitation (ChIP)-qPCR 
and co-immunoprecipitation (Co-IP), etc., confirmed that 
the core subunit of the chromatin remodeling complexes, 
SMARCC1, and TF JUND collaboratively regulated the 
expression of pro-inflammatory cytokine, including TIMP1. 
Further examinations indicated that hydroxy sterol 7α,25-
dihydroxycholesterol (7α,25-OHC), increased the expression 
of SMARCC1 and JUND, and histone acetylation of H3 
lysine 27 (H3K27ac), which may participate in the expres-
sion of pro-inflammatory cytokine TIMP1, etc. This study 
provides new insights into the regulatory mechanisms of 
monocyte inflammation and simultaneously establishes a 
robust theoretical foundation for strategies to prevent and 
treat COVID-19.

Materials and methods

Cell lines, drugs and antibodies

THP-1 cells (ATCC, USA) were cultured in RPMI-1640 
medium containing 10% FBS, 1% penicillin–streptomycin, 
and 1 × β-mercaptoethanol. These cells were incubated in 
5% CO2 incubator at 37 °C and used for various experi-
ments. The metabolite 7α,25-OHC was purchased from 
Cayman (USA) and the antagonist NIBR189 was purchased 
from TargetMol (USA). THP-1 cells were stimulated with 
100 nM or 1 μM 7α,25-OHC and/or 1 μM NIBR189 respec-
tively for 18 h. Antibodies used in the study include JUND 
antibody (ABclonal, CHN), SMARCC1 antibody (Protein-
tech, CHN), Tubulin antibody (Proteintech, CHN), H3K27ac 
antibody (PTM BIO, CHN) and β-Actin antibody (ABclonal, 
CHN).

Quality control, dimensionality reduction 
and clustering for scATAC‑seq and scRNA‑seq 
datasets

scRNA-seq and scATAC-seq datasets (5 healthy individuals 
and 10 COVID-19 patients) of human PBMCs were accessed 
from the GEO database (GSE206283 and GSE206455 data-
sets) [19].

Using ArchR (v1.0.2) and Seruat (v4.3.0) to analyzed 
scATAC-seq and scRNA-seq datasets, respectively [20, 21]. 
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For scATAC-seq, low-quality cells were excluded by apply-
ing criteria including unique fragment count (> 1,000) and 
transcription start site (TSS) enrichment (> 4), with doublets 
also removed. Low-quality cells were excluded by applying 
criteria as mitochondrial reads > 10%, expressed genes < 200 
or > 4000, and genes expressed in fewer than three cells were 
removed from subsequent analysis for scRNA-seq,

For scATAC-seq, a low-dimensional matrix of these 
cells was generated using scOpen (v1.0.0) [22]. Clusters 
were annotated by generating a GeneScoreMatrix using the 
‘addGeneScoreMatrix’ function and ‘getMarkerFeatures’ 
function. After performing quality control on the scRNA-
seq data, we used the ‘vst’ method in Seurat to determine 
principal component analysis using the top 2,000 most vari-
able features. Then, cells were clustered using the first 15 
principal components. Visualization of the scATAC-seq and 
scRNA-seq cell clusters were achieved using the Uniform 
Manifold Approximation and Projection (UMAP). Cells 
were annotated based on gene expression levels or gene 
activity scores of marker gene for each cluster [23].

Peak calling and marker peak detection 
in scATAC‑seq data

For peak calling, we used the Macs2 algorithm to generate 
reproducible peak matrix for comparing differential open 
chromatin accessibility. The differentially accessible peaks 
(DAPs) were identified for each cell type and disease condi-
tion, and peaks with an FDR < 0.1 and |Log2FC|> 0.5 were 
considered DAPs.

Sub‑clustering of monocyte compartments

In scATAC-seq and scRNA-seq datasets, the monocytes 
were extracted and investigated for further analyses, 
respectively. For scATAC-seq, we used the top-30 dimen-
sions and top-25,000 variable features to perform iterative 
latent semantic indexing. Next, we clustered cells using the 
IterativeLSI reduced dimensions with a resolution of 0.8, 
followed by UMAP computation with parameters set to 
nNeighbors = 30 and minDist = 0.5. For scRNA-seq, the 
cells were clustered based on the top-30 principal compo-
nents with a resolution of 0.3. We applied UMAP based on 
the top-30 principal components for visualization.

Differentially accessible peaks/expressed genes 
and functional enrichment analyses

For comparison between healthy and COVID-19 conditions, 
DAPs were performed using the ‘getMarkerFeatures’ func-
tion in ArchR, and differentially expressed genes (DEGs) 
were performed using the ‘FindMarkers’ function in Seurat. 
Peaks with FDR < 0.1 and |Log2FC|> 0.5 were regarded 

as significantly DAPs. Genes with p-value < 0.05 were 
regarded as significantly DEGs.

