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Background: In most cell types, replicative senescence (RS) is supposed to be a principle causative factor for aging. Atrial fibrosis,
pathologically characterized by proliferation of atrial fibroblasts (AFs) and excessive accumulation of extracellular matrix proteins, is
the most common substrate of atrial fibrillation (Afib) in the elderly. However, whether AFs’ RS develops in the aged and fibrotic left
atrium (LA) and, if yes, what is the key regulator for the pathogenesis of AFs’ RS remain largely unknown.

Methods: We obtained the left atrial tissues from young (6-8 weeks old) and aged (24 months old) C57BL/6 male mice. Screening
and validation of differential genes were performed using comparative analysis of RNA-seq results. Replicative senescence was
examined in primary AFs after cell passage. Further gain-of-function and loss-of-function experiments were performed to explore the
regulation of the AFs’ RS progression.

Results: In the present study, we demonstrated that there was a considerable extent of AFs’ RS in the aged and fibrotic LA.
Transcriptome screening showed that Ezh2 (Enhancer of zeste homolog 2) was significantly downregulated in the LA tissue of aged
mice. Ezh2 is a histone methyltransferase that catalyzes H3K27me3 and mediates transcriptional silencing. We confirmed that Ezh2
was downregulated in the isolated pure senescent AFs. Knockdown of Ezh2 by siRNA or inhibition of Ezh2's methyltransferase
activities by GSK-126 and GSK-343 accelerated RS in the early passage of AFs, while its overexpression deaccelerated RS in the late
passage of AFs. Mechanistically, Ezh2 suppressed CDKN2a (p16, pl19) and Timp4 gene transcription by forming canonical
H3K27me3 modifications in their promoter regions. Furthermore, the functional balance between Timp4 and MMP8 in AFs could
be collapsed by changes in Ezh2 expression.

Conclusion: These results thus indicate that Ezh2 is a key regulator of AFs” RS and this work may provide a basis for future
treatments for atrial fibrosis in the elderly.
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Introduction

Atrial fibrosis is a key substrate for the development of atrial fibrillation (Afib) and the severity of atrial fibrosis
progresses during aging.' Epidemiologically, aging is also the most important risk factor for Afib. Afib in the elderly
population is not only of high prevalence itself but also frequently associated with complications, like stroke, dementia,
and cardiovascular death and thus dramatically increases social health-care burden. Although not being thoroughly
clarified, development of atrial fibrosis in the aged atrium undergoes a similar but more chronic process as cardiac
fibrosis post-acute myocardial infarction and hypertension.” Atrial fibroblasts (AFs) are provoked by various stimulants
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like Ang-II, TGFp, inflammatory cytokines, and ROS, which undergo differentiation into myofibroblasts, proliferate,
migrate, and secret extracellular matrix (ECM) proteins. AFs play a fundamental role in maintaining the dynamic balance
of ECM synthesis and degradation in the atrium by adjusting the balance between tissue inhibitors of metalloproteinases
(Timp) and matrix metalloproteinases (MMP). Excessive deposition of ECM in the interstitial space between atrial
cardiomyocytes gradually results in atrial fibrosis, which disturbs normal cardiac electric conduction and finally causes
signal reentry and rotor leading to Afib.

Senescence is a gradually developed functional deterioration in living organism and is divided into developmentally
programmed senescence, stress-induced premature senescence, proteasome-inhibited senescence, and replicative senes-
cence (RS).** RS is a state of irreversible cell growth arrest with permanent loss of proliferation potential and is now
considered to be the principle driving force of organismal aging.>’ RS cells secrete large amounts of inflammatory
cytokines, chemokines, and matrix proteases, which is termed the senescence-associated secretory phenotype (SASP),
formation of so-called “inflammaging” microenvironment also contributes to the process of organismal aging. Moreover,
the ability of RS cells to maintain Timp-MMP balance is severely impaired.® In some extra-cardiac organs, RS inhibits
fibrosis, like satellite cells in the liver and skeletal muscle.

However, there has been few studies of the senescent process in AFs so far.” Some fundamental points of its
pathogenesis are not elucidated, and it is usually supposed that AFs’ senescence may promote the atrial fibrosis
progression. For example, whether AFs in the fibrotic and aged left atrium (LA) develop similar RS as other cell-
types do? If yes, what are the key pathogenetic regulator and the underlying mechanism of the RS? All these points
remain largely unknown.

