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Multi-omics profiling of retinal pigment
epithelium reveals enhancer-driven
activation of RANK-NFATc1 signaling in
traumatic proliferative vitreoretinopathy

Mengyu Liao 1,9, Xu Zhu2,9, Yumei Lu 2,9, Xiaoping Yi 2, Youhui Hu 3,4,
Yumeng Zhao 1, Zhisheng Ye 1, Xu Guo 1, Minghui Liang 1,5, Xin Jin 6,
Hong Zhang 6, Xiaohong Wang 1,7, Ziming Zhao 3,4 ,
Yupeng Chen 2,8 & Hua Yan 1

During the progression of proliferative vitreoretinopathy (PVR) following
ocular trauma, previously quiescent retinal pigment epithelial (RPE) cells
transition into a state of rapid proliferation, migration, and secretion. The
elusive molecular mechanisms behind these changes have hindered the
development of effective pharmacological treatments, presenting a pressing
clinical challenge. In this study, by monitoring the dynamic changes in chro-
matin accessibility and various histone modifications, we chart the compre-
hensive epigenetic landscape of RPE cells in male mice subjected to traumatic
PVR. Coupled with transcriptomic analysis, we reveal a robust correlation
between enhancer activation and the upregulation of the PVR-associated gene
programs. Furthermore, by constructing transcription factor regulatory net-
works, we identify the aberrant activation of enhancer-driven RANK-NFATc1
pathway as PVR advanced. Importantly, we demonstrate that intraocular
interventions, including nanomedicines inhibiting enhancer activity, gene
therapies targeting NFATc1 and antibody therapeutics against RANK pathway,
effectively mitigate PVR progression. Together, our findings elucidate the
epigenetic basis underlying the activation of PVR-associated genes during RPE
cell fate transitions and offer promising therapeutic avenues targeting epige-
netic modulation and the RANK-NFATc1 axis for PVR management.

Open globe injury (OGI) is a critical ophthalmic emergency, often
leading to blindness1. Traumatic proliferative vitreoretinopathy (PVR)
is the major complication of OGI, observed in approximately 40–60%
of post-OGI patients2. PVR is characterized by the formation of
extensive fibrous proliferativemembranes, whose contraction leads to
retinal detachment or intraocular hemorrhage, severely compromis-
ing visual prognosis3. Despite advancements in vitreoretinal surgical
techniques, clinical outcomes are still not optimal, and PVR persists as

a primary cause of blindness4,5. The elusive mechanisms underlying
PVR have hindered the development of effective pharmacological
treatments, making it a pressing clinical challenge6.

The retinal pigment epithelial (RPE) cells play a central role in the
pathogenesis of PVR7,8. Under physiological conditions, RPE cells are
terminally differentiated and highly polarized, primarily serving to
maintain visual function by phagocytosing shed photoreceptor outer
segments and forming the outer retinal barrier. Following ocular
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injury, these cells undergo profound changes: they lose their polarity,
migrate into the vitreous cavity or subretinal space, andproliferate5. As
they undergo epithelial-mesenchymal transition (EMT), they con-
tribute to the synthesis and secretionof extracellularmatrix, leading to
tissue remodeling and the formation of epiretinal and/or subretinal
membranes, hallmarks of PVR9. While various factors, such as the
disruption of cell-cell junctions, inflammatory responses, hypoxia,
cytokines, and growth factors, have been identified to influence RPE
cell fate transitions, the precise molecular mechanisms driving quies-
cent RPE cells towards a proliferative, migratory, and secretory phe-
notype remain unclear5,10.

Epigenetic mechanisms, such as chromatin accessibility and his-
tone modifications, play pivotal roles in guiding gene expression and
determining cell fate11. Transcription factors (TFs) often orchestrate
transcriptional regulatory networks (TRNs) that are essential for
defining and maintaining chromatin states12,13. Aberrant shifts in
chromatin states are frequently linked with disease onset and
progression14,15. In this study, we isolate primary RPE cells from both
control mice and those post-PVR. Through profiling chromatin
accessibility and various transcription-associated histone modifica-
tions, we delineate the chromatin dynamics during PVR progression.
Our TRN analysis highlight a key role of the RANK-NFATc1 pathway in
the advancement of PVR. Leveraging diverse intervention approaches,
we propose PVR therapeutic strategies targeting epigenetic mod-
ifications and the RANK-NFATc1 pathway.

Results
Characterization of dynamic epigenetic landscape in RPE cells
during PVR progression
To elucidate the epigenetic mechanisms underlying the pathogenesis
of PVR after injury, we first established a traumatic PVRmouse model.
Bymaking a puncture posterior to the equator level, we induced a full-
layer retinal injury, closely mimicking the penetrating wounds seen in
patients with OGI. Subsequent Dispase injection aggravated the
intraocular tissue damage, promoting the formation of PVR (Supple-
mentary Fig. 1A). Compared to normal mice, those with PVR exhibited
vitreous hemorrhage, extensive retinal detachment and formation of
fibrous membrane (Supplementary Fig. 1B, C). Alpha-smooth muscle
actin (αSMA), an EMT marker of RPE cell, was considered high-
expressed in PVR. Notably, αSMA immunostaining was predominantly
co-localizedwith the PVR lesion area (Supplementary Fig. 1D).Western
blotting analysis revealed a pronounced upregulation of αSMA, in the
neuroretina-RPE-choroid complex (eyecup) tissues of PVR mice (Sup-
plementary Fig. 1E). The morphological characteristics and changes in
marker genes of our PVRmodel are consistent with those described in
prior studies using the samemousemodel16–19. These data confirm the
successful establishment of a traumatic PVR mouse model. Given the
pivotal role of RPE cells in PVRmembrane formation, we subsequently
purified primary RPE cells from these mice. As depicted in Supple-
mentary Fig. 1F, over 90% of the cells were RPE65-positive, a hallmark
of RPE cell, and displayed melanin granules, indicating that we suc-
cessfully isolated a high-purity population of primary RPE cells.

Tomap the genome-wide chromatin dynamics accompanying the
RPE cell fate transition during PVR, we employed ATAC-seq (assay for
transposase-accessible chromatin by sequencing), a robust technique
toprobe chromatin accessibility (Fig. 1A). TheATAC-seqdata exhibited
high reproducibility among threebiological replicates (Supplementary
Fig. 2). Using HOMER analysis, we identified 9,819 peaks showing
increased accessibility (PVR-open), and 1,454 peaks with reduced
accessibility (PVR-closed) in the PVR group. These differentially
accessible regions (DARs) were predominantly localized in cis-reg-
ulatory regions, including promoters, intron, and intergenic regions
(Fig. 1C). Gene Ontology (GO) analysis illuminated that the PVR-open
genomic regions predominantly aligned with pathways governing cell
migration, division, and epithelial to mesenchymal transition (Fig. 1D).