To perform peak clustering and annotate peaks with the 
nearest genes for monocyte, the ‘addGroupCoverages’ and 
‘addReproduciblePeakSet’ functions were used. Using Cluster-
Profiler (v4.2.2) to analyze the functional enrichment of DAPs 
-related genes, including Gene Ontology (GO) terms and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways.

Combined analysis of scATAC‑seq dataset 
with scRNA‑seq dataset

To integrate analyze the scATAC-seq and scRNA-seq 
datasets, we compared the scATAC-seq cell-independent 
gene score matrix with the scRNA-seq gene expression 
matrix. This integration aligned all cells from scATAC-seq 
with those from scRNA-seq. Subsequently, we aligned the 
scATAC-seq cells with the cells in the scRNA-seq clusters 
and added gene integration scores to each cell, creating a 
gene-integration matrix.

To identify potential regulatory relationships from peaks 
to genes, we used the ‘addPeak2GeneLinks’ function to 
calculate the correlation between peak accessibility from 
scATAC-seq and gene expression from scRNA-seq. Links 
with co-accessibility > 0.2 and FDR < 0.05 were regarded 
as regulatory links.

Transcription factor motif annotation 
and enrichment

After peak calling, we sought to identify enriched motifs 
within openly accessible peak of monocytes under various 
conditions. We first applied CIS-BP database to add motif 
annotations using the ‘addMotifAnnotations’ function. We 
then identified motifs that were overrepresented in the peak 
sets using the ‘peakAnnoEnrichment’ function in ArchR. We 
used the ‘ggplot’ function to visualize the enriched motifs. 
For peak annotation, we utilized the ‘addDeviationsMatrix’ 
function from HOMER. Additionally, we calculated Chrom-
VAR bias scores for these motifs using ArchR. Positively 
regulated TFs were defined as whose inferred gene scores 
are correlated to their chromVAR TF deviation z-scores. 
TFs with the maximum disparities in chromVAR deviation 
z-scores within the top quartile, adjusted p-value below 0.01 
and correlation coefficient exceeding 0.3 were considered 
positive regulators. Visualization of TF motifs using the 
seqLogo package.

Chromatin accessibility of COVID‑19 eQTL

We downloaded the COVID-19 expression quantitative trait 
loci (eQTL) dataset (accession code: hum0343.v2) from the 
National Bioscience Database Center Human Database and 
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used the taskforce_rna_ releasedata_cis_eqtls.tsv.gz file 
[24]. Genomic locations of open chromatin peaks were con-
sidered to be associated with eQTLs if they overlapped with 
at least one cis-eQTL (p-value < 0.05).

Co‑IP and ChIP‑qPCR

Differentially treated THP-1 cells were lysed with cell lysate 
supplemented with protease inhibitors. The supernatant was 
centrifuged and collected, and a part of it was regarded as 
input. For co-immunoprecipitation (Co-IP), immunoprecipi-
tation buffer containing IP antibody-conjugated magnetic 
beads (Biolinkedin, CHN) was used to immunoprecipitate 
the lysate from 1 × 107 THP-1 cells, and the complexes of 
magnetic beads-antibody-protein were washed with the lysis 
buffer and separated by a magnetic separator rack (Millipore, 
USA). Then the protein–protein complexes were then sub-
jected to Western blotting. The protein bands were visual-
ized using the ChemiDoc XRS + Imaging System (Bio-rad, 
USA) system. IgG was used here as a negative control.

For chromatin immunoprecipitation (ChIP)-qPCR, the 
DNA preparation, the cross-linking, and immunoprecipita-
tion were conducted following the instructions provided by 
manufacturers using ChIP Assay Kit (ABclonal, CHN). One 
million cells per sample were used, and sonication was per-
formed using Scientz ultrasonic cell crusher with a 5 s on—5 
s off routine for a total of ~ 15 min on ice to obtain fragments 
size between 100–800 bp. The samples were then subjected 
to qPCR with indicated primers. Data were normalized to 
the IgG control group.

RT‑qPCR and Western blotting

Using the Trizol (Beyotime, CHN) to extract total RNA fol-
lowing the instructions. cDNA synthesis was undertaken 
with the ABS Script II RT Mix (ABclonal, CHN). The 2 × 
Universal SYBR Green Fast qPCR Mix (ABclonal, CHN) 
as well as primer sets were utilized for real‐time qPCR. 
Fluorescence signals were detected using the CFX96 Touch 
PCR system (Bio-Rad, USA), with transcript levels meas-
ured by the 2 − ΔΔCt method. Data was normalized against 
GAPDH.