In this study, we aimed to research AFs’ senescence and found that there was considerable extent of AFs’ RS in the aged
and fibrotic LA. We then screened from mice transcriptomics of old vs young LA tissue and found that Ezh2 (Enhancer of
zeste homolog 2) was significantly downregulated. Enhancer of zeste homolog 2 (EZH2) is a histone-lysine
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N-methyltransferase enzyme, using its SET domain to form di- and trimethylated versions of lysine residue 27 within histone
H3 (H3K27me3).'? Previous studies have shown that Ezh2 play an important role in cell differentiation with transcriptional
activations in some genes or repressions in others.'"'? Recent studies illustrated Ezh2 took part in the pathogenesis of
a number of age-related diseases, such as intervertebral disc degeneration, regenerative failure in pancreatic islet B cells and
osteoporosis.'>"'> Therefore, it is of great interest to explore whether EZH2 might be involved in the regulation of AFs’
senescence. We found that Ezh2 was down-regulated in both aged LA tissues and isolated senescent AFs. By establishing an
in vitro cellular model, we discovered that Ezh2 regulates the RS phenotypes of AFs. Finally, we explored the possible
mechanisms whereby Ezh2 regulates CDKN2a and Timp4 gene transcription through forming canonical H3K27me3
modifications in the corresponding promoter regions. Our study reveals that Ezh2 functions as a key regulator for AFs’
RS and this work may provide a therapeutic target against age-related atrial fibrosis and the subsequent Afib.

Materials and Methods

Animals Studies

Young (6-8 weeks old) and aged (24 months old) C57BL/6 male mice were used for the experiments. The study was
approved by the ethical review committee of Xinhua Hospital at SITUSM (approval number: XHEC-NSFC-2019-382).
All procedures were conducted in compliance with both the Guide for the Animal Care and Use Committee of Xinhua
Hospital and the guidance for the care and use of experimental animals published by NIH (the 8th Edition, NRC 2011).

Echocardiographic Measurements of the Left Atrium (LA)

Mice were anesthetized by 2% isoflurane inhalation and were placed on a heated pad to keep 37 °C body temperature prior to
echocardiography examinations (15 MHz transducer; Vivid 7, GE Healthcare). The LA dimensions, LV end-systolic and end-
diastolic dimensions, ejection fraction (EF), and fractional shortening (FS) were measured from M-mode images guided by
a parasternal long-axial 2-dimensional view.'® The sonographer was blinded to the information of mice.

Isolation and Culture of AFs

The primary AFs were isolated from young mice and cultured (37 °C and 5% CO,) in DMEM containing 10% fetal calf
serum and 100 U/mL penicillin/streptomycin, as described previously.'” The isolated AFs were seeded at a density of
10%/6-well dish on day-0, took about 4~6 h to get attached to the bottom of the cultural dish, further proliferated
profoundly and reached 90~100% confluent on the next day-1 were termed and harvested as PO. On day-1, a part of cells
was passaged for the first time with trypsin digestion, proliferated and became 80~100% confluent on day-4 were termed
and harvested as P1. Then, a part of cells was passaged for the second time, proliferated and became 70~90% confluent
on day-9 were termed and harvested as P2. Thereafter, P2, cell proliferation was totally and irreversibly ceased, but they
still kept alive for further 3~4 days until day-12 when they reach the dead end of RS. If the cells at day-9 (P2) were
further passaged for the third time the cells could not be attached and grow anymore.

Histology and Tissue Immunofluorescence

LA tissues from mice were fixed with 4% phosphate-buffered formalin for 24 h, paraffin embedded, serial sectioned at
S5uM thick, deparaffinized, stained with Masson’s trichrome staining kit (HT15 Trichrome Staining Kit; Sigma-Aldrich),
sealed and stored at 4°C. Immunofluorescence was performed on deparaffinized sections using primary antibodies:
vimentin (Abcam, ab8978, 1:200), CDKN2A/p16INK4a (Abcam, ab211542, 1:200) and p21 (Abcam, ab188224, 1:200).
Then, the sections were incubated with secondary antibodies Alexa Fluor 594-AffiniPure Donkey Anti-Rabbit IgG (H+L)
(Yeason, 34212ES60, 1:300) or Alexa Fluor 488-AffiniPure Donkey Anti-Mouse IgG (H+L) (Yeason, 34106ES60,
1:300). DAPI was used to stain the nuclei.

