Int. J. Biol. Sci. 2022, Vol. 18
g0y [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

5753

International Journal of Biological Sciences

2022; 18(15): 5753-5769. doi: 10.7150/ ijbs.74196
Research Paper

N6-methyladenosine of Socs| modulates macrophage
inflammatory response in different stiffness environments

Zhekai Hu!, Yuqing Li2, Weihao Yuan?, Lijian Jin2, Wai Keung Leung?, Chengfei Zhang?, Yangqi Yang1K

Division of Paediatric Dentistry and Orthodontics, Faculty of Dentistry, The University of Hong Kong, Hong Kong SAR, China.
Division of Periodontology and Implant Dentistry, Faculty of Dentistry, The University of Hong Kong, Hong Kong SAR, China.
School of Dentistry, University of California, Los Angeles, Los Angeles, CA 90095, USA.

Division of Restorative Dental Sciences, Faculty of Dentistry, The University of Hong Kong, Hong Kong SAR, China.

B WN e

>4 Corresponding author: Yangi Yang, Division of Paediatric Dentistry and Orthodontics, Faculty of Dentistry, The University of Hong Kong, Hong Kong SAR, China.
E-mail: yangyanq@hku.hk.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2022.04.20; Accepted: 2022.08.31; Published: 2022.09.11

Abstract

Macrophages exhibit diverse functions within various tissues during the inflammatory response, and the
physical properties of tissues also modulate the characteristics of macrophages. However, the underlying
Né6-methyladenosine (méA)-associated molecular mechanisms remain unclear. Accordingly, we examined the
potential role of méA in macrophage activation and stiffness sensing. Intriguingly, we found that the macrophage
inflammatory response and global levels of méA were stiffness-dependent and that this was due to mechanically
loosening the chromatin and epigenetic modification (H3K36me2 and HDAC3). In addition, we targeted
suppressor of cytokine signalling 1 (Socsl) méA methylation in a stiffness-dependent manner by screening the
sequencing data and found that a higher stiffness hydrogel activated Jak-STAT and NFKB signalling and
suppressed Fto gene expression. Next, by using the CRISPR/Cas9 system to knockout the FTO gene in
macrophages, we demonstrated that FTO affects the stiffness-controlled macrophage inflammatory response
by sustaining the negative feedback generated by SOCSI. Finally, we determined that the méA reader YTHDFI
binds SocsI mRNA and thereby maintains expression of SOCSI. Our results suggest that the
FTO/SocsI/YTHDFI regulatory axis is vital to the stiffness-controlled macrophage inflammatory response and
that the deletion of FTO affects the negative feedback control exerted by SOCSI. Our findings increase
understanding of the regulatory mechanisms involved in macrophage activation and the control of
inflammation.
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Introduction

Macrophages are a vital component of the
immune system as they recognise changes in adjacent
microenvironments and modulate their functions in
the inflammatory response [1]. Microenvironmental
changes such as changes in tissue stiffness are sensed
via biochemical signals and mechanical cues [2]. In
addition, different tissues within the body have
distinct stiffnesses, which are affected by pathological
conditions [3]. For instance, inflamed tissue and
tumours are often stiffer than healthy tissue [4].
Macrophages are mechanosensitive cells and thus
have functions modulated by biophysical cues [5]; for
example, exocellular biophysical cues contribute to
the macrophage inflammatory response, and higher
stiffness is correlated with pro-inflammatory
activation [6, 7]. However, despite the discovery of a

positive association between the macrophage
inflammatory response and tissue stiffness, the
underlying molecular alterations and biological
mechanisms remain unclear.

The macrophage inflammatory response is
dependent on cell shape [8], and thus macrophage
responses differ according to spatial conditions:
macrophage elongation has a synergistic effect with
interleukin (IL)4/IL13, inducing a pro-healing
phenotype-associated alteration that is known as M2
polarisation [9]. Macrophage spreading and
enlargement further activate the pro-inflammatory
phenotype, known as M1 polarisation, which is
regulated via epigenetic alteration [10]: Jain and Vogel
showed that spatial confinement compacts chromatin
and alters the inflammatory response of macrophage
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with epigenetic alterations, i.e., the levels of histone
deacetylase 3 [HDAC3] and histone H3 lysine 36
dimethylation [H3K36me?2] [11]. Additionally, Liu et
al. demonstrated that changes in stiffness affect the
spatial structure and inflammatory response of
macrophages; compared with soft extracellular matrix
hydrogels, stiff glass and polystyrene increase
macrophage spreading and enhance M1 polarisation
[6, 12, 13]. Therefore, the macrophage inflammatory
response to varying stiffnesses is shape-dependent
and controlled by epigenetic DNA alterations, such as
histone modifications.