Proteins from THP-1 cells under different treatments 
were isolated using RIPA lysis buffer. Protein samples were 
separated by SDS-PAGE, then transferred onto a PVDF 
membranes. The membranes were blocked with 5% non-fat 
milk for 60 min, followed by incubation with anti-JUND 
and anti-SMARCC1 antibodies. HRP-conjugated secondary 
antibody (H + L) was purchased from ABclonal (CHN). The 
immunoreactive bands were detected by the ChemiDoc XRS 
+ imaging system (Bio-rad, USA). Correlation signals were 
quantified by Image J software.

Immunofluorescence and confocal imaging

THP-1 cells were seeded into cell culture dishes with round 
climbing slides and centrifuged to adhere. Cells were then 
fixed with 4% paraformaldehyde, permeabilized using abso-
lute ethanol, and blocked with TBST (3% BSA) for 1 h. For 
localization of SMARCC1, cells were incubated with Tubu-
lin and SMARCC1 primary antibodies overnight at 4 °C. 
For the co-localization of SMARCC1 and H3K27ac, cells 
were incubated at 4 °C overnight with blocking buffer con-
taining SMARCC1 and H3K27ac primary antibodies. The 
nonspecific-binding antibodies were removed by PBS, and 
the cells were incubated with blocking buffer containing a 
fluorescent dye-conjugated secondary antibody. DAPI was 
used to counterstain the nuclei. Scanning and imaging were 
used FV3000 confocal laser scanning microscope (Olympus, 
JPN). Image quantification was performed in ImageJ (Fiji).

Statistical analyses

For all the bar graphs, data were presented as mean ± stand-
ard deviation (SD). Statistical analyses were performed with 
two-tailed Student’s t test or one-way ANOVA using Graph-
Pad Prism 9. p < 0.05 was considered statistically significant 
(*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001).

Results

Monocytes exhibited the most significant changes 
in chromatin accessibility in COVID‑19 patients

We collected scATAC-seq data of PBMCs from COVID-19 
patients and healthy individuals to explore the altered epi-
genetic profiles of immune cell populations. Utilizing the 
R packages ArchR and scOpen for analysis, we conducted 
quality control on the scATAC-seq data, and clustered a 
total of 100,347 cells into six distinct PBMC subpopulations 
(Fig. 1A). Gene activity scores were calculated based on the 
accessibility within three key genomic regions associated 
with each gene: promoter, gene bodies, and distal regulatory 

Fig. 1   Altered chromatin accessibility in PBMCs from COVID-19 
patients, with the most significant changes in monocytes. A UMAP 
dimplot showing clusters of six PBMC types from scATAC-seq data. 
B Dot plot of gene activity scores for marker genes annotating each 
cell type. C Volcano plot displaying DAPs of PBMCs in COVID-19 
patients. D Heatmap showing marker peaks for each cell type under 
different conditions (COVID-19 or Health). E Volcano plots of DAPs 
for monocytes, T cells, B cells, NK cells or DC cells. Monocytes 
exhibit the most significant changes, mainly up-regulations

◂
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elements. These gene activity scores of canonical markers 
were used to annotate the six cell clusters. The cell clusters 
were defined as CD8+ T cells, CD4+ T cells, B cells, natural 
killer (NK) cells, monocytes, and dendritic cells (DC). The 
gene activity scores for cell markers in each cluster were 
presented in Fig. 1B.

We performed peak calling and marker peak detection on 
scATAC-seq data. The chromatin accessibility of PBMCs in 
COVID-19 patients was significantly altered compared to 
healthy individuals, with 9,769 out of 104,193 reproducible 
peaks showing increased accessibility in COVID-19 patients 
(Fig. 1C). When comparing peak accessibility between 
COVID-19 and healthy people within each cell clusters, 
we found that monocytes exhibited the most pronounced 
changes in chromatin accessibility among the PBMCs, fol-
lowed by T cells (Fig. 1D and E). These data suggest that 
COVID-19 monocytes are activated and undergo extensive 
chromatin remodeling, leading to significantly altered chro-
matin accessibility landscapes.

Increased chromatin accessibility 
of pro‑inflammatory cytokines in COVID‑19 
monocytes

Next, we performed sub-clustering of monocytes in the 
scATAC-seq data. Unsupervised clustering identified eight 
epigenetically distinct cell clusters, with clusters C2 and C3 
predominantly comprising cells from healthy individuals 
(Fig. 2A). We conducted a comprehensive analysis of the 
open chromatin regions in monocytes and identified marked 
disparities in chromatin accessibility between COVID-19 
patients and healthy individuals. Specifically, 5,479 DAPs 
showed increased accessibility in patients, while 1,918 DAPs 
showed decreased accessibility compared to healthy controls 
(Fig. 2B). Among the 5,479 DAPs located in open chroma-
tin regions in COVID-19 monocytes, 9% were in promoter 
regions, 48% in introns, and 36% in distal regions (Fig. 2C).