Cellular Immunofluorescence
For cellular immunofluorescence analysis, primary cultured AFs were fixed in 4% paraformaldehyde for 15 min and
permeabilized with 0.1% TritonX-100 in PBS for 10 min. After blocking with 5% BSA for 1 h at room temperature, the
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cells were incubated with mouse antibody against H3K27me3 (ABclonal, A16199, 1:200), vimentin (Abcam, ab45939,
1:200), CDKN2A/p16INK4a (Abcam, ab211542, 1:200) and p21 (Abcam, ab188224, 1:200) at 4 °C overnight, rabbit
normal IgG (Abcam, ab6702) was used as negative control. The cells were then incubated with Alexa Fluor 488-
AffiniPure Donkey Anti-Mouse 1gG (H+L) (Yeason, 34106ES60, 1:300), Alexa Fluor 594-AffiniPure Donkey Anti-
Rabbit IgG (H+L) (Yeason, 34212ES60, 1:300) and DAPI at room temperature for 1 h.

Senescence-Associated (-Galactosidase (SA-B-gal) Staining
For SA-B-gal staining, we used senescence [-gal staining kit (Cell Signaling Technology, #9860; USA) according to the
manufacturer’s instructions.

Adenovirus

Mouse full-length Ezh2 (NM_007971; 2241bp) cDNA sequence was cloned into the pAdM-FH vector and packaged into
adenovirus particles (Adv-Ezh2) with a titer of about 1.26 x 10'© PFU/mL under technical support from Hanbio
(Shanghai, China). For infection, AFs at 60—70% confluency at day-6 were used at a viral dose based on the multiplicity
of infection (MOI) of the fibroblasts (=100). Infected cells were harvested at day-9 (P2).

RNA Interference

Three small-interfering RNA (siRNA) designed and synthesized against Ezh2 are GGATAATCGAGATGATAAA (si-Ezh2
-1), GCTGAAGCCTCCATGTTTA (si-Ezh2-2), and CATCGTAAGTGCAGTTATT (si-Ezh2-3; RiboBio, Guangzhou,
China). When the cells seeded in 6 c¢cm dishes reached 40~60% confluence, 100nM siRNA was transfected with
Lipofectamine 3000 (Invitrogen) in accordance with the manufacturer’s protocols. The cells were harvested for evaluation
of knockdown efficiencies and for other assays 72 h after transfection.

Quantitative Real-Time PCR

Total RNA was extracted from LA tissues or cultured AFs using TRIzol Reagent (Takara, Cat# 9109), according to the
provided manual instructions. cDNA was synthesized from 1000 ng total RNA using the Prime-Script ™ RT Master Mix
(Takara; Cat# RR036A). SYBR qRT-PCR was performed using Takara SYBR mix (Takara, SYBR Premix Ex Taq II,
#RR820A) and normalized to GAPDH expression. The sequences of the primers synthesized by Sangon Biotech
(Shanghai, China) are shown in S-Table 1.

RNA Sequencing Transcriptome Analyses

Total RNAs were extracted individually from LA tissues of young (68 weeks old; n = 3) and aged (24 months old; n =
3) mice using TRIzol (Takara, Cat# 9109), followed by RT. cDNA sequencing was carried out on a sequencer
(BGISEQ500) by Weihuan Biotech. Co., Ltd. (Shanghai, China). DEGs were identified through log2 |fold change|
>(0.7 as well as p-values (<0.05), followed by GO and KEGG analysis.

Cleavage Under Targets and Tagmentation (CUT&Tag) Assay

The CUT&Tag, a novel method to profile histone modifications, can quickly obtain high resolution and low background
chromatin components.'® AFs harvested from mice were prepared with Hieff NGS® G-Type In-Situ DNA Binding
Profiling Library Prep Kit for Illumina® (Yeason, China) under the manufacturer’s instructions. An H3K27me3 antibody
(Cell Signaling Technology, #9733) was used to pull down protein-DNA complexes and rabbit normal IgG (Abcam,
ab6702) was used as negative control. The DNA fragments were extracted, amplified by PCR and sequenced using
specific primers (S-Table 2).

