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ABSTRACT

Dysregulation of macroautophagy/autophagy contributes to the delay of wound healing in diabetic
skin. N°-methyladenosine (m®A) RNA modification is known to play a critical role in regulating
autophagy. In this study, it was found that SQSTM1/p62 (sequestosome 1), an autophagy receptor,
was significantly downregulated in two human keratinocyte cells lines with short-term high-glucose
treatment, as well as in the epidermis of diabetic patients and a db/db mouse model with long-term
hyperglycemia. Knockdown of SQSTM1 led to the impairment of autophagic flux, which was con-
sistent with the results of high-glucose treatment in keratinocytes. Moreover, the m°A reader protein
YTHDC1 (YTH domain containing 1), which interacted with SQSTMT mRNA, was downregulated in
keratinocytes under both the acute and chronic effects of hyperglycemia. Knockdown of YTHDC1
affected biological functions of keratinocytes, which included increased apoptosis rates and impaired
wound-healing capacity. In addition, knockdown of endogenous YTHDCI resulted in a blockade of
autophagic flux in keratinocytes, while overexpression of YTHDC1 rescued the blockade of autopha-
gic flux induced by high glucose. In vivo, knockdown of endogenous Ythdcl or Sqstm1 inhibited
autophagy in the epidermis and delayed wound healing. Interestingly, we found that a decrease of
YTHDC1 drove SQSTMT mRNA degradation in the nucleus. Furthermore, the results revealed that
YTHDC1 interacted and cooperated with ELAVL1/HuR (ELAV like RNA binding protein 1) in modulat-
ing the expression of SQSTM1. Collectively, this study uncovered a previously unrecognized function
for YTHDC1 in modulating autophagy via regulating the stability of SQSTM1 nuclear mRNA in diabetic
keratinocytes.

Abbreviations: ACTB: actin beta; AGEs: glycation end products; AL: autolysosome; AP: autophago-
some; ATG: autophagy related; AKT: AKT serine/threonine kinase; ANOVA: analysis of variance; BECNT:
beclin 1; Co-IP: co-immunoprecipitation; DEGs: differentially expressed genes; DM: diabetes mellitus;
ELAVL1: ELAV like RNA binding protein 1; FTO: FTO alpha-ketoglutarate dependent dioxygenase; G:
glucose; HaCaT: human keratinocyte; GO: Gene Ontology; GSEA: Gene Set Enrichment Analysis; HE:
hematoxylin-eosin; IHC: immunohistochemical; IRS: immunoreactive score; KEAP1: kelch like ECH
associated protein 1; KEGG: Kyoto Encyclopedia of Genes and Genomes; m°A: N®-methyladenosine;
M: mannitol; MANOVA: multivariate analysis of variance; MAP1LC3: microtubule associated protein 1
light chain 3; MAP1LC3B: microtubule associated protein 1 light chain 3 beta; MeRIP: methylated RNA
immunoprecipitation; METTL3: methyltransferase 3, N6-adenosine-methytransferase complex cataly-
tic subunit; MTOR: mechanistic target of rapamycin kinase; MTORC1: mechanistic target of rapamycin
complex 1; NBR1: NBR1 autophagy cargo receptor; NFE2L2: nuclear factor, erythroid 2 like 2; NG:
normal glucose; NHEK: normal human epithelial keratinocyte; OE: overexpressing; p-: phospho-; PI:
propidium iodide; PPIN: Protein-Protein Interaction Network; RBPs: RNA binding proteins; RIP: RNA
immunoprecipitation; RNA-seq: RNA-sequence; RNU6-1: RNA, U6 small nuclear 1; ROS: reactive
oxygen species; siRNAs: small interfering RNAs; SQSTM1: sequestosome 1; SRSF: serine and arginine
rich splicing factor; T2DM: type 2 diabetes mellitus; TEM: transmission electron microscopy; TUBB:
tubulin beta class I; WT: wild-type; YTHDC1: YTH domain containing 1.
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Introduction