We annotated genes adjacent to the DAPs. Subsequently, 
enrichment analyses were performed on the nearest genes of 
DAPs to decipher their functional roles. GO analysis high-
lighted cholesterol/sterol pathway and immune-related pro-
cesses in monocytes from COVID-19 patients, including leu-
kocyte migration, regulation of immune effector processes, 
positive regulation of inflammatory response, and cytokine-
mediated signaling pathways (Fig. 2D). KEGG analysis high-
lighted cytokine-cytokine receptor interaction, chemokine 
signaling, MAPK signaling, NF-kB signaling, choline metab-
olism and inositol phosphate metabolism (Fig. 2E). These 
results indicate that the increased chromatin accessibility in 
COVID-19 monocytes might regulate the expression of pro-
inflammatory cytokines and drive inflammatory responses.

We used the ‘plotBrowserTrack’ function in ArchR to 
generate genome browser tracks, visualizing gene accessi-
bility profiles under different conditions. Genome browser 
tracks revealed significantly higher chromatin accessibil-
ity of pro-inflammatory cytokines IL-6, TIMP1, CX3CR1, 
CCR2, CCL2, and S100A9 in COVID-19 patients (Fig. 2F). 
These findings suggest that the chromatin landscape in 
COVID-19 monocytes undergoes substantial alterations, 
particularly with increased accessibility of inflammation-
related genes, potentially linked to disease progression.

Combined analysis of scATAC‑seq and scRNA‑seq 
indicated potential epigenetic regulation 
of the expression of pro‑inflammatory cytokines

Integrating analyses of scATAC-seq and scRNA-seq data 
from COVID-19 patients and healthy individuals were per-
formed to investigate the connection between epigenetic 
changes and alterations in gene expression. Unsupervised 
clustering of PBMCs identified six cell types based on 
marker genes in the scRNA-seq dataset (Fig. 3A). Subse-
quent re-clustering of monocytes in the scRNA-seq data 
revealed eight distinct clusters, with the seventh cluster 
(designated as R7) primarily comprising COVID-19 mono-
cytes (Fig. 3B). Compared to healthy controls, the expres-
sion of inflammatory cytokines including TIMP1, CCR2, 
CCR1, CCL2, CX3CR1, IL-16, S100A6, and S100A8, etc., 
increased in monocytes from patients (Fig. 3C). Notably, 
expression changes of TIMP1, CCL2, CCR1/2, CX3CR1 
and S100A6 were consistent with alterations in their chro-
matin regions respectively (Fig. 2F and 3C).

DEGs of monocytes from scRNA-seq data were further 
identified and cross-referenced with DAPs from scATAC-
seq data. Among the 2,208 DEGs identified in monocytes, 
1,617 genes (73.23%) exhibited consistent changes (1450 
up-regulated genes and 167 down-regulated) in both 
scRNA-seq and scATAC-seq data (Fig. 3D). We further 
calculated a gene score matrix from scATAC-seq data to 
assess the correlation between gene scores and expression 
levels measured by scATAC-seq and scRNA-seq, respec-
tively. Analyzing accessibility of peaks within 1 Mb of 
gene promoters with gene expression, we identified a total 
of 111,173 peak-to-gene correlations in different mono-
cyte populations (Fig. 3E). These peak-to-gene links likely 
play a crucial role in gene regulation, as evidenced by 
the strong consistency revealed in the integrated analysis 
of scATAC-seq and scRNA-seq datasets from COVID-19 
monocytes. The high degree of overlap between chromatin 
accessibility and gene expression in our data suggests that 
transcriptional responses are likely modulated by epige-
netic changes.
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Fig. 2   scATAC-seq analysis reveals increased chromatin accessibility 
for pro-inflammatory cytokines in COVID-19 monocytes. A Mono-
cytes in the scATAC-seq dataset were subset and re-clustered. Left 
panel showing 8 unsupervised clusters; right panel showing the distri-
bution of monocyte under COVID-19 or health, respectively. B Heat-
map showing marker peaks in monocytes from patients and healthy 
individuals. C Bar graph displaying the distribution of DAPs mapped 
to exon, intron, promoter, and distal intergenic regions in COVID-

19 monocytes. D Enriched GO biological processes terms for genes 
nearest to differentially upregulated accessible peaks. E Enriched 
KEGG pathways for genes nearest to differentially upregulated acces-
sible peaks. F Genome browser tracks showing single-cell chroma-
tin accessibility at representative gene loci (TIMP1, CCL2, CCR2, 
CX3CR1, S100A9 and IL-6) with peaks and gene information indi-
cated below
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Fig. 3   The transcriptional profiles of pro-inflammatory cytokines 
align with their chromatin accessibility status in COVID-19 mono-
cytes. A UMAP dimplot showing six PBMC cell type clusters from 
scRNA-seq. B UMAP plot displaying monocyte sub-clusters distri-
bution under COVID-19 or healthy conditions in scRNA-seq data. C 
Dot plots showing gene expression for the specified genes in mono-
cytes. Left panel, TIMP1, alarmins and interferon family genes; right 

panel, chemokines and interleukins. D Scatterplots depicting the 
DEGs and DAPs identified in monocytes across COVID-19 patients 
and healthy individuals. E Heatmaps showing the column z-score of 
normalized accessibility and integrated gene expression of 111,173 
peak-to-gene links in monocytes across the subclusters. Each row rep-
resents a cis-regulatory element-linked gene pair
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Collaborative regulation of pro‑inflammatory 
cytokines by the chromatin remodeling complex 
subunit SMARCC1 and transcription factor JUND