This is consistent with existing literature that posits the EMT of RPE
cells during PVR and emphasizes the role of RPE cells migration and
proliferation in PVR progression6,10. Conversely, the PVR-closed
genomic regions were enriched with genes pivotal for transport
processes20, indicating that RPE cells may undergo a loss of their
inherent cellular functions during PVR progression21. MDM2 (mouse
double minute 2), an E3 ligase for P53, has previously been shown to
facilitate the EMT of RPE cells22. PCNA (proliferating cell nuclear anti-
gen) acts as a proliferation indicator, has been assessed in human
traumatic PVR (TPVR) membranes3. In the PVR group, the promoter
region of the Mdm2 and Pcna gene displayed enhanced chromatin
accessibility (Supplementary Fig. 3A, B). These data highlight genome-
wide shifts in cis-regulatory domains of RPE cells during PVR pro-
gression. To gain a deeper understanding of the epigenomic altera-
tions during PVR progression, we charted several key histone
modifications associated with transcription. These include markers
indicative of transcriptional activation, namely H3K27ac, H3K4me1,
H3K4me3 and H3K36me3; markers suggestive of transcriptional
repression, such as H3K27me3 and H3K9me323. Given the limited
availability of RPE cells, we adopted a low-input ChIP-seq (chromatin
immunoprecipitation followed by sequencing) approach to assess
histonemodifications. All obtained data exhibited high reproducibility
among three biological replicates (Supplementary Fig. 4A–F). Using
ChromHMM, we integrated the ChIP-seq data to define chromatin
states. As shown in Fig. 1E, ChromHMM algorithm identified four
classes of chromatin states: heterochromatin (state 5 and7), enhancers
(state 2 and 3), transcribed genes (state 1 and 4), and blank/no signal
state (state 6). Notably, we observed a pronounced shift from state 3
(weak enhancer) to state 2 (strong enhancer) within the PVR group,
suggesting enhancer activation as PVR advanced (Fig. 1F).

Histone modifications and chromatin accessibility are intricately
intertwined, collaboratively regulating the expression of pivotal genes
involved in cell fate determination24. To discern if chromatin state
alterations align with chromatin accessibility, we probed the signals of
H3K4me1 and chromatin accessibility within pronounced H3K27ac
signal regions (enhancer markers). A marked increase in chromatin
enrichment of H3K4me1 and enhanced chromatin accessibility was
evident in regions associated with increased H3K27ac (Fig. 1G), sug-
gesting that enhanced enhancer activity is congruent with increased
chromatin accessibility in RPE cells during PVR progression. RUNX1
(Runt-related transcription factor 1) has previously been shown to
regulate cell proliferation and migration in PVR25. Vimentin, a marker
of fibrosis previously identified in the PVR membrane, plays a crucial
role in the EMT of RPE cells26,27. The Runx1 and Vim gene in PVR RPE
cells exhibited heightened chromatin accessibility and elevated levels
of H3K27ac, H3K4me1, and H3K4me3 compared to normal RPE cells,
while other histone modifications remained relatively unchanged
(Fig. 1H). Collectively, these findings uncover the epigenetic under-
pinnings that drive the development of PVR following injury, with a
marked activation of enhancers and enhanced chromatin accessibility
in RPE cells during PVR progression.

Active chromatin states correlate with the upregulation of PVR-
associated gene expression programs
Increased chromatin accessibility combined with enhancer activation
acts as a crucial regulatory mechanism for activating gene
expression28,29. Given the pivotal role of the activation of key genes in
cell fate transitions, we sought to explore the connection between
these epigenetic changes in PVR and the corresponding PVR-related
gene expression programs. To this end, we performed RNA sequen-
cing (RNA-seq) on RPE cells purified from both normal and PVR mice.
The DESEQ2 algorithms analysis revealed marked differences in the
transcriptomic profiles between normal RPE cells and PVR RPE cells
(Fig. 2A). A total of 2004 genes were found to be up-regulated, and 543
genes were down-regulated over 2-fold in PVR compared to normal
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Fig. 1 | Profiling of dynamic epigenetic changes in RPE post-PVR.
A Experimental strategy of epigenomic and transcriptomic analysis of RPE cells
isolated from normal and PVR mice. The ATAC-seq, ChIP-seq, and RNA-seq
experiments were each conducted in triplicate.BHeatmap showing the chromatin
accessibility in RPE cells from normal and PVR mice. C Bar charts showing the
genome-wide distribution of differentially accessible regions (DARs) in RPE cells.
D Gene ontology (GO) analysis (performed using Metascape) of DARs in RPE cells.
Statistical analysis was conducted with Metascape (https://metascape.org/gp/

index.html), using the two-sided cumulative hypergeometric distribution. E Seven
chromatin states inference based on the ChromHMM algorithm. F Alluvial plot
showing the dynamics of chromatin states. G Average ATAC-seq and ChIP-seq
signals of H3K4me1 around pronounced H3K27ac signal regions (upper), and
heatmaps visualization of histone marks and ATAC-seq signals (lower).
H Representative ChIP-seq tracks of H3K27ac, H3K4me1, H3K4me3, H3K9me3,
H3K36me3, H3K27me3 and ATAC-seq signals on representative genes. Source data
are provided as a Source Data file.
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control (Fig. 2B). GO analysis revealed that the downregulated genes
predominantly encompassed retina function-related genes, such as
those involved in the sensory perception of light stimulus, sensory
organ development and retina homeostasis (Fig. 2C), suggesting a
compromised functional state of RPE cells during PVR progression.
Conversely, upregulated genes were enriched in pathways including
extracellular matrix organization, collagen metabolic process, and
cytokine production regulation (Fig. 2C), indicating enhanced fibrotic
and inflammatory activities in PVR. Gene set enrichment analysis
(GSEA) showed that genes from regions with PVR-open chromatin
regions were notably prevalent among the upregulated genes in PVR
RPE cells (Fig. 2D). An integrated analysis of RNA-seq andChIP-seq data
showed that regions with a pronounced H3K27ac signal were asso-
ciated with gene activation, in contrast to regions with diminished or
stable H3K27ac signals (Fig. 2E). Together, the above findings under-
score a robust correlation between active chromatin states and the
enhanced expression of PVR-associated genes.