Western Blotting (VVB)

Protein samples were prepared from mice LA tissues or from cultured AFs. An equal amount of protein (10~40 pg) was
resolved by SDS/PAGE and transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk in
TBST (Tris-HCI buffered saline supplemented with 0.05% Tween-20) for 2 h at room temperature and then incubated
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with primary antibodies against Ezh2 (Abclonal, A11085), H3K27me3 (CST, #9733S), Timpl (Abcam, ab179580),
Timp2 (Abcam, ab180630), Timp3 (Abcam, ab39184), Timp4 (Abclonal, A6416), MMP1 (Abcam, ab137332), MMPS§
(Abcam, ab53017), MMP13 (Abcam, ab39012), p16 (Abcam, ab211542), p19 (Abcam, ab80), p21 (Abcam, ab188224),
collagen-1 (Abcam, ab254113), collagen-III (Servicebio, GB111323), or GAPDH (Servicebio, GB11002) at 4°C over-
night. GAPDH was utilized as an internal control. The membranes were then incubated with secondary antibodies
conjugated with horseradish peroxidase (Sigma-Aldrich) for 1 h at room temperature followed by triplicate washing out
with TBST. The signals were revealed by enhanced chemiluminescence ECL (Thermo Scientific) on a Gel Imaging
System (GE, AI600) and were quantified by densitometry software (Image J).

Statistical Analysis

Data were analyzed in SPSS 19.0 statistical software or GraphPad Prism 8.0 and presented as mean + SD. Two-tailed
Student’s tests were used for two-group comparisons. ANOVA followed by post hoc Tukey’s test was used for multiple-
group comparisons. A value of p<0.05 was regarded as statistically significant.

Results
Age-Induced Fibrosis and AFs’ RS in LA

Previous studies reported that the aged LA had two obvious remodeling in structure: enlarged cavity and fibrotic
wall.'”% We therefore first in this study confirmed these two changes in mice. On echocardiography, aged mice (24
months old) showed significantly enlarged LA as compared with young mice (6—8 weeks old; Figure 1A). As identified
by Masson’s trichrome staining, the severity of LA fibrosis remarkably increased from 0.81 & 0.08% to 7.76 + 1.04% in
the aged mice (Figure 1B). WB results showed that both collagen-I and collagen-III were upregulated to near 3 folds in
the aged LA tissues. Thus, we confirmed the previous results (Figure 1C).

To elucidate whether the RS of AFs develops in the aged and fibrotic LA in vivo, we checked the expressions of
vimentin, p16 and p21. Their expressions identified by immunofluorescence were all intensified in the fibrotic areas in the
aged LA, where vimentin was highly colocalized with either pl16 or p21 (Figure 1D), indicating an accumulation of
senescent AFs around the fibrotic areas. WB of the aged LA tissues also illustrated upregulations of all three proteins
(Figure 1E). These results demonstrated that there is a considerable extent of AFs’ RS in the aged and fibrotic LA. AFs’
RS may contribute to the pathogenesis of age-related atrial fibrosis.

Ezh2 as a Potential Regulator in Age-Induced AFs’ RS

What are the underlying regulating molecules and mechanisms in the pathogenesis of AFs’ RS in the aged LA remain
largely unknown. Here, we explored them by comparing transcriptome signatures between young and old LA tissues in
mice. We obtained 1866 (945 up; 921 down) differentially expressed genes (DEGs; a log, |fold change| >0.7; p<0.05)
(Figure 2A). Heatmap illustrated the hierarchical clustering of all the DEGs between two groups using the Spearman
correlation coefficient (Figure 2B). GO analysis demonstrated that the top five most regulated Biological Process were
“covalent chromatin modification”, “negative regulation of cell cycle”, “aging”, “collagen metabolic process” and
“replicative senescence”. “Extracellular organelle” and “collagen trimer” were ranked the top two most significantly
changed Cellular Component. Top three items for Molecular Function were “extracellular matrix structural constituent”,
“transcription compressor activity” and “histone binding” (Figure 2C). Aged LV tissues appeared to mainly have altered
Cellular Processes and Molecular Functions related to transcription regulations and ECM proteins.

By further GO (functional processes) overlapped analysis, we found that Ezh2 (the enhancer of zeste homolog 2),
and a core component of Polycomb repressive complex 2 (PRC2), was significantly downregulated in the aged LA
(0.56-fold; Figure 2D). As a histone methyltransferase, Ezh2 catalyzes the addition of methyl groups to histone H3 at
lysine 27 (H3K27me3) by using the cofactor S-adenosyl-L-methionine and ultimately results in transcriptional
repression.