To elucidate the epigenetic regulatory characteristics of gene 
expression in COVID-19 monocytes, we conducted motif-
enrichment analysis on highly accessible chromatin regions 
for TFs. Among the identified regions, we discovered 75 TFs 
with significantly enriched motifs (mlog10 Padj > 5), includ-
ing SMARCC1, JUND, JUNB, FOS, FOSL1/FOSL2. Nota-
bly, JUND, JUNB, FOS and FOSL1/FOSL2, all AP-1 family 
members, exhibited significantly higher enrichment levels in 
patients compared to healthy individuals (Fig. 4A). Given the 
key roles of these factors in inflammation, we investigated 
their expression levels in relation to the accessibility changes 
in their corresponding motifs. We first constructed MotifMa-
trix based on deviation z-scores and chromVAR deviations 
for each TF motif in healthy and patient groups to quantify 
the variability in motif accessibility. Subsequently, MotifMa-
trix and GeneSoreMatrix were used to identify TFs whose 
motif accessibility correlated with their own gene activity. 
Additionally, the maximum delta deviation in z-scores across 
groups was calculated to help stratify motifs based on their 
variation degree. Those analyses revealed that JUND, FOS, 
FOSL1/FOSL2 and SMARCC1 are positive regulators as 
their expression levels were positively correlating with the 
accessibility changes of the respective motifs (Fig. 4B).

ChromVAR was employed to measure global TF activ-
ity and assess key TFs across cell clusters. The activity of 
SMARCC1 and JUND regulatory elements across different 
monocyte clusters was shown in Fig. 4C. Interestingly, we 
found the consistent pattern in SMARCC1 and JUND activ-
ity across monocyte clusters, particularly upregulated in C4 
and C7, which were predominantly composed of cells from 
COVID-19 patients.

SMARCC1, as a core subunit of the SWI/SNF chro-
matin remodeling complex, plays a vital role in chromatin 
remodeling processes. To explore the relationship between 
SMARCC1 and JUND, we analyzed the binding motif 
for both factors and generated sequence logo diagrams 
(Fig.  4D). The binding motifs of these regulatory ele-
ments were largely consistent, both containing the nucleo-
tide alphabet ‘TGA​CTC​A’. Next, we extracted the peaks 
matched by SMARCC1 and JUND motifs respectively and 
found their intersection, the results revealed that SMARCC1 
and JUND shared 68.1% common binding sites, implying a 
potential co-operative effect (Fig. 4D).

Based on the nearest genes of motif-matched peaks, we 
further investigated the interaction between these regulatory 
elements and their targets genes. A total of 6,498 genes were 
identified as nearest genes of co-matched peaks by JUND 

and SMARCC1 motifs, of which 986 genes showed upreg-
ulation in monocytes from patients compared to healthy 
individuals in both scATAC-seq and scRNA-seq datasets 
(Fig. 4E). GO biological process (BP) analysis showed that 
these genes were associated with inflammation, cytokine 
production and sterol pathway (Fig. 4F). This suggests that 
SMARCC1 and JUND may cooperatively regulate gene 
expression, and involved in sterol signals and proinflamma-
tory cytokine production. Interestingly, the pro-inflamma-
tory cytokine TIMP1 was associated with peaks harboring 
both JUND and SMARCC1 motifs (Fig. 4G), indicating that 
JUND and SMARCC1 may synergistically regulate TIMP1 
expression.

eQTLs combined with scATAC‑seq analyses revealed 
SNP enrichment in open chromatin regions 
with regulatory potentials

Previous genomic studies have identified numerous risk 
factors for COVID-19, primarily in intergenic regions [24]. 
eQTLs are genetic variants that regulate gene expression 
and link genotype to phenotype, primarily single nucleo-
tide polymorphisms (SNPs) [25]. We utilized COVID-19 
specific cis-expression quantitative trait loci (cis-eQTLs) 
data to assess if these regulatory variants were in the open 
chromatin regions of monocytes. By integrated analyses 
of the COVID-19 cis-eQTLs with monocyte scATAC-seq 
peaks, we discovered that 60.9% of highly accessible peaks 
in COVID-19 monocytes contained eQTLs. Specifically, 
29.1% of SNPs were located in intronic peaks, while 22.3% 
were found in distal regions, consistent with the majority 
of eQTLs in non-coding regions (Fig. 5A). In comparison, 
57.4% of down-regulated peaks in COVID-19 monocytes 
contained eQTLs (Fig. 5B). In particular, the chromatin 
regions harboring SMARCC1 and JUND motifs had a high 
proportion (> 60%) containing eQTLs (Fig. 5C). These 
results provided genetic evidence that accessible peaks 
with eQTLs are most likely involved in regulating gene 
expression.