Analogously, RNA is affected by a modification
system that directly affects the process and efficiency
of mRNA translation [14]. For example, the reversible
methylation of adenosine to form N6-methyl-
adenosine (m°A) is one of the most abundant
epigenetic modifications in RNA and plays an
essential role in modulating downstream protein
expression [15]. The generation and degradation of
m°A methylation are catalysed by enzymes, such as
writers [methyltransferase-like (METTL)3, METTL14,
and WT1-associated protein (WTAP)], and erasers [fat
mass and obesity-associated protein (FTO) and AlkB
homologs (ALKBH)5]. Additionally, m°A can be
recognised by the readers YTH N6-methyladenosine
RNA binding protein (YTHDF)1, YTHDEF2 and
YTHDE3 [16]. Recent studies have demonstrated that
inflammation affects the level of mfA, and that
regulating the associated enzymes can affect the
pathogenicity of inflammation [17]. Specifically, Jian
et al. discovered that METTL14 aggravates
endothelial inflammation by enhancing the levels of
mfA in forkhead box transcription factor (FOXO)I1
mRNA [18]; Wu et al. showed that m°A restrains
inflammation by interacting with DNA histone
modification [19]; and Du et al. reported that
METTL14 inhibits acute bacterial infections by
exerting negative feedback control of SOCS1 [20].
However, the biological role of m°A in the mechanical
macrophage inflammatory response and the
molecular basis of its interaction with other
epigenetics-associated modulation demand further
investigations.

The present study found that higher hydrogel
stiffness enhanced macrophage spreading and epige-
netic alteration. Hydrogel stiffness was positively
correlated with the level of m°A during the
macrophage inflammatory response and modulated
the balance between FTO and mfA methylation in
Socs1 mRNA. Moreover, the mechanical microenvi-
ronment tuned the macrophage inflammatory
response via the inhibition of FTO. Thus, the creation
of FTO knockout (KO) macrophages using the

clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated protein 9 (Cas9)
system reduced inflammation by enhancing the level
of mPA in Socsl mRNA. Finally, YTHDF1 was
determined as the mfA reader that recognises
mCA-rich Socs1 mRNA and enhances its stability,
thereby facilitating its translation.

Results

Higher stiffness enhances systemic prevalence
of méA and enlarges the cell and nucleus

To analyse the effects of stiffness on mfA
modification and  macrophage inflammatory
activation, we first constructed stiff and soft gelatine
methacryloyl (GelMA) hydrogel (stiff hydrogel: 20%
GelMA; soft hydrogel: 8% GelMA) (Figure S1). We
then analysed the cell morphology of macrophages
and found that unlike unstimulated cells, activated
macrophages had a flattened shape with a distinctive
‘fried-egg’ morphology. Moreover, the stiff hydrogel
expanded the cell spreading area of the macrophages
more than did the soft hydrogel (Figure 1A-B). As cell
and nuclear morphologies are closely coupled in
macrophages [11], a similar expansion trend was
observed in the cellular nuclear projection area,
suggesting that the hydrogel stiffness has a positive
effect on the nuclear projection area (Figure 1C). In
addition, the stiff hydrogel exhibited higher global
levels of m°A modification at baseline and under
lipopolysaccharide (LPS) stimulation (Figure 1D). We
subsequently confirmed that stiffness enhanced the
inflammatory expression by examining pro-inflam-
matory markers. II-1f, 1I-6, Nos2, Ptgs2 and Tnf-a were
highly expressed under stimulation by the stiffer
hydrogel (Figure 1E-I). Additionally, inflammatory
pathway analysis showed that the nuclear factor
(NF)xB pathway was activated via the phosphoryla-
tion of p65, demonstrating that the stiffer hydrogel
activated the inflammatory pathway (Figure 1J).