Validation WB results showed that Ezh2 was indeed downregulated in either aged LV tissues (Figure 2E) or in
isolated pure senescent AFs (Figure 2F).
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Figure | Age-related LA fibrosis in mice. Both young (6~8 weeks) and aged (24 months old) mice were received echocardiography examinations, followed by harvesting of
LA tissues for Masson trichrome, WB, immunofluorescence staining or isolation of AFs. (A) Representative echocardiographic images of LA dimension and their quantitative
analyses. n=6. (B) Representative images of Masson trichrome staining of LA sections and their quantitative analyses. n=6. bar=50um. (C) Representative WB images and
their densitometry analyses of collagen-I and collagen-IIl protein expressions in LA tissues. (D) Representative immunofluorescence images of LA sections stained with DAPI,
vimentin, pl6 and p2| as indicated. bar=50um. (E) Representative WB images and their densitometry analyses of vimentin, pl6 and p2| protein expressions in isolated pure
AFs. n=6. Data are presented as mean * SD. #p<0.001.

Downregulation of Ezh2 in a RS Model of AFs

We thus hypothesized that Ezh2 regulates the AFs’ RS progression. Based on our experience, the primary culture of
isolated AFs from young mice usually undergoes a rapid RS and after reaching a maximal two passages cell proliferation
ceases completely. Next, we designed an AFs’ in vitro model to study Ezh2's regulatory functions on their RS
progression (see detailed descriptions in Materials and Methods; Figure 3A).

We found that the activity of SA-B-gal got stepwise increases from PO to P1 and from P1 to P2 (Figure 3B and C),
indicating this cellular model is reliable. Compared with PO, Ezh2's transcription and translation were gradually
downregulated in P1 and P2 cells (Figure 3D and E). For CDKIs (p16, pl19, p21), stepwise upregulations of both
transcriptions and translations were observed in P1 and P2 cells (Figure 3E and F). Of the three CDKIs, we further
confirmed pl6 and p21's upregulations by immunofluorescence (S-Figure 1). In addition, four SASP genes (IL-1a, IL-
1B, IL-6, MCP-1) were found to be transcriptionally activated in P2 cells (Figure 3G). On the other hand, previous study
reported that typical AF’s RS has classic features, ie an increased expression of vimentin and the well-organized
structure of the vimentin filaments.>' We therefore further performed immunofluorescence of vimentin and the results
were in line with our expectations (S-Figure 2). These results indicate that Ezh2's downregulation is implicated in
AFs’ RS.
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Figure 2 Transcriptome analyses reveals Ezh2 is a potential regulator of age-related LA fibrosis. Total RNA were extracted from mice LA tissues and reversely transcribed
to cDNA for RNA-Seq. (A) Volcano plots revealed that 945 of DEGs were up-regulated (log, fold change >0.7; p<0.05; red dots) and 921 down-regulated (log, fold
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overlap of GO terms as indicated, and Ezh2 gene was chosen. (E and F) Down-regulated level of Ezh2 was validated by WB of either mice LA tissues (E) or isolated pure
AFs (F). Representative WB images of Ezh2 and their densitometry analyses. n=6 mice. Data are presented as mean + SD. #p<0.001.

Knockdown of Ezh2 Accelerates RS in Early Passage of AFs

As described above, Ezh2 were down-regulated in P2 cells, and we next examined whether knockdown of Ezh2 from P1
could accelerate RS? P1 cells on day-1 were transfected with three kinds of siRNAs against Ezh2 and on day-4 (P1) the
most effective si-Ezh2-2 was selected out by WB (Figure 4A and B). si-Ezh2-2 was shown to decrease Ezh2's
transcription to 16.80% of the scramble siRNA’s (Figure 4C). Thereafter, all experiments were performed with si-
Ezh2-2. Ezh2 silence increased SA-B-gal activity (Figure 4D), up-regulated CDKIs at both mRNA and protein levels
(Figure 4E and F), and activated SASP genes transcription (Figure 4G). Consistently, Ezh2 silence increased immuno-
fluorescence of vimentin (S-Figure 3A). In other words, these data indicated that knockdown of Ezh2 could induce RS
phenotypes in the early passage of AFs.

Overexpression of Ezh2 Deaccelerates RS in Late Passage of AFs

Next, whether the overexpression of Ezh2 by Adv-Ezh2 could retard the RS progression? In Adv-Ezh2 infected AFs,
Ezh2 were upregulated for 2.88 + 1.04 folds as identified by qRT-PCR and for 2.60 + 0.49 folds as shown by WB
(Figure 5SA—C). Ezh2 overexpression decreased SA-B-gal activity (Figure 5D), the mRNA and protein levels of CDKIs
(Figure 5C and E) and repressed transcriptions of the SASP genes (Figure 5F). Also, Ezh2 overexpression decreased
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Abbreviation: ns, no significance.

immunofluorescence of vimentin (S-Figure 3B). These data suggest that Ezh2 upregulation in late passage AFs retarded
senescence phenotypes development.