BET inhibition alleviates PVR progression
The H3K27 acetyl mark, present in active enhancer and open chro-
matin regions, serves as a docking site for the recruitment of epige-
nomic reader proteins30. Bromodomain and extra terminal domain
(BET) proteins recognize acetylated histones and orchestrates the
assembly of the transcriptional machinery at active enhancers31–33.
Small-molecule inhibitors of BETprotein BRD4, suchas JQ1, bind to the
acetyl-lysine binding pocket of BRD4 bromodomains, displacing BRD4
from chromatin34. This displacement leads to the removal of the
Mediator complex and RNA Polymerase II from enhancers, subse-
quently diminishing associatedgene expression35. Given the significant
correlation between enhancer-activated genes and PVR progression,
we sought to explore the potential therapeutic effect of JQ1-mediated
enhancer inhibition in treating PVR.

Upon administering JQ1 via intraperitoneal injection, we observed
a moderate decrease in PVR membrane formation, but there was no
marked improvement in retinal detachment or vitreous hemorrhage
(Supplementary Fig. 5). However, the requireddaily dosageof 50mg/kg
resulted in significant side effects, as previously reported36, constrain-
ing its practical use. Furthermore, given JQ1’s limited water solubility, it
requires dissolution in DMSO34,37. Yet, even at minimal concentrations,
DMSO can induce retinal toxicity38. To circumvent the systemic side
effects and to provide an alternative to DMSO as a solvent, we for-
mulated a nanoemulsion tailored for the intraocular delivery of JQ1
(eNano-JQ1) (Fig. 3A). The eNano-JQ1was formulatedusing a low-energy
emulsification technique, employing tricaprylin as the oil phase and
PEG-40 hydrogenated castor oil as the emulsifier. Both components are
non-toxic and have been previously used in ocular applications39,40.
Nanoemulsion formulations were typically characterized based on
particle size distribution, polydispersity index (PDI) and zeta potential
measurement. Zeta potential is a key physical property of particles in
suspension, reflecting the surface charge that significantly affects their
stability and interactions41,42. Figure 3B illustrates the size distribution
and zeta potential measurements of the eNano-JQ1 after a ten-fold
dilution, with average sizes of 21.89 ±0.36 nm, and average zeta
potentials of −6.96 ± 1.36mV. The microstructural morphology, depic-
ted in Fig. 3C, displayed uniform spherical shapes and dispersion. The
average size and PDI remained consistent across 1–7 days, as well as
following a 10–200-fold dilution, indicating reliable storage stability
(Fig. 3D). Subsequent in vitro release studies, conducted seven days
post-synthesis, revealed that eNano-JQ1provided amore consistent and
sustained release than free JQ1, reaching a cumulative release rate over
80% (Fig. 3E).

Subsequently, we evaluated the safety of ophthalmic administra-
tion of eNano-JQ1. Optical coherence tomography (OCT) imaging
revealed thatboth the retinal structure and thickness remainednormal
after intraocular administration of vehicle and eNano-JQ1

(Supplementary Fig. 6A, B). Electroretinogram (ERG) analysis, used to
assess visual function, indicated no significant decrease in a-wave
(attributed to photoreceptor rods/cones) and b-wave (reflecting
function of inner retina, mainly Müller and bipolar cells) (Supple-
mentary Fig. 6C). Histological evaluations confirmed the retina’s
integrity (Supplementary Fig. 6D) and the TUNEL assay further
underscored the absence of notable cell death (Supplementary
Fig. 6E). Collectively, a seven-day slow-release intraocular administra-
tion of vehicle and eNano-JQ1 demonstrated a high safety profile.

We next evaluate the therapeutic potential of eNano-JQ1 in PVR
mouse model. As shown in Fig. 3F, OCT imaging confirmed
improved retinal thickness in the eNano-JQ1 group, with an absence
of proliferative membranes in elevated retinal region. Further his-
tological analysis revealed reduced vitreous blood accumulation,
clearer retinal structure, and fewer fibrotic-like lesions in the eNano-
JQ1 group compared to vehicle control. Utilizing established grad-
ing criteria, we found that eyes receiving eNano-JQ1 treatment dis-
played a milder PVR phenotype compared to those treated with
vehicle (Fig. 3G). The reduced αSMA expression in mouse eyecup
tissues (Fig. 3H) and its decreased localization in frozen mouse eye
sections (Fig. 3I) highlight the pronounced anti-fibrotic efficacy of
eNano-JQ1. The PVR membranes were notably thinner and less
widespread, with a more preserved retinal structure. Overall, our
results underscore the potent inhibitory effect of eNano-JQ1 on PVR
progression in mice.

Identification of the transcriptional regulatory network in PVR
Chromatin states are largely dictated by transcription factor-mediated
chromatin remodeling13. To identify key TFs involved in reshaping the
epigenetic landscapes in PVR,we assessed the enrichment of TFmotifs
within PVR-open regions. By integrating transcriptomic data, we pin-
pointed TFs that were upregulated during PVR progression. We iden-
tified 12 TFs whose binding motifs were enriched and their expression
was elevated in PVR RPE cells (Fig. 4A, B). TFs often interact with each
other to form regulatory networks and thus enhance transcriptional
activity43. We next mapped TRNs based on their interconnectivity
through binding motif and expression level (Fig. 4C). Notably, Nfatc1,
Tgif1, Rel, Creb5, Prdm1, Bach1 and Smad3 are TFs were discovered as
self-regulated TFs (Fig. 4D), which may work synergistically as ampli-
fiers to reinforce PVR-associated gene expression program. As shown
in Fig. 4E, the accessible region of Nfatc1 contains motifs of these TRN
TFs. The TGF-β signaling pathway is known to be instrumental in PVR
progression, and Smad3 inhibition can attenuate the disease’s
course44,45. Previous studies have highlighted RUNX1’s role in regulat-
ing cell proliferation andmigration,with its inhibitionmitigating PVR25.
Therefore, the discovery of these previously reported PVR-related TFs
validates the feasibility of our TRN analysis in identifying potential TFs
involved in PVR. Among the TFs pinpointed within the TRN TFs,
NFATc1 is notably recognized for its central role in modulating
immune responses and directing osteoclast differentiation46,47. Given
its undefined role in PVR, we aim to investigate the specific function of
NFATc1 in RPE cells during PVR progression.