H3K36me? is a marker of chromatin compaction
and inhibits gene expression [21]. In contrast, the
presence of HDAC3 is recognised as a marker of
loosely packed chromatin that also affects
inflammatory activation in macrophages [22, 23].
Therefore, we examined the general expressions of
HDAC3 and H3K36me2, determining that stiffer
hydrogel slightly enhanced the expression of HDAC3
and decreased the expression of H3K36me2 (Figure
1K-M). The results show that the stiffness-controlled
macrophage inflammatory response is modulated by
the effect of nuclear compaction and can be regulated
by modifying levels of H3K36me2 and HDAC3
(Figure 1N).
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Figure 1. Stiffness determines the cellular structure-associated macrophage inflammatory response mediated by HDAC3 and H3K36me2. A.
Representative images of macrophages on soft or stiff hydrogel with/without LPS stimulation stained for phalloidin (actin filaments) and DAPI (nucleus); scale bar, 20 um. B. Cell
spreading area normalised to macrophages on soft hydrogel without LPS stimulation. C. Projected nuclear area normalised to macrophages on soft hydrogel without LPS
stimulation. D. Quantitation of méA in macrophages on soft or stiff hydrogel with/without LPS stimulation; data are for six independent experiments. E-l. RT-qPCR quantitation
of pro-inflammatory genes (Il-18, ll-6, Nos2, Ptgs2, and Tnfa) of macrophages on soft or stiff hydrogel with/without LPS stimulation; data are for three independent experiments.
J. Protein expression of pro-inflammatory factors (iNOS, p-p65, and p65) in macrophages on soft or stiff hydrogel with/without LPS stimulation. GAPDH was regarded as the
endogenous reference. K. Expression of nuclear protein (HDAC3) and presence of H3K36me2 in macrophages on soft or stiff hydrogel with/without LPS stimulation. H3 is
regarded as the endogenous nuclear reference. L-M. Colour-coded representative images of LPS-treated macrophages on soft or stiff hydrogel stained for H3K36me2 (L),
HDACS3 (M), and DAPI; scale bar, 20 ym. N. Scheme showing the effect on the macrophage structure and the expression of HDAC3 and level of H3K36me2. *p < 0.05, *p <
0.01; **p < 0.001; ***¥p < 0.0001 by one-way ANOVA with posthoc multiple comparisons (Tukey’s HSD test).

associated loosening of chromatin, we considered that
analysis HDAC3 might help us elucidate the
underlying mechanism of the response. We
performed data mining on existing Gene Expression

As the stiffness-controlled macrophage inflame- ~ Omnibus (GEO) datasets (GSE140610) to determine
matory response is regulated via HDAC3-  the function of HDAC3 on related genes by using

méA-modified Socs] as the hub in the stiffness-
controlled macrophage inflammatory
response
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HDAC3 KO macrophages [24]. As HDAC3 can
directly modulate the inflammatory expression, it is
not surprising that most inflammation genes were
downregulated in the HDAC3 KO group compared
with the wild-type (WT) group. We discovered that
Socs1, an inflammatory regulatory factor in negative
inflammatory feedback, was also HDAC3-dependent
(Figure 2A). We then investigated the associated
pathways via Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. To precisely target the
altered pathways, we included another dataset
(GSE155801) for the investigation of the macrophage
inflammatory response in HDAC3 KO macrophages
[25]. We discovered that several inflammatory
pathways overlapped in the datasets; these included a
Socsl-related pathway, namely the Janus kinase
(Jak)-signal transducer and activator of transcription
(STAT) pathway (Figure 2B). We then performed a
hierarchical cluster analysis of Gene Ontology (GO)
terms via Metascape. The identified top GO terms
were determined to have roles in inflammatory
association and negative inflammatory modulation
(Figure S2). The other biological relationship among
the selected GO terms revealed a close interrelation of
inflammatory clusters (indicated by the red frame in
Figures S3-4). As stiffness directly affects the levels of
HDAC3, we hypothesised that stiffness-controlled
SOCS1 regulation involve the Jak-STAT pathway.