We further investigated the COVID-19 cis-eQTLs map-
ping for inferred peak-to-gene links and discovered an 
enrichment of cis-eQTLs variants within these links. In 
monocytes, variants rs57008264 and rs9990343, which 
potentially regulate CCR1 expression, were found within 
an accessible chromatin peak and associated with the CCR1 
transcript levels. Additionally, we observed that variants 
rs13069750, rs34340501, and rs34724655, were located 
within open chromatin peaks and associated with CCR2 
expression (Fig. 5D). These findings indicate that these cis-
eQTLs variants may influence the gene expression by alter-
ing chromatin accessibility or TF binding.
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The metabolite 7α,25‑OHC promoted the expression 
of proinflammatory cytokine TIMP1 in THP‑1 cell 
line

7α,25-OHC is generated from the metabolism of 25-hydrox-
ycholesterol by cytochrome P450 family 7 subfamily B 
member 1 (CYP7B1) (Fig. 6A). In COVID-19 patients, 
serum levels of 7α,25-OHC were elevated, and transcrip-
tome sequencing data also indicated the increase in CYP7B1 
expression in peripheral blood (Fig. 6B). Previous pathway 
enrichment analysis showed that the nearest genes of DAPs 
in COVID-19 monocytes enriched in cholesterol-related 
pathways (Fig. 2D). To investigate whether 7α,25-OHC 
is involved in the production of inflammatory cytokines in 
monocytes, we stimulated THP-1 cells with 7α,25-OHC. 
THP-1 is a human monocytic cell line, which serves as a 
common model for studying monocyte and macrophage 
activity modulation. In vitro stimulation of monocytes with 
7α,25-OHC induced significant transcriptome changes and 
upregulated pro-inflammatory cytokines, including TIMP1, 
CCR1, and CX3CR1, etc., in a 7α,25-OHC concentration-
dependent manner (Fig. 6C). Using NIBR189, an antagonist 
of G Protein-Coupled Receptor 183 (GPR183), to block the 
binding of 7α,25-OHC to its receptor (GPR183), the expres-
sion of TIMP1 induced by 7α,25-OHC was significantly 
downregulated (Fig. 7C).

In‑vitro experiments indicated that SMARCC1 
interacted with JUND to co‑regulate TIMP1 
expression

To verify the interaction between JUND and SMARCC1, 
we performed immunoprecipitation and Western blot with 
JUND and SMARCC1 antibody, respectively. Co-IP con-
firmed the interaction between SMARCC1 and JUND, sug-
gesting a potential cooperation in the regulation of gene 

expression (Fig. 6D). ChIP-qPCR experiment further con-
firmed that the expression of TIMP1 was regulated by JUND 
(Fig. 6E).

Western blot analysis demonstrated a concentration-
dependent increase of the TF JUND and the chromatin 
remodeling complex core subunit SMARCC1 in THP-1 cells 
treated with 7α,25-OHC (Fig. 7A and B). When the interac-
tion of 7α,25-OHC with its receptor GPR183 was blocked 
using a GPR183 antagonist, the protein levels of JUND 
and SMARCC1 significantly reduced (Fig. 7D). Immuno-
fluorescence and confocal imaging revealed that SMARCC1 
is predominantly located in the nucleus, and 7α,25-OHC 
treatment intensified SMARCC1 nuclear fluorescence in a 
concentration-dependent manner (Fig. 7E. S1 A and S1B).

7α,25‑OHC enhanced the expression 
and co‑localization of SMARCC1 and H3K27ac

7α,25-OHC stimulation promoted histone acetylation and 
SMARCC1 expression with concentration-dependent man-
ner in THP-1 cells (Fig. 7A, S1C and S1E). Immunofluores-
cence and laser confocal imaging further demonstrated that 
7α,25-OHC enhanced SMARCC1 and acetylated H3K27 
co-localization (Fig. S1C and S1D). Based on our findings, 
the inflammatory metabolite 7α,25-OHC enhances JUND 
and SMARCC1 expression, and facilitates the H3K27ac 
and its co-localization with SMARCC1 in a concentration-
dependent manner in THP-1.