Suppression of NFATc1 in RPE cells mitigates PVR progression
We first verified the expression of NFATc1 after PVR. BothmRNA and
protein levels of NFATc1 substantially increased in PVR (Fig. 5A, B).
Subsequent immunofluorescence assays on RPE cells, co-stained
with NFATc1 and the tight junction protein ZO-1, revealed that while
ZO-1 typically demarcates the regular hexagonal structure of heal-
thy RPE cells, its integrity is compromised post-PVR. Notably, the
fluorescence intensity of NFATc1 in PVR mice is markedly elevated,
with pronounced nuclear translocation (Fig. 5C and Supplementary
Fig. 7A). Importantly, we also observed an elevated expression of
NFATc1 in the RPE cells of TPVR patients compared to donors
(Fig. 5D). The clinical characteristics of these patients were detailed
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in Supplementary Fig. 7B. In response to external signals, NFATc1
can translocate from the cytoplasm to the nucleus, and subse-
quently activate downstream target genes46. We thus assessed the
expression of NFATc1’s target genes, including Mmp9 and Ctsk. As
showed in Supplementary Fig. 7C, the mRNA levels of these genes
were all increased post-PVR. Analysis of publicly available RNA-seq
data (GSE179603)26 revealed that NFATC1, MMP9, and CTSK in
human PVR membrane specimens were all substantially upregu-
lated at the RNA level (Supplementary Fig. 7D).

The elevated expression and transcriptional activity of NFATc1
in PVR promoted us to postulate whether its suppression
could slow PVR progression. Subretinal injection of recombinant
adeno-associated virus type 2/2 (rAAV2/2) has been well character-
ized and widely used for delivering therapeutic genes specifically to
RPE cells48,49. Thus, we engineered two rAAV2/2 vectors bearing
shRNA sequences against Nfatc1 (rAAV2/2-sh-Nfatc1) and assessed
their impacts on the progression of PVR (Fig. 5E). PVR mice treated
with rAAV2/2-sh-Nfatc1 exhibited a hazy fundus, small patches of
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hemorrhage, and fewer retinal folds, yet without noticeable retinal
detachment or extensive PVR membranes being detected through
OCT scans (Fig. 5F). Histological examination of eye sections showed
that silencing Nfatc1 inhibited the proliferation of the subretinal
membrane, and mitigated tractional damage to the retina, leading to
decreased PVR severity (Fig. 5G, H). Immunoblotting analysis showed
a marked reduction of NFATc1 total protein levels, validating NFATc1

knocking down efficiency. Concurrently, a decline in αSMA protein
expression indicates diminished fibrosis within ocular tissues
(Fig. 5I). Immunostaining of αSMA protein in mouse eye sections
revealed that post-administration of rAAV2/2-sh-Nfatc1, the thickness
and extent of the αSMA-positive region beneath the retina in PVR
mice were reduced, correlating with fewer retinal folds and a con-
fined area of retinal detachment (Fig. 5J, K). Collectively, these
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findings suggest that inhibiting NFATc1 specifically in RPE cells
mitigates PVR progression.

Blocking the RANK-NFATc1 axis alleviates PVR progression
RANK (Receptor Activator of Nuclear Factor κB) is a cell surface
receptor that, upon binding with its ligand RANKL, initiates a cascade
of intracellular signaling events, ultimately leading to the activation
and subsequent nuclear translocation of NFATc146,50. There was an
increase in chromatin accessibility in the upstream region of the
Tnfrsf11a (Rank) promoter, accompanied by elevated H3K27ac and
H3K4me1 marks in the PVR group compared to the normal controls
(Fig. 6A). Furthermore, the mRNA and protein levels of RANK were
both increased post-PVR (Fig. 6B, C). RANK is believed to potentiate
NFATc1 activation through themodulationof intermediarypathways51.
In line with this, phosphorylation of both p38 MAPK and p65 NF-κB
were elevated in PVR mouse (Fig. 6D). These observations collectively
suggest that the RANK pathway is activated during the progression
of PVR.

Osteoprotegerin (OPG) acts as a soluble decoy receptor that binds
to RANKL, preventing its interaction with RANK and thereby inhibiting
the RANKpathway52–54. Thus, we employedOPG-Fc to inhibit the RANK
pathway and examined its influence on PVR progression (Fig. 6E). We
first assessed the safety of intraocular administration of OPG-Fc. Fun-
dus imaging and OCT image showed consistent retinal structure and
thickness between the normal control and OPG-treated mice (Sup-
plementary Fig. 8A, B). ERG analysis further demonstrated similar
a-wave and b-wave amplitudes in both groups (Supplementary
Fig. 8C). Histological evaluations confirmed the retina’s integrity
(Supplementary Fig. 8D). Additionally, the TUNEL assay revealed no
elevated cell death in either the normal control or OPG-treated groups
(Supplementary Fig. 8E). These findings suggest that intraocular
administration of OPG is well-tolerated and safe.

SubsequentOCTscans andhistological evaluationsdemonstrated
that OPG-Fc treatment led to diminished anterior retinal hemorrhages,
fewer retinal fold formations, and reduced retinal detachment,
resulting in a lower severity score for PVR (Fig. 6F, G). Furthermore,
both immunoblotting and immunofluorescence assays highlighted a
decline in αSMA levels, indicative of attenuated intraocular fibrosis
post-OPG treatment (Fig. 6H–J). Collectively, these findings under-
score the protective role of inhibiting RANK, an upstream regulator of
NFATc1, against PVR progression.