To test this hypothesis, we assessed the Socsl
expression under various stiffnesses. Higher stiffness
directly enhanced the expression of Socs1 mRNA and
SOCS1 protein (Figure 2C-E). As the level of m°A was
globally higher under the higher stiffness condition,
we investigated the levels of m°A in Socs1 mRNA.
Another dataset (GSE162254) for investigating the
role of LPS in m°A abundance in macrophages was
analysed, which revealed there was a higher m°A in
LPS-stimulated macrophages (Figure 2F) [26]. We
next examined the effect of stiffness on m°A
methylation in Socs] mRNA via methylated RNA
immunoprecipitation (MeRIP)-qPCR. The data show
that SocsI mfA methylation was enhanced in the
stiffer ~microenvironment at baseline and in
LPS-treated macrophages (Figure 2G).

SOCSI sustains stiffness-controlled
inflammation via a negative feedback
mechanism

As SOCS1 was stiffness dependent, we examined
how SOCS1 functioned under stiffness stimulation.
We knocked down SOCS1 and then examined how
this affected inflammatory activation; this revealed
that the knockdown of SOCS1 further enhanced the
stiffness-induced  activity of pro-inflammatory
cytokines. Specifically, we observed there was higher

expression of II-1B, 1I-6, Nos2 and Ptgs2 in cells treated
with the small interfering RNA (siRNA) si-SOCS1
compared with the cells treated with si-scramble
(Figure 3A-D). Analysis of the inflammatory
pathway of NFxB showed it was activated via the
phosphorylation of p65 under SOCS1 inhibition.
Additionally, the expression of Inducible nitric oxide
synthase (iNOS), a marker for the macrophage
inflammatory response, was upregulated (Figure 3E).
As SOCS1 is the regulator of STAT1 and was
determined to participate in the Jak-STAT pathway, it
is unsurprising that the knockdown of SOCS1
triggered the phosphorylation of STAT1 (Figure 3F).
In summary, the results show that SOCS1 negatively
modulates the macrophage inflammatory response
and stiffness sensing via a negative feedback loop
involving the Jak-STAT and NFxB pathways.

FTO is the target demethylase in the
stiffness-controlled macrophage inflammatory
response

Our data demonstrated there are higher levels of
méA in stiffer microenvironments than less stiff
environments during the macrophage inflammatory
response; however, the underlying molecular mecha-
nism of this biochemical pattern remained unclear. As
methyltransferases  (writers) and demethylases
(erasers) affect the levels of m°fA, we quantified the
expression of the mCA-critical methyltransferases
(Mettl3, Mettl14, and Wtap) and demethylases (Alkbh5
and Fto). The expression of Fto reflected the
stiffness-controlled =~ macrophage  inflammatory
response (Figure 4A). Similarly, higher stiffness acted
synergistically with LPS stimulation to further reduce
levels of FTO protein (Figure 4B). This might partially
explain why the stiff hydrogel systemically and
locally (i.e., in Socs1 mRNA) upregulated levels of
moA.

To verify the function of FTO, we first blocked it
with its inhibitor (FB23-2). Interestingly, the inhibition
of FTO promoted the expression of Socsl but
suppressed inflammation-related expression (inclu-
ding that of II-1B, II-6, Nos2, and Ptgs2 (Figure 4C-D))
and the Jak-STAT and NFxB pathways by decreasing
the phosphorylation of STAT1 and p65 (Figure 4E).
Additionally, the immunofluorescence image of the
effect of FTO on the level of pSTAT1 confirmed that
stiffness enhanced the phosphorylation of STAT1, but
that the inhibition of FTO blocked phosphorylation
(Figure 4F). Furthermore, the inflammatory response
was blocked after the inhibition of FTO in
bone-marrow-derived macrophages (BMDMs), as
FB23-2 directly suppressed the expression of II-1f and
116 (Figure S5).
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KEGG pathways in WT macrophages versus HDAC3-KO macrophages between the GSE155801 dataset and the GSE140610 dataset. C. Colour-coded representative images of
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stimulation; data are for three independent experiments. E. Protein expression of SOCSI in macrophages on soft or stiff hydrogel with/without LPS stimulation. GAPDH was
regarded as the endogenous reference. F. méA signal density in Socs| transcript in macrophages with/without LPS stimulation. G. MeRIP-qPCR assay showing the effect of
stiffness on the méA levels in Socs] mRNA in macrophages; data are for three independent experiments. *p < 0.05, **p < 0.01; **p < 0.001; ****p < 0.0001 by one-way ANOVA

with post-hoc multiple comparisons (Tukey’s HSD test).