Associations of Ezh2 Expressions or Its Methyltransferase Activities with H3K27me3

Levels
Whether Ezh2 expression level is closely related to the functional levels of H3K27me3 in AFs? As described above,
Ezh2 expression was down-regulated naturally in P2 cells, was silenced by si-Ezh2-2 in P1 cells, and was up-regulated in
P2 cells by infection of Adv-Ezh2. Consistently, we found that the levels of H3K27me3 were changed in similar trends as
Ezh2 did under three situations (Figure 6A—E). In detail, P2 cells with down-regulated Ezh2 was associated with
a decreased level of H3K27me3 in WB (Figure 6A). In P1 cells with silenced Ezh2 had decreased level of
H3K27me3 in both WB and the immunofluorescence (Figure 6B and C). Meanwhile, in P2 cells with overexpressed
Ezh2 had increased level of H3K27me3 in both WB and the immunofluorescence (Figure 6D and E). These results
indicate that H3K27me3 levels in AFs were completely and proportionally determined by Ezh2 expression levels.
Furthermore, previous studies have reported that Ezh2 inhibitors, GSK-126 and GSK-343, suppressed Ezh2 methyl-
transferase activity and thus decrease H3K27me3 levels without interference on Ezh2 expression.”” Therefore, we further
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Abbreviation: ns, no significance.

checked H3K27me3 levels after treatment of P1 cells with either GSK-126 or GSK-343 (Figure 7A). As expected, the
cells treated had no effect on Ezh2 expression, while H3K27me3 expression was significantly reduced as identified by
both WB (Figure 7B) and immunofluorescence (Figure 7C). These results further indicate that H3K27me3 levels in AFs
were closely related to Ezh2's methyltransferase activities.

In addition, Ezh2 inhibition had similar effects as above si-Ezh2-2 on SA-B-gal activities (Figure 7D), the mRNA and
protein levels of CDKIs (Figure 7E) and activated transcription of the SASP genes (Figure 7F). Taken together, these
results show that Ezh2 induces RS phenotype mainly through its methyltransferase activity.

H3K27me3 is Enriched in Both CDKN2A and Timp4 Gene Promoter Regions

To further study the underlying mechanism by which H3K27me3 marks regulates RS phenotypes, we performed
CUT&Tag assay for the detection of H3K27me3 deposition in AFs at the genome-wide level, given its higher sensitivity
as compared with ChIP-seq. First, we analyzed the distribution of H3K27me3-binding peaks within the genome that was
classified into functional categories analysis, the results showed that 34.25% genomic regions with specific enrichment of
H3K27me3 locate in the promoter regions in AFs (Figure 8A), indicating that H3K27me3 is certainly involved in the
regulation of transcriptional process.

Journal of Inflammation Research 2022:15 hetps: 4701

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

#
A D Adv-Ctl Adv-Ezh2 o 80 [ —
+Adv B - ;& ¥} G "g)
@ Dead B ) 3 ‘f) 2 60
End } j o at e | 3
} } } } ! N - L 2
Day-1 Day-4 Day-6 Day-9 Day-12 B DY S — 40
e, e Tae. @ U 2l S
72h Lo - ” Pl . U
A" aad- . ». P b <¢-L 20
At L TN " % 1%}
RO~ B w7,
Adv  Adv
B C -Ctl -Ezh2
57 * Adv-Ctl _ Adv-Ezh2 4- # 1.5 # 1.5 4 2.0 "
Iﬁ ‘ L | —
< - _ . T ole T d T
z [a) 1.0+ 1.04 2
2] I ; ; : 11
& o o[ ] ] .| @ 0 o9
N P : - N © 0.5 © 0.5- S
N Y ~ N
i 21 1 14 % o 2 0.5
1 p21 l H
= GAPDH -3 (1] 0.0 0.0- 0.0-
Adv  Adv ————— |kDa Adv  Adv Adv  Adv Adv  Adv Adv  Adv
-Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2
1.5+ 1.5+ 1.5 1.5 4 154 * 154 1.5 *
r
# * * % # #
— | — [ — L —
1.0- 1.04 1.04 1.04 1.0 1.0 < 1.0
< < o
3 5 g ; 3 5 z ||
o o O o o o €
E E £ Eos Eos E o5 <05
© 0.5- @ 05+ 5 054 305 @ 054 © %51 o 05+
a a o 4 & 2 m g
0.0 0.0 0.0 0.0 0.0 0.0 0.0
Adv  Adv Adv  Adv Adv  Adv Adv  Adv Adv  Adv Adv  Adv Adv  Adv
-Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2 -Ctl  -Ezh2
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To further confirm the distribution pattern of the peaks, we analyzed the histone mark reads distribution across
transcriptional start site (TSS; +3.0 Kb) genome wide and found that H3K27me3 enrichment peaked at TSS regions
(Figure 8B).