Discussion
Previous studies have identified RPE cells as the primary cells impli-
cated in the progression of PVR7. In a healthy state, RPE cells are dif-
ferentiated and polarized, crucial for visual function and forming the
outer retinal barrier. However, post-ocular injury, these cells lose
polarity, migrate, proliferate, and undergo EMT, contributing to

extracellular matrix synthesis and the formation of characteristic PVR
membranes55. Epigenetic modifications, which include DNA methyla-
tion, histone modifications, and chromatin remodeling, are increas-
ingly recognized as pivotal regulators of cell fate decisions11. Previous
study indicates that inhibition of DNAmethylation andMeCP2, anDNA
methylation reader protein, suppresses the EMT of RPE cells and their
transdifferentiation into myofibroblasts56. Boles et al. shows that co-
treatment with TGF-β and TNF-α accelerates EMT in RPE cultures
derived from adult human RPE stem cells and identified potential
active enhancers linked to actively transcribed genes in these cells57.
Recent studies suggest that histone deacetylases expression is
increased in RPE cells exposed to TGF-β, and HDAC inhibitors can
attenuate TGF-β2-induced EMT55,58,59. Yet, many of these insights stem
from in vitro cell culturemodels, which do not fully capture the unique
in vivo environment where RPE cells reside during PVR progression. As
PVR advances, the surrounding microenvironment undergoes marked
alterations, with factors like inflammation, hypoxia, matrix modifica-
tions, various growth factors and cytokines profoundly impacting RPE
cell behavior5,10. Leveraging our optimized approaches for assessing
chromatin accessibility and multiple histone modifications in low
inputs of RPE cells, we conducted a comprehensive epigenomic ana-
lysis on primary RPE cells directly isolated from a PVR mouse model.
This multi-omics strategy allowed us to map the evolving chromatin
landscape that characterizes RPE cell fate transitions during PVR pro-
gression. Our data suggest that genomic regions gaining accessibility
post-PVR predominantly associate with pathways governing cell
migration, proliferation, and secretion. In contrast, regions losing
accessibility are enriched in genes essential for transport processes,
suggesting a potential loss of inherent RPE cellular functions as PVR
advances. Our findings further reveal that elevated enhancer activity
aligns with increased chromatin accessibility in RPE cells as PVR pro-
gresses, underscoring thepronounced activation of enhancers in these
cells. Collectively, these findings highlight genome-wide shifts in the
cis-regulatory domains of RPE cells during PVR, indicating that
dynamic epigenetic remodeling is instrumental in guiding RPE cell fate
transitions (Fig. 7).

Our transcriptomic analysis revealed that, following PVR, RPE
cells exhibited activation of numerous pathways associated with
disease progression. Notably, these cells showed enrichment in
pathways governing extracellular matrix organization, cytokine
production, and inflammatory responses, underscoring increased
fibrotic and inflammatory activities in PVR. In conjunction with these
transcriptomic data, we identified a pronounced correlation
between active chromatin states and the upregulated expression of
PVR-associated genes. By employing the BRD4 inhibitor, JQ1, we
targeted and suppressed active transcriptional enhancers. This
approach, unlike traditional strategies targeting singular genes or
pathways, offers a broader genomic modulation of PVR-associated

Fig. 5 | SuppressingNFATc1 inRPE slowsPVRprogression.ART-qPCR analysis of
Nfatc1 expression in primary RPE cells. n = 3 biologically independent experiments.
Data are represented as means ± SEMs. P =0.0188 was determined by two-tailed
unpaired T test. *P <0.05.BWestern blot analysis (left) and quantification (right) of
NFATc1 in eyecup tissues from normal and PVR mice. n = 3 samples. Data are
represented asmeans ± SEMs. P =0.0005was determined by two-tailed unpaired T
test. ***P <0.001.C Immunofluorescence stainingofNFATc1 inRPEflat fromnormal
and PVR mice. Scale bar: 20 μm. This was repeated at least three times indepen-
dentlywith similar results.D Immunofluorescence staining of NFATc1 and RPE65 in
human PVR membrane and donor eye sections. Scale bars: 20 μm. n = 4 samples.
Data are represented as means ± SEMs. P =0.0005 was determined by two-tailed
unpaired T test. ***P <0.001. E Schematic view of experimental strategy in the PVR
mousemodel. F Representative fundus imaging andOCT image of normal and PVR
mice treated with vector, rAAV2/2-sh-Nfatc1-1 (AAV-sh1) or rAAV2/2-sh-Nfatc1-2
(AAV-sh2). The pathological changes were indicated with black arrows. The retinal
foldsor tractional areawas circledwith yellowdotted lines, and PVRmembranewas
marked with an asterisk (*). G Representative H&E staining of eye sections from

mice with indicated treatment. The black dotted lines indicated pathological
changes, and PVR membrane was marked with an asterisk (*). Scale bar: 250μm.
H Quantification of PVR severity. n = 6, 7, 6, 7 samples, respectively. P =0.0006,
0.0087, 0.0017 were determined by two-tailed Mann–Whitney test. **P <0.01,
***P <0.001. I Western blot analysis (left) and quantification (right) of NFATc1,
αSMA in eyecup tissues fromnormal and PVRmice treatedwith vectors, AAV-sh1 or
AAV-sh2. n = 3 samples. Data are represented as means ± SEMs. For NFATc1,
P =0.0009, 0.0055, 0.0066 were determined by one-way ANOVA multiple com-
parisons test. For αSMA, P <0.0001, P =0.0005, P <0.0001 were determined by
one-way ANOVA multiple comparisons test. **P <0.01, ***P <0.001, ****P <0.0001.
J Representative immunofluorescent staining of αSMA in mouse eye sections. The
yellow dotted lines indicated the whole eye. The white dotted lines indicated PVR
membrane. Scale bars: yellow 100μm, white 20 μm. K Quantification of mean
fluorescence integrated density of αSMA. n = 6 samples. Data are represented as
means ± SEMs. P <0.0001, P =0.0001, P <0.0001 were determined by one-way
ANOVA multiple comparisons test. ***P <0.001, ****P <0.0001. Source data are
provided as a Source Data file.
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genes. To enhance the therapeutic efficacy, we encapsulated JQ1 in a
nanoemulsion and administered intraocular injection. This localized
drug delivery not only minimized side effects but also substantially
improved therapeutic outcomes. While surgery is the conventional
treatment for patients with ocular trauma5,60, the incorporation of
intraocular drug intervention during surgical procedures offers a
promising strategy to prevent PVR onset. This aligns with current
clinical protocols and paves the way for potential clinical
applications.

Through TRN analysis, we identified key TFs involved in the
dynamic changes of chromatin states during PVR progression,
including previously reported TFs such as Runx1 and Smad325,44,45.
Drawing fromour PVRmousemodel and further validatedwith clinical
patient samples, we confirmed the aberrant activation of the RANK-
NFATc1 pathway post-PVR. Targeted knockdown of NFATc1 in RPE
cells or the use of OPG-Fc, a specific antibody against RANKL, effec-
tively sloweddisease progression.Denosumab, amonoclonal antibody
that mimics the function of OPG in human, binds to and suppress
RANKL, inhibiting bone resorption61,62. Denosumab has been approved
by the FDA for the treatment of osteoporosis, prevention of skeletal-
related events in patients with bonemetastases fromsolid tumors, and
for patients with giant cell tumor of bone54. Given its mechanism of
action and established safety profile, our research indicates a pro-
mising avenue for repurposingDenosumab in the clinicalmanagement
of PVR.

Methods
Study approval
Our study conformed to the Declaration of Helsinki. The Ethical
Committee of Tianjin Medical University General Hospital approved
both the protocol pertaining to patient sample usage (IRB2023-KY-
307), and the conduct of all mouse experiments (IRB2023-DWFL-369)
in this study. The usage of control human samples followed the
approval of Ethics Committee of First Affiliated Hospital of Harbin
Medical University (2023JS35). Sex and/or gender are not relevant for
any findings in this study and were therefore not considered in our
study design, and participants was not determined based on self-
report nor assigned. Informed consent was obtained from all partici-
pants. Participants didnot receive compensation. Theguidelines of the
ARVO (The Association for Research in Vision and Ophthalmology)
Statement for the Use of Animals in Ophthalmic and Vision Research
were followed.

Animal models
Eight-week-oldC57BL/6Jmalemicewere purchased fromCharles River
(Beijing, China). Sex and gender are not relevant for any findings in this
study and were therefore not incorporated in the study design. Mice
were maintained under a 12-hour light-dark cycle at a temperature of
21–25 °C with humidity level between 30 to 70%, and were provided
unrestricted access to food and water. The mice were then randomly
designated into experimental groups. For the experimental PVR
model, mice were anesthetized with Isoflurane inhalations and then
received intravitreal injection of 0.02 U/μL Dispase® (10269638001,
Roche). PVR model was performed on one eye of each animal, desig-
nating the untreated contralateral eye as the normal control. This
approach ensured that each animal served as its own control, thereby
reducing variability. After seven days, fundus photography and optical
coherence tomography (OCT)werecarriedout usingMicroIV (Phoenix
Research Labs, USA). The eyes were later enucleated for subsequent
analysis. The severity of PVR observed was rated in accordance to the
grading criteria previously reported63.

Isolation of RPE cells
Primary RPE cells were procured following the established
protocol64,65. A brief reviewof the steps includes the euthanasia ofmice

throughCO2 asphyxiation, followed by immediate enucleation of eyes.
Posterior eyecups were collected in HBSS-H– buffer (10mMHEPES and
HBSS– (without Ca/Mg) buffer) on ice within 45min, and later incu-
bated in hyaluronidase solution (H3506, Sigma) at 37 °C for 30min.
Each eyecup was then transferred to another tube with 1.5mL of ice-
coldHBSS-H+ buffer (10mMHEPES andHBSS+ (with Ca/Mg) buffer) for
30min on ice to stop the hyaluronidase activity. Subsequent steps
included removal of the optic nerves and the detachment of the RPE-
choroid complex from the neural retina, with the detached complex
being incubated in trypsin (25200114, Thermo Fisher Scientific) at
37 °C for 30min. The digestion process was terminated by adding a
solution containing fetal bovine serum (FBS). Place the eyecup face
down and shake it. The detached RPE sheets were collected in 20% FBS
in HBSS-H+ buffer, followed by centrifugation at 340 g for 2min at
room temperature. The RPE pellet was re-suspended in 1mL of 0.05%
trypsin and 0.02% EDTA solution, incubated for one min at 37 °C, and
then the process was terminated with 9mL of solution containing FBS.
Primary RPE cells purity was observed using a light microscope and
immunofluorescence staining for the RPE cell marker RPE65 (Abcam,
Cat. #ab231782, Lot#1001368-30, 1:100dilution). The freshly prepared
primary RPE cells was used immediately for subsequent experiments.
For sequencing analyses such as ATAC-seq and RNA-seq, cells from
three animals were pooled for each replicate. For the ChIP-seq
experiments of histone modifications (H3K27ac, H3K4me1,
H3K4me3, H3K27me3, H3K9me3 and H3K36me3), cells from nine
animals were pooled for each replicate. Each sequencing experiment
was conducted in triplicate.

ATAC-seq and data analysis
A total of 20,000RPE cells were lysed in cold lysis buffer (10mMNaCl,
10mM Tris-HCl pH 7.4, 3mM MgCl2, 0.1% (v/v) IGPAL CA-630) for
20min on ice. The nuclei were collected by centrifuged at 500 g for
10min and re-suspend with 50μL reaction buffer (10 μL TruePrep
Tagment Buffer L, 3 μL TruePrep Tagment Enzyme, and 35μL ddH2O
from Vazyme, TD501) at 37 °C for 30min. After tagmentation, DNA
was purifiedwith QIAquick PCR Purification Kit (28106, QIAGEN). And
the DNA fragmentation was subjected to library preparation accord-
ing to the manufacturer’s instructions (TD501, Vazyme). The DNA
libraries were sequenced on Illumina platforms. The reads were
aligned to the M. musculus genome (mm9) by bowtie2 (v2.3.5.1). The
differential ATAC-seq peaks between the normal control and PVR
were identifiedusingHOMER, and annotatePeaks.pl fromHOMERwas
utilized to associate the peaks with genomic regions and nearby
genes. Using deepTools (v3.4.3), the ATAC signalswere visualized as a
heatmap.

Low-input ChIP-seq and data analysis
Low-input ChIP-seq was conducted following previous protocols, with
some modifications66. 100,000 cells were lysed in 19μL lysis buffer
(0.5% Tween-20, 0.1% SDS, 0.5% NP-40, and Protease Inhibitor Cock-
tail) for 10min on ice. Then, 19μL MNase buffer (2mMCaCl2, 100mM
Tris-HCl pH 8.0) containing 0.02 U MNase (N3755, Sigma) was added
and incubated at 37 °C for 5min. The reaction was terminated by
adding 5μL stop buffer (55mM EDTA, 110mM Tris-HCl pH 8.0) and
incubatedwith 45μL 2×RIPAbuffer (280mMNaCl, 0.1% SDS, 1%Triton
X-100, 5mM EGTA, 0.2% sodium deoxycholate, and Protease Inhibitor
Cocktail) for 10min on ice. Then the sample was centrifuged at
19,000g for 15min, the supernatant was collected and added with
40μL RIPA buffer (10mM Tris-HCl pH 8.0, 1mM EDTA, 140mM NaCl,
0.1% SDS, 1% Triton X-100, and 0.1% sodium deoxycholate). Immuno-
precipitation was performed using 1μg antibody of H3K27ac (Abcam,
Cat. #ab4729, Lot #GR3448944-1), H3K4me1 (Abcam, Cat. #8895, Lot
#GR3426435-2), H3K4me3 (Millipore, Cat. #05-745R, Lot #4070079),
H3K36me3 (Abcam, Cat. #9050, Lot #GR3382010-2), H3K9me3
(Abcam, Cat. #8898, Lot #GR3444658-1) or H3K27me3 (Abcam, Cat.
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#192985, Lot #GR3264827-11) with Dynabeads (10004D, Thermo
Fisher Scientific). Then beads were collected and washed with 150μL
RIPA buffer five times, followed by 150μL LiCl buffer (250mM LiCl,
10mM Tris-HCl pH 8.0, 1mM EDTA, 0.5% sodium deoxycholate, and
0.5% NP-40). The beads were re-suspended in buffer containing 29μL
of ddH2O and 20μg of proteinase K, and then subjected to shaking at
55 °C for 90min. The supernatant was collected and incubated at 72 °C