FTO enhances cell spreading and nuclear
projection in microenvironments of various
stiffness

As described above, stiffness enhances cell
spreading and nuclear projection and regulates the
macrophage inflammatory response via the inhibition

of FTO. We thus considered whether the function of
FTO directly affects cellular morphology. We
constructed an FTO KO macrophage cell line
(RAW264.7 cell line) using the CRISPR/Cas9 system.
After single-cell selection, western blotting, and
Sanger sequencing verification, we obtained an FTO
KO cell line with a 14-base-pair deletion in Fto exon 1
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(Figure 5A-B). Subsequently, we used LPS to activate
the FTO KO macrophages. We then investigated the
effect of stiffness through quantification of the
inflammatory factors and staining the cytoskeleton
and chromatin using phalloidin and 4',6-diamidino-
2-phenylindole (DAPI), respectively (Figure 5C).
Compared with normal cells, the FTO KO cells had
smaller cell spreading areas and nuclear projection
areas in microenvironments and showed a stiffness-
dependence (Figure 5D).

FTO reduces systemic and local levels of méA
and enhances the stiffness-controlled
macrophage inflammatory response

We next tested the effect of FTO on systemic and
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(Figure 5F).
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We then investigated the levels of m°A in Socs1 ~ KO directly (albeit moderately) increased the levels of
mRNA. Like the global levels of mfA, the levels of = m°A. FTO KO macrophages also had a significantly
mPA in Socs1 mRNA were stiffness controlled, as they ~ greater response to LPS stimulation than WT
increased in the stiff microenvironment and  macrophages (Figure 5G).
decreased in response to FTO KO. At baseline, FTO
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further verifying the successful CRISPR KO of the Fto gene in RAW264.7 macrophages. The deletion of 14 base pairs is observed. C. Representative images of LPS-treated
macrophages on soft or stiff hydrogel stained with phalloidin (actin filaments) and DAPI (nucleus); scale bar, 20 ym. D. Above: cell spreading area normalised to FTO KO
macrophages on soft hydrogel; below: projected nuclear area normalised to FTO KO macrophages on soft hydrogel. E. Quantitation of méA in LPS-treated macrophages on soft
or stiff hydrogel; data are for six independent experiments. F. RT-qPCR quantitation illustrating the effect of FTO-KO on the expression of Socs| transcripts under the effect of
stiffness; data are for three independent experiments. G. MeRIP-qPCR assay illustrating the effect of FTO-KO on the level of méA of Socs] mRNA in macrophages; data are for
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three independent experiments. H-K. RT-qPCR quantitation illustrating the effect of FTO-KO on the expression of pro-inflammatory genes of macrophages on soft or stiff
hydrogel with/without LPS stimulation, namely lI-18 (H), IIl-6 (I), Nos2 (J), and Tnfa (K); data are for three independent experiments. L. Western blot showing the effect of
FTO-KO on the protein expression of pro-inflammatory factors and pathways (iNOS, pSTATI, STATI, p-p65, p65, and SOCSI) in macrophages on soft or stiff hydrogel
with/without LPS stimulation. GAPDH was regarded as the endogenous reference. M. Colour-coded representative images of LPS-treated WT and FTO-KO macrophages on
soft or stiff hydrogel stained for pSTAT | and DAPI; scale bar, 20 pm. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001 by one-way ANOVA with posthoc multiple comparisons

(Tukey’s HSD test).

In contrast, expression of the pro-inflammatory
genes (II-1B, 1I-6, Nos2, and Ptgs2) was suppressed in
the FTO KO macrophages, which was the opposite of
the expression trend for Socs1 (Figure 5H-K). Socsl
participated in the Jak-STAT and NFxB pathways,
and we thus investigated the phosphorylation levels
of STAT1 and p65. Correspondingly, FTO KO
macrophages exhibited increased Socs1 expression but
decreased STAT1 and p65 phosphorylation, and this
effect was also regulated by stiffness (Figure 5L). The
immunofluorescence images verified that FTO acted
synergistically with the stiff hydrogel to increase the
phosphorylation of STAT1 (Figure 5M). In
conclusion, the FTO inhibitor and FTO KO
experiments both demonstrated that FTO is controlled
by stiffness and globally and locally reduces levels of
mfA to modulate the macrophage inflammatory
response.