Diabetes is a severe threat to global public health, bringing
with it risks for serious to life-threatening complications.
Diabetic foot, with a global prevalence of 6.3% [1], is one of
the severe and chronic complications of diabetes. It has been
estimated that a lower limb is lost to amputation every

30 seconds as a consequence of diabetic foot complications
[2]. It is known that diabetic foot displays significant delays in
wound healing. To reduce the risks to diabetic patients, and
also to ease the economic impact to society, promoting wound
healing in diabetic foot is an important area of focus.
Exploring the mechanism of diabetic foot non-healing can

CONTACT Wei Wang @ ww8933217@163.com; wangw253@mail.sysu.edu.cn @ Department of Endocrinology, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University, Guangzhou, 510120, China; Li Yan @ hfxyl@163.net; yanli@mail.sysu.edu.cn @ Department of Endocrinology, Sun Yat-sen Memorial Hospital, Sun Yat-

sen University, Guangzhou, 510120, China
*These authors contributed equally to this work.
@ Supplemental data for this article can be accessed here.

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0002-8887-1147
http://orcid.org/0000-0002-6057-7325
http://orcid.org/0000-0002-9768-0545
http://orcid.org/0000-0001-6927-3398
http://orcid.org/0000-0001-6593-5016
https://doi.org/10.1080/15548627.2021.1974175
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2021.1974175&domain=pdf&date_stamp=2022-06-13

help find more effective treatments to promote wound
healing.

The epidermis plays a key role in skin wound healing. In
the proliferative phase of skin wound healing, cells from the
epidermis start proliferating and migrate into the wound bed
to close the wound [3]. However, a previous related study
found that the epidermis of skin tissue from diabetic patients
was significantly thinner than that from control subjects [4].
Epidermis thinning may be a critical factor in the delay of
diabetic wound healing. Keratinocytes are the main compo-
nents of the epidermis. In diabetic wounds, keratinocytes are
characterized by decreased proliferation and impaired migra-
tion [5]. Impaired physiologic functions of keratinocytes
induced by a high-glucose environment contribute to the
delayed healing of diabetic wounds [6]. Previous studies
have demonstrated the acute and chronic effects of hypergly-
cemia on the development of impaired diabetic wound heal-
ing. As an acute effect of hyperglycemia, short-term (24 h or
72 h) stimulation of keratinocytes with mid-high glucose
(12 mM) or high glucose (25 mM) containing medium ham-
pered the migration ability of cells [7]. Furthermore, impaired
epidermal functions such as decreased epidermal lipid synth-
esis and antimicrobial peptide expression, factors that may
contribute to the delayed wound healing, have been observed
in a spontaneous type 2 diabetes mellitus (T2DM) rat model
(Otsuka Long-Evans Tokushima Fatty rats) with chronic
hyperglycemia [8].

SQSTMI is a multifunctional protein that plays critical
roles in a number of cellular functions, including macroauto-
phagy/autophagy and apoptosis [9,10]. Serving as a pivotal
signaling hub, SQSTM1 mediates the activation of MTOR
(mechanistic target of rapamycin kinase) complex 1
(MTORCI), the KEAP1 (kelch like ECH associated protein 1)-
NFE2L2 (nuclear factor, erythroid 2 like 2) pathway, and
selective autophagy [11]. Due to the crucial role of SQSTM1
in cellular functions, SQSTM1 participates in multiple meta-
bolic diseases, such as T2DM, obesity, and nonalcoholic fatty
liver disease. It has been suggested that SQSTM1 is involved
in diabetic complications, and this may occur through auto-
phagy [12]. However, the role of SQSTM1 in diabetic skin
remains unclear.

During the process of autophagy, SQSTMI is a vital pro-
tein marker that serves as a selective autophagy receptor [13].
It acts as a link between MAP1LC3/LC3 (microtubule asso-
ciated protein 1 light chain 3) and ubiquitinated substrates.
Autophagy is an essential cellular process that plays a pivotal
role in regulating cellular balance and physiology.
Dysregulation of autophagy contributes to the pathogenesis
of skin diseases, as well as delays in wound healing [14]. It has
been reported that the high-glucose environment of diabetes
causes dysregulation of autophagy [15