for 40min. The DNA was purified and followed by library preparation
according to the manufacturer’s instructions (ND607, Vazyme). The
DNA libraries were then sequenced on Illumina platforms. The reads
were aligned to the M. musculus genome (mm9) by bowtie2 (v2.3.5.1)
and SAMtools (v1.9)was used to remove duplicated reads.HOMERwas
used for peak calling, annotation, and motif enrichment analysis. The
deepTools (v3.4.3) was used to produce the BigWig files.
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RNA-seq and real-time quantitative polymerase chain reaction
(RT-qPCR)
Total RNAs were extracted from primary RPE cells using TRIzol
(15596018; Invitrogen), and the mRNA was used for RNA-seq library
construction. The librarieswere then sequencedon Illuminaplatforms.
HISAT2 (v2.1.0) was used to align reads to mouse reference genome,
and reads were counted using featureCounts (v1.6.0). DESeq2 algo-
rithmswere used to calculate geneswith differential expression. Genes
with fold changes of ≤ −2 or ≥2, adjusted P < 0.05 were considered as
significantly differentially expressed. For RT-qPCR, cDNA Synthesis Kit
(05081955001, Roche) was used to reverse transcribe RNA into cDNA.
SYBR-based RT-qPCR was performed to detect the mRNA expression

of Nfatc1, Mmp9, Ctsk, and Rank. The primer sequences are listed in
Supplementary Table 1.

Nanoemulsion (eNano-JQ1) preparation and characterization
Nanoemulsion loaded with JQ1 (eNano-JQ1) was synthesized using a
simple sonication method. Briefly, 15% tricaprylin, 58% PEG-40 hydro-
genated castor oil which serves as a surfactant, 26% ethanol which acts
as a co-surfactant were accurately weighed and mixed. When the
mixturewas sonicated until it fully dissolved, 1% of the JQ1 rawmaterial
was added and completely stirred to obtain the eNano-JQ1 (10mg/mL).
Dynamic Light Scattering (DLS) was used to measure the hydro-
dynamic diameter and polydispersity index (PDI) of the eNano-JQ1.

Fig. 6 | Suppression of the RANK-NFATc1 axis delays PVR progression. A IGV
track profiles of ATAC-seq, ChIP-seq of H3K27ac and H3K4me1 on Tnfrsf11a (Rank)
gene. B Western blot analysis (left) and quantification (right) of RANK in eyecup
tissues from normal and PVR mice. n = 3 samples. Data are represented as
means ± SEMs. P =0.0003 was determined by two-tailed unpaired T test.
***P <0.001. C RT-qPCR analysis of Rank expression in primary RPE cells from
normal and PVR mice. n = 3 biologically independent experiments. Data are
represented as means ± SEMs. P =0.0118 was determined by two-tailed unpaired T
test. *P <0.05. D Western blot analysis (left) and quantification (right) of phos-
phorylatedp38 andp65 in eyecup tissues fromnormal and PVRmice.n = 3 samples.
Data are represented as means ± SEMs. P =0.0059 for p-p38, P =0.0221 for p-p65
were determined by two-tailed unpaired T test. *P <0.05, **P <0.01. E Schematic
view of experimental strategy in the PVR mouse model. F Representative H&E
staining of eye sections frommice with indicated treatment (left). The black dotted
lines indicated pathological changes, and PVR membrane was marked with an

asterisk (*). Scale bar: 250μm.Quantification of PVR severity (right).n = 10 samples.
P <0.0001, P =0.0016 were determined by two-tailed Mann–Whitney test.
**P <0.01, ****P <0.0001.GRepresentative fundus imaging andOCT image ofmice.
The pathological changes were indicated with black arrows. The retinal folds or
tractional areawas circledwith yellowdotted lines, andPVRmembranewasmarked
with an asterisk (*). (H) Representative immunofluorescent staining of αSMA in
mouse eye sections. The yellow dotted lines indicated the whole eye. The white
dotted lines indicated PVR membrane. Scale bars: yellow 100μm, white 20 μm.
I Quantification of mean fluorescence integrated density of αSMA. n = 5 samples.
Data are represented as means ± SEMs. P =0.001, 0.003 were determined by one-
way ANOVAmultiple comparisons test. **P <0.01. JWestern blot analysis (left) and
quantification (right) of αSMA in eyecup tissues from normal and PVRmice treated
with vehicle or OPG-Fc. n = 3 samples. Data are represented as means ± SEMs.
P =0.0001, 0.002 were determined by one-way ANOVAmultiple comparisons test.
**P <0.01, ***P <0.001. Source data are provided as a Source Data file.
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Article https://doi.org/10.1038/s41467-024-51624-y

Nature Communications |         (2024) 15:7324 12

www.nature.com/naturecommunications


The Zeta potential was measured by ZetaPALS (Brookhaven Instru-
ments, USA) at room temperature. Transmission electron microscopy
(TEM) was used to assess the morphologies of the eNano-JQ1. Briefly,
the nanoemulsion was deposited on carbon-copper coated grids for
2min, and then stained with phosphotungstic acid solution, followed
by visualization using a high-resolution TEM (Hitachi HT7700, Japan).