Stiffness limits H3K36me2 modification and
enhances HDAC3 modulation via the
alteration of Fto expression

Chromatin structure and inflammatory expres-
sion have been attributed to histone modification via
markers such as H3K36me2 and enzymes such
HDAC3. We showed that stiffness is negatively
correlated with levels of H3K36me2 but positively
correlated with levels of HDAC3, and that FTO
directly enhances inflammatory activation and
changes the cellular morphology. We therefore
supposed that FTO also participates in the process of
histone alteration. To confirm this, WT and FTO KO
macrophages exposed to various stiffness were
stained for H3K36me2 and HDAC3. As we showed
previously, stiffness oppositely affects H3K36me2 and
HDACS3; however, FTO KO further limits the levels of
HDAC3 and induces H3K36me2 (Figure 6A-D).
These results were verified through western blotting;
the total levels of H3K36me2 and HDAC3 exhibited
the same trend as the immunofluorescence staining
results (Figure 6E). Furthermore, chromatin immuno-
precipitation (ChIP)-qPCR experiments revealed there
were higher levels of HDAC3 in the 1I-6, Nos2, and
Tnf-a gene promoter regions, which are regulated by
stiffness and FTO. The enrichment of H3K36me2 had
the opposite trend (Figure 6F-G). However, no
significant modifications were detected at the Socsl
gene promoter (Figure 6F-G), suggesting that other
epigenetic modifications and mechanisms are
involved in Socsl regulation.

Stiffness controls the macrophage
inflammatory response via the méA reader
YTHDFI

The mfA readers are another indispensable
element in understanding the regulation of m°A
levels. We therefore analysed the gene expression of
the mfA readers (Ythdfl, Ythdf2, and Ythdf3), which
revealed no significant alteration in their expression
(Figure 7A). We then investigated the abundance of
the readers in SocsI mRNA via RNA immuno-
precipitation (RIP). The RIP-qPCR results show that
only YTHDF1 was abundant at the sites with
abundant m°A binding (Figure 7B). We then analysed
the correlation between FTO and YTHDF1; this
showed that the binding of YTHDF1 in Socs1 mRNA
was stiffness dependent, and FTO KO further
enhanced the abundance of YTHDF1 in Socs1 mRNA
(Figure 7C). These discoveries suggest that YTHDF1
is the key reader involved in the stiffness-dependent
macrophage inflammatory response that operates via
Fto. As YTHDF1 recognises the mfA sites in Socsl
mRNA, we speculated that the downregulation of
YTHDEF1 might affect the function of Socsl in stiff
microenvironments. Owing to that YTHDF1 functions
to increase mRNA stability, we first assessed the
decay of Socsl mRNA. We found that a stiff
microenvironment extended the half-life of Socsl
mRNA (Figure S6), and the extension trend was
similar to that of the abundance of YTHDF1 in Socs1
mRNA. To further analyse the role of YTHDF1 in the

stiffness-dependent =~ macrophage  inflammatory
response, we inhibited YTHDF1 expression in
macrophages via treatment with an siRNA

(si-YTHDF1), which revealed that the regulation of
Socs1 in stiff microenvironments was YTHDF1
dependent. Compared with the WT cells, the
YTHDF1-downregulated cells had decreased levels of
Socs1 mRNA and SOCS1 protein (Figure 7D-F). These
observations suggest that the reader YTHDF1
functions as a critical regulator during the stiffness-
dependent macrophage inflammatory response.