As CDKIs’ significant roles in the progression of RS phenotype and Timps’ function in atrial fibrosis,”* we next analyzed
the enrichment of H3K27me3 at the CDKN1a, CDKN2a and Timp1~4 genes’ promoters. As a result, the enrichments were
found in CDKN2a and Timp4 genes (Figure 8C), but not in CDKNIla gene and Timpl~3 genes (S-Figure 4). We further
designed specific primers pairs for the binding sites of Ezh2 on the promoter regions of these three genes and performed PCR
using the CUT&Tag products as templates to testify whether we can obtain the anticipated size of DNA fragments. The
results specifically verified our anticipations (Figure 8D). These results indicate not only that our CUT&Tag assay results
own high reliability but also that the underlying mechanism by which H3K27me3 marks regulates RS phenotypes is
specifically related to the regulation of CDKN2a (p16 and p19) and Timp4's transcriptions.

We further assessed the changes in four Timps and three collagenase-typed MMPs in our RS model of AFs. Of the
four Timps, only was Timp4 significantly upregulated in both mRNA and protein levels (Figure 8E and F). Of the three
collagenases, only was MMPS significantly down-regulated (Figure 8F). Surprisingly, these results indicate an imbalance
of Timp4-MMPS in senescent AFs. This imbalance may contribute to fibrotic accumulation of ECM, ie decreased

proteolysis and increased collagen deposition.
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Figure 6 Changes in H3K27me3 Levels in our RS models (A), after Knockdown of Ezh2 (B and C), and Overexpression of Ezh2 (D and E). (A) Representative WB images
of H3K27me3 using SDS-protein samples of above Figure 3 and its densitometry analyses (n=6). (B) Representative WB images of H3K27me3 using SDS-protein samples of
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immunofluorescence images of H3K27me3 (green) expression in cells manipulated as above Figure 5. bar=100um. Data are presented as mean + SD. #p<0.001.
Abbreviation: ns, no significance.

Either Knockdown or Inhibition of Ezh2 Causes Imbalance of Timp4-MMP8

Whether the imbalance of Timp4-MMPS is resulted from Ezh2? As shown in S-Figure 5, either knockdown of Ezh2 by
Si-Ezh2-2 or inhibition of Ezh2 by GSK-126 or GSK-343 exacerbated the Timp4-MMP8 imbalance in P1 cells.
Meanwhile the overexpression of Ezh2 by Adv-Ezh2 partially alleviated the Timp4-MMP8 imbalance in P2 cells
(S-Figure 5). The results suggest that either knockdown or inhibition of Ezh2 exacerbates the Timp4-MMP8 imbalance
in P1 cells.

Discussion
In the present study, we demonstrated for the first time that there is a huge extent of AFs’ RS in the aged and fibrotic LA
and clarified the role and mechanism of Ezh2 in AFs’ RS through the following findings: 1) Ezh2 expression decreased
during RS process both in vitro and in vivo; 2) knockdown of Ezh2 expression or inhibition of Ezh2 methyltransferase
activity in early passage AFs induced RS phenotype; 3) Overexpression of Ezh2 in late passage AFs alleviated the
senescent phenotype; 4) repressive H3K27me3 marks were enriched at both Cdkn2a and Timp4 gene promoter regions.
After Ezh2 was selected from our RNA-seq results, we found that it has a brother Ezh1, which puzzled us for a time
whether we needed to simultaneously research them both in this study. We further found they are quite different in
expressions and functions. For expressions, Ezhl is ubiquitously expressed and thus is probably irrelevant to the
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Abbreviation: ns, no significance.

senescence, whereas Ezh2 is expressed in the proliferating cells.** Based on our results, we postulated that Ezh2 is
expressed in proliferative AFs within non-regenerative adult organs, like LA. We verified its expression in both aged LA
tissues and isolated aged AFs. Compared with aged AFs, Ezh2 is expressed abundantly in young AFs. For functions, both
Ezh1 and Ezh2 are core components of PRC2 and can separately assemble other components to form PRC2-Ezh1 and
PRC2-Ezh2 complexes. Margueron et al reported that PRC2-Ezh2 catalyzes H3K27me2/3 and its knockdown reduces
global H3K27me2/3 levels, while PRC2-Ezh1 performs this function weakly.”* Therefore, although Ezh1 and Ezh2 share
some of the downstream target genes, PRC2-Ezhl exerts its inhibitory effect directly through other signal pathways
independently of H3K27me3, while PRC2-Ezh2 exerts its inhibitory effect dependently on H3K27me2/3. Therefore,
only Ezh2 was finally chosen in this study.

So far, most studies have focused on cardiac fibrosis of the ventricles, in which cardiac fibroblasts rather than AFs are
used since access to the former is easy from a bulk volume of the ventricular walls. Even so, that the effects of cardiac
fibroblasts’ senescence on the cardiac fibrosis are promotional or inhibitory are still inconclusive.”” Meyer et al found that
Trp53~ Cdkn2a ™~ mice displayed aggravated cardiac fibrosis after transverse aortic constriction compared with wild-
type controls.?® In contrast, Zhu et al reported that p53~ mice showed less accumulated senescent cardiac fibroblasts
and less infiltrated macrophages with less released levels of MMPs, but more collagen deposition after myocardial
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Abbreviation: ns, no significance.

infarction.?” How do we explain these seemingly contradictory observations? Actually, the senescence has different types
and in each type it has different development phases.”® For premature senescence of the cardiac fibroblast, pro-mitogenic
stimuli trigger cell proliferation before inducing irreversible cell-cycle arrest and in most cases that is a short-term
process but an important characteristic. Also, that is considered to be a repairing ability of the body to minimize the
extent of cardiac fibrosis.”” However, for RS, the proliferation ability of cells gradually declined during the long term
until reaching a stable and irreversible cell cycle arrest.*®

So far, there have been few studies for AFs’ RS in which there has been no report about Ezh2's role. Therefore, we
adopted an in vitro AFs’ RS model to simulate the long-term aging process of AFs’ RS in vivo and found that Ezh2 was
consistently down-regulated in aged atrial tissue and in isolated pure senescent AFs as well as in in vitro model. We
conclude that Ezh2 is a key regulator of RS, as shown in Graphical Abstract.

Mechanistically, we found that Ezh2-mediated H3K27me3 modification in the promoter regions of CDKN2a and
Timp4 genes potentially regulate the development of RS. MMPs and Timps are classically key regulators of ECM
turnover during the development of atrial fibrosis.>' The ability to restore levels of collagen turnover to those
observed in younger individuals may serve as a clear path toward ameliorating age-related fibrotic disease.*” In
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reality, however, the complicated functions of Timps and MMPs leave us with a lack of understanding of the tight
balance between the two groups.>® On the one hand, as the endogenous inhibitor of MMPs, each Timp can inhibit
multiple MMPs in vitro, little is known about the specific regulation process in vivo.** On the other hand, both Timps
and MMPs have functions beyond regulating ECM homeostasis.***> These underlie some intertwined and compli-
cated regulatory networks that render them both to be difficult targets for therapeutic intervention. Timp4, also known
as cardiac-type inhibitor of MMPs, appears to be the least studied among the four members, and therefore its role in
regulating ECM proteolysis is still not fully elucidated.®® A handful of studies have suggested that the imbalance
between Timp4 and MMPs occurred during the long-term process of remodeling post-myocardial infarction,*® heart
failure,”” and myocardial ischemia-reperfusion injury.*®*° All of these studies showed that Timp4 were down-
regulated, whereas MMPs were upregulated in diseased hearts over days to months.*® The differences between our
results and previous reports may be due to different cell type and experimental conditions.>* In other words, the
regulatory role of Timp4 in aging process remains to be further elucidated.

Our study has two major limitations. First, we did not explore the regulatory role of Ezh2 in the process of atrial
cardiomyocytes’ senescence. Second, our study was mainly performed in an in vitro model. Next in vivo study is already
scheduled to establish Ezh2 conditional knockout mice. However, these limitations should not lower our expectation that
restoring the levels of H3K27me3, even partially, in senescent AFs will be potentially beneficial for the treatment of age-
related atrial fibrosis.

Conclusion

As shown in Graphical Abstract, this study identified that Ezh2 play a key inhibitory role in RS development by
enhancing H3K27me3 levels in the promoter regions of CDKN2a and Timp4 genes in atrial fibroblasts. These findings
provide reference for research on age-related atrial fibrosis.
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