Drug treatment
The protocol for systemic administration of the bromodomain-
containing protein 4 (BRD4) inhibitor entailed daily intraperitoneal
injections of JQ1 (HY13030, MedChemExpress) at a dosage of 50mg
per kilogram of body weight for a continuous period of seven days,
initiated immediately post-Dispase injection. For sustained intraocular
administration, 1mg/mL of eNano-JQ1 in 1 µL volumewas administered
intravitreally seven days prior and immediately post-Dispase injection.
For the gene therapy procedure, rAAV2/2 vectors, rAAV2/2-shNfatc1-
Mus-1 (GCCGCAGAACACTACAGTT, AACTGTAGTGTTCTGCGGC) and
rAAV2/2-shNfatc1-Mus-2 (GCTCAGAAACTCTGATAT, AATATCAGAGTT
TCTGAGC)were obtained fromPackGene Biotech (Guangzhou, China)
and were delivered via a subretinal injection containing 4.9 × 109 viral
genome copies in 1μL volume. Three weeks post-rAAV2/2 virus injec-
tion, mice received Dispase for model. For competitive blocking of
RANK, Osteoprotegerin (OPG)-Fc (459-MO, R&DSystems)was injected
intravitreally in 1 µL volume immediately post-Dispase injection. Three
eyes in each group were used for live fundus photography and OCT
analysis, then were enucleated for protein extraction. In eNano-JQ1
part, eight eyes were used for H&E stain, six eyes were used for
immunofluorescence assay. In NFATc1 gene therapy part, seven eyes
were used for H&E stain, six eyes were used for immunofluorescence
assay. In OPG-Fc part, ten eyes were used for H&E stain, five eyes were
used for immunofluorescence assay.

Western blot analysis
The eyes of mice were enucleated, followed by the removal of the
cornea, lens, and optic nerves. The neuroretina-RPE-choroid-sclera
complex (eyecup) tissues were lysed in RIPA buffer. Subsequently, it
was centrifuged at 13,000g for 20min at 4 °C. The total protein con-
centration in the samples was then quantified using the Nanodrop
(Thermo Fisher, USA). For comparative analysis, equal amounts of
protein were isolated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto PVDF membranes.
These PVDF membranes were then left to incubate with primary anti-
bodies overnight at 4 °C, which included α-SMA (Sigma, Cat. #A2547,
Lot #235414), NFATc1 (Abcam, Cat. #ab25916, Lot #GR3424521-2),
RANK (Abcam, Cat. #ab200369, Lot #GR224490-39), p38 (CST, Cat.
#8690, Lot #9), p-p38 (CST, Cat. #4511, Lot #13), p65 (CST, Cat. #8242,
Lot #16) and p-p65 (CST, Cat. #3033, Lot #19), 1:1000 diluted; Tubulin
(Utibody, Cat. #UM4003, Lot #A0220) and GAPDH (Utibody, Cat.
#UM4002, Lot #A0819), 1:2000 diluted. The western blots were finally
quantified using Fiji software (ImageJ v1.54f).

Histology and immunofluorescence
Mouse eyes used for histological analysis underwent fixation in 4%
PFA overnight at 4 °C, followed by paraffin embedding. Subse-
quently, an eight-micrometer section was utilized for H&E staining.
For immunofluorescence analysis, mouse eyes were processed to
fifteen-micrometer thick frozen sections. Briefly, the dried slices
were permeabilized with 0.3% Triton X-100, blocked with 2% BSA in
0.3% Triton X-100, and then incubated with α-SMA (Sigma, Cat.
#C6198, Lot #0000214427, 1:200 dilution). For the preparation of
RPE flats, the eyes were fixed in 4% PFA for 2 h, followed by removal
of the cornea and lens, and peeling of the neural retina from RPE-
choroid complex. These RPE flats were permeabilized with 1% Triton
X-100, blocked with 5% BSA in 0.5% Triton X-100 at 4 °C, and incu-
bated with NFATc1 (Abcam, Cat. #ab25916. Lot #GR3424521-2, 1:50

dilution) and ZO-1 (ProteinTech, Cat. #21773-1-AP, Lot #00129646,
1:100 dilution), followed by secondary antibodies (Jacksonimmuno,
1:200 dilution). Human PVR membranes and donor eyecups were
formalin-fixed for 30min, dehydrated with 30% sucrose overnight at
4 °C. After snap frozen, sections of 10 μm thickness were obtained,
and then immunofluorescence was performed using antibodies
against NFATc1 (Santa Cruz Biotechnology, Cat. #sc-7294, Lot
#H3022, 1:50 dilution) and RPE65 (Abcam, Cat. #ab231782, Lot
#1001368-30, 1:100 dilution). The analysis for all samples above was
performed under a confocal microscope (LSM-800, Carl Zeiss,
Germany).

Intraocular toxicity evaluation
Post 7 days of intraocular administration, the thickness of retinal layers
were evaluated through fundus and OCT images, utilizing the InSight
software. Three eyes in each group of normal control, vehicle, and
drug were used for live fundus photography and OCT analysis. After
that, eyes were enucleated for paraffin embedding. Electroretinogram
(ERG) measurement was conducted on the Celeris D430 rodent ERG
testing system (Diagnosys LLC, MA, USA), recording both dark adap-
ted a-wave and b-wave. Three eyes in each group were used for ERG
under dark adaptation, and thenwere enucleated for TUNEL assay. For
histological analysis, eyeswere enucleated to prepare paraffin sections
with H&E staining. For TUNEL assay on the eye frozen sections; it
involvedwashing the sections in PBS for 10min and incubating them in
a solution of 2% BSA and 0.3% Triton X-100 for 5min at room tem-
perature. For a positive control, incubated the normal control section
with DNase I (20U/mL) for 10min at room temperature. The assay was
performedwith TUNEL Apoptosis Assay Kit (T6014, UElandy, China) in
accordance with the manufacturer’s instructions. Finally, the nuclei
were stained with DAPI (blue). Sections from eachmouse were imaged
using a confocal microscope.

Statistics
The data reported from all studies represent the mean ± SEM across a
minimum of three independent experiments. Statistical analyses were
conducted using the T-test, One-way ANOVA, and Mann–Whitney
analysis, with the level of significance set at P <0.05. All statistical
analyses were performed using the GraphPad Prism software. More-
over, we conducted a Power analysis to ensure the statistical robust-
ness of our animal experiments67.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
TheATAC-seq, ChIP-seq andRNA-seqdata generated in this study have
been deposited in the Gene Expression Omnibus (GEO) database
under accession code GSE244812. The processed ATAC-seq, ChIP-seq
and RNA-seq data are available at GEO database (GSE244812). The
relevant rawdata fromeachfigure generated in this study are provided
in the Supplementary Information/Source Data file. The cited data
used in this study are available in the GEO database under accession
code GSE179603. Source data are provided with this paper.
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