Discussion

Microenvironments activate macrophages in
different ways, with one of the most important
microenvironment-mediated activation processes
involving the alteration of cell morphology [3].
Macrophage elongation is correlated with M2
polarisation, which may facilitate tissue healing [9],
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and macrophage spreading is associated with M1
polarisation, which accelerates the inflammatory
response [8, 9, 11]. Moreover, macrophage
deformation affects the degree of nuclear chromatin
condensation; elongation increases chromatin
condensation, whereas enlarging the spreading area
reduces chromatin condensation and increases
nuclear projection [11, 27]. These nuclear alterations
are modulated by histone modifications; levels of
H3K36me2 are positively correlated with condensed
chromatin and levels of HDAC3 are positively
correlated with the loosening chromatin [21-23]. In the
present study, we investigated the stiffness of
macrophages and how stiffness mediates the
morphological alterations in cell shape and chromatin
condensation. We discovered that high stiffness
enhanced the macrophage inflammatory response,
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levels of m°A and directly increased the cell spreading
area of macrophages with loosened chromatin. This
alteration of cell morphology was related to HDAC3
and H3K36me2, which are a chromatin-modifying
enzyme and chromatin modification, respectively.
Stiffness positively regulated the cell spreading area
and chromatin loosening, during which the
expressions of pro-inflammatory genes was
dependent on the presence of H3K36me2 and the
binding of HDAC3. Additionally, our results indicate
there was a small but clear alteration of the expression
of HDAC3 and occurrence of H3K36me2, which we
inferred as meaning that supposed that a cascade of
epigenetic modifications modulate macrophage
activation. SOCS1 was also found to participate in
negative-feedback regulation of the stiffness-
dependent macrophage inflammatory response.
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Figure 6. FTO-KO regulates epigenetic modification via stiffness sensing. A-B. Colour-coded representative images of LPS-treated wild-type (WT) and FTO-KO
macrophages on soft or stiff hydrogel stained for H3K36me2 (A), HDAC3 (B), and DAPI; scale bar, 20 pm. C-D. Box plots of the levels of immunofluorescence intensity of
H3K36éme2 (C) and HDAC3 (D), normalised to FTO-KO macrophages on soft hydrogel. E. Western blot showing the effect of FTO-KO on the protein expression of
pro-inflammatory factors and pathways (iNOS, pSTATI, STATI, p-p65, p65, and SOCSI1) in LPS-treated macrophages on soft or stiff hydrogel. F. ChIP-qPCR analysis of the effect
of FTO-KO on H3K36me2 in the promoter region of Nos2, I16, Tnfa, and Socs1 genes in LPS-treated macrophages. G. ChIP-qPCR analysis of the effect of FTO-KO on the
presence of HDAC3 in the promoter region of Nos2, ll6, Tnfa, and Socs| genes in LPS-treated macrophages; data are for three independent experiments. *p < 0.05, *p < 0.01;
#Ep < 0.001; ¥**p < 0.0001 by one-way ANOVA with posthoc multiple comparisons (Tukey’s HSD test).
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Figure 7. YTHDFI1 is the m¢A reader, which regulates SOCS| expression via stiffness sensing. A. RT-qPCR quantitation screening the effect of stiffness on the gene
expression of méA readers (Ythdfl, Ythdf2, and Ythdf3); data are for three independent experiments. B. RIP-qPCR quantitation screening the effect of stiffness on the quantity of
meéA readers (YTHDFI1, YTHDF2, and YTHDF3) and Socs] mRNA complex; data are for three independent experiments. C. RIP-qPCR quantitation illustrating the effect of
FTO-KO on the quantity of YTHDFI and Socs/ mRNA complex; data are for three independent experiments. D. RT-qPCR quantitation illustrating the effect of si-YTHDFI on
the expression of Socs! transcripts under the effect of stiffness; data are for three independent experiments. E. Western blot showing the effect of si-YTHDFI on SOCSI
expression in macrophages on stiff/soft hydrogel. F. Colour-coded representative images of LPS-treated WT and FTO-KO macrophages on soft or stiff hydrogel stained for
SOCSI and DAPI; scale bar, 20 um. G. Scheme showing the effect of stiffness on the YTHDFI and Socs| mRNA complex, created with BioRender.com. For two-group

comparison, a Student’s t-test was applied for testing the significance with *p < 0.05; for comparison with groups (>2), a one-way ANOVA with post-hoc multiple comparisons
(Tukey’s HSD test) was used for testing significance. *p < 0.05, *p < 0.01; **p < 0.001; ***p < 0.0001.
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Unlike pro-inflammatory gene expression,
SOCS1 expression did not show dependence on the
levels of HDAC3 and H3K36me2, which suggests its
expression is modulated by different epigenetic
mechanisms. The present study did not focus on the
correlation between levels of HDAC3 and H3K36me2
and their effects on Socs1, and thus we cannot rule out
that HDAC3 and H3K36me?2 play a role in this regard.
These open questions are interesting and deserve
future research. Further analysis of the levels of m°A
in Socs1 mRNA revealed that the level of m°A in Socs1
exhibited a similar trend to the global levels of m°A.
We also observed that the levels of m6A were higher
in a stiff microenvironment at baseline or under LPS
stimulation. As the regulation of m°A depends on
methyltrans