Discussion

Cell-specific epigenetic elements play an important role in 
the molecular pathogenesis of infectious diseases, autoim-
mune diseases, tumors and others [16]. Giroux NS et al. 
revealed that individual PBMC cell types exhibit evolution 
of the chromatin accessibility landscape, and monocytes are 
the major cell type differentially activated [19]. Our study 
indicated that monocytes underwent significant chromatin 
remodeling, with the core subunit of the chromatin remod-
eling complex SMARCC1 and TF JUND co-modulating 
the expression of the pro-inflammatory cytokine TIMP1, 
and enhancing the inflammatory responses in COVID-19 
patients. In-vitro experiments further demonstrated that 
high level of metabolite 7α,25-OHC enhanced the expres-
sion of JUND, SMARCC1, and H3K27ac to promote TIMP1 
expression, which contribute to inflammatory responses in 
COVID-19.

Recent studies have identified TIMP1 as a significant 
inflammatory cytokine associated with various diseases, 
including viral infections, inflammatory bowel disease, 
osteoarthritis, and cancer [5]. Constitutively upregulation 
of TIMP1 inhibits ADAM10-mediated Notch signaling 

Fig. 4   SMARCC1 and JUND synergistically regulate gene transcrip-
tional profiles in monocytes. A Rank sorted TFs enriched in COVID-
19 monocytes compared to healthy individuals. B Volcano plot of 
positive TF regulators depicting TFs whose inferred gene scores are 
positive correlated to accessibility changes observed in their cor-
responding motifs. Positive TFs are highlighted in red. C UMAP 
plots illustrating chromVAR deviation z-scores for JUND (left) and 
SMARCC1 (right). D Venn diagram showing the overlap among 
co-matched peaks of JUND and SMARCC1 motifs. The left side 
panels show the sequence logo of the JUND motif and SMARCC1 
motif. E Venn diagram displaying the intersection of upregulated 
genes, nearest genes of upregulated accessible peaks and nearest 
genes of co-matched SMARCC1/JUND motif peaks in monocytes. 
Genes from the intersection are potentially co-regulated by JUND and 
SMARCC1. F GO BP enrichment analysis of genes from intersec-
tions in (E). G Genome browser tracks displaying chromatin accessi-
bility at TIMP1 locus in monocyte under different conditions. Shaded 
areas indicate potential JUND/SMARCC1 binding sites. Peaks and 
gene information are indicated below the tracks

◂



	 Y. Feng et al.  208   Page 12 of 17



Inflammatory metabolite 7α,25‑OHC promotes TIMP1 expression in COVID‑19 monocytes through… Page 13 of 17    208 

pathways, which result in long-term myeloid-biased inflam-
matory hematopoiesis [26]. Zhao et al. demonstrated that 
elevated levels of TIMP1 in inflammatory malignancies 
promote the progression of malignant pleural effusion [27]. 
Benjamin Schoeps et al. reported that TIMP1 interacts with 
its receptor CD63, which activates the ERK pathway, trig-
gering the formation of neutrophil extracellular traps, and 
promotes the progression of pancreatic cancer [28].

Our findings indicated that the accessibility of genomic chro-
matin regions (including promoter and enhancer regions) and 
the expression levels of pro-inflammatory cytokines, such as 
TIMP1, increased in monocytes from COVID-19 patients. The 
inflammatory metabolite 7α,25-OHC significantly increased in 
COVID-19 patients, and in vitro experiments demonstrated that 
7α,25-OHC stimulated monocytes to produce pro-inflamma-
tory cytokines, including TIMP1, and CCR1, etc.

SMARCC1, SMARCC2, and SMARCA4/SMARCA2 
constitute the core subunits of the chromatin remodeling 
complex SWI/SNF (three variants of cBAF, ncBAF and 
PBAF) [29, 30]. SWI/SNF induced the exhaustion of CD8+ 
T cells by directing chromatin accessibility and enhanc-
ing the expression of exhaustion associated genes such as 
TOX and ENTPD1, while the inhibition or degradation of 
SMARCA4 attenuated the exhaustion of CD8+ T cells [31]. 
Upon inflammatory stimulation, SWI/SNF complexes in 
macrophages interact with stimulus-responsive TFs of the 
NF-kB family to promote the TNF response and the expres-
sion of inflammatory genes [32].

Fig. 5   eQTLs are located in open chromatin regions of monocytes 
and can influence gene expression. A and B Cis-eQTLs in the dif-
ferentially upregulated (A) and downregulated (B) accessible peaks 
of COVID-19 monocytes. Left panel, the proportion of cis-eQTLs 
in the DAPs; right panel, the distribution of the cis-eQTLs locations 
annotated to different genomic regions. C Pie charts showing the 
proportion of differentially upregulated peaks matched SMARCC1 
and JUND motifs that contain cis-eQTLs. D Genome browser tracks 
showing potential cis-eQTLs associated with CCR1/CCR2 expres-
sion located in open chromatin peaks from scATAC-seq data. Shaded 
areas indicate cis-eQTLs loci. Peaks identified in the scATAC-seq 
data, peak-to-gene links and gene information are indicated below the 
tracks
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ern blotting. E Regulation of TIMP1 transcription by JUND. Left 

panel, potential binding sites of TF JUND on the TIMP1 promoter 
sequence; right panel, ChIP-qPCR detects JUND binding to the 
TIMP1 promoter, with IgG as negative control. Experiment repeated 
independently at least three times. Data are shown as the mean ± SD 
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In this study, the combined scATAC-seq and scRNA-seq 
analyses suggest that the transcription of the pro-inflamma-
tory cytokines, including TIMP1, were epigenetically regu-
lated in monocytes from COVID-19 patients, with signifi-
cant enrichment of regulatory elements such as SMARCC1 
and the AP-1 family member JUND. Subsequent investi-
gation indicated that the chromatin regions are highly co-
regulated by the core subunit of the SWI/SNF complex, 
SMARCC1, and TF JUND. Notably, the promoter region 
of the pro-inflammatory cytokine TIMP1 harbors binding 
motifs for both JUND and SMARCC1. Further experiments, 
Co-IP, and ChIP-qPCR, etc., indicated that an interaction 
between JUND and SMARCC1, which were involved in 
TIMP1 expression and inflammatory responses.

The chromatin accessibility and SWI/SNF activity can 
be affected by the methylation or acetylation of the histone 
lysine residues [30]. Previous studies have suggested that 
the SWI/SNF complexes cooperate and co-localize with 
Plant Homeodomain-like Finger protein 6 at the active pro-
moters enriched for acetylation of histone H3 at Lysine 14 
(H3K14ac) to modulate gene expression [33]. Our results 
indicated that monocytes stimulated with 7α,25-OHC 
increased the SMARCC1 expression and H3K27ac in a 
concentration dependent manner, and the co-localization of 
SMARCC1 and H3K27ac were validated using laser confo-
cal experiments.

SWI/SNF remodels chromatin accessibility through 
reducing nucleosome occupancy or moving nucleosomes 
away from cis-motifs on enhancers; recent study also 
revealed that SWI/SNF facilitated further chromatin open-
ing with acetylated histones [34, 35]. Our results indicated 
that 7α,25-OHC upregulated SMARCC1 and JUND expres-
sion, and enhanced SMARCC1 nuclear accumulation. JUND 
may recruited SMARCC1, the core subunit of chromatin 
remodeling complex SWI/SNF, to facilitate dynamic chro-
matin reorganization, which was involved in transcriptional 
expression of pro-inflammatory cytokine TIMP1 gene. 

Furthermore, SMARCC1-JUND transcriptional complex 
may further amplify epigenetic-transcriptional activity 
through recognition of H3K27ac chromatin regions.

In this study, utilizing the single-cell multi-omics meth-
odology alongside in-vitro experiments, we demonstrated 
that high level of 7α,25-OHC in peripheral blood stimu-
lated the overexpression of SMARCC1 and JUND in mono-
cytes. SMARCC1 interaction with JUND, and SMARCC1 
co-localization with H3K27ac loci may led to a synergistic 
remodeling effect, which facilitated the further opening of 
these chromatin regions, and enhanced the expression of 
TIMP1 and CCR1, etc. The transcriptional regulatory pro-
cess triggered the inflammatory response of COVID-19. 
Our findings enhance the comprehension of the transcrip-
tional regulatory mechanisms of inflammatory responses 
in COVID-19, and offer novel targets for the treatment of 
COVID-19.
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Fig. 7   7α,25-OHC upregulates JUND and SMARCC1 expression, 
and nuclear accumulation of SMARCC1 in THP-1 cells. A The lev-
els of SMARCC1 and JUND proteins were assessed by Western blot 
after treatment with 0,100 nM or 1 μM 7α,25-OHC for 18 h. B Rela-
tive intensities of JUND and SMARCC1 protein in (A) were quan-
tified using ImageJ. C mRNA levels of TIMP1 were analyzed by 
qPCR. D The levels of SMARCC1 and JUND proteins were assessed 
by Western blot after treatment with 0; 1 μM NIBR189 only; 1 μM 
7α,25-OHC only; 1  μM NIBR189 and 1  μM 7α,25-OHC for 18 
h. The right side panels showing relative intensities of JUND and 
SMARCC1 protein. E Immunofluorescence of SMARCC1 (red) in 
THP-1 cells treated with 100 nM/1 μM 7α,25-OHC for 18 h exam-
ined by confocal microscopy. DAPI (blue) and tubulin (green) were 
used to stain nuclei and cytoskeleton, respectively. Scale bar, 5 μm. 
Experiment repeated independently at least three times. Data are 
shown as the mean ± SD and statistical analysis performed using 
one way ANOVA (Fig. 7B, C and D). *p < 0.05, **p < 0.01, ***p < 
0.001, **** p < 0.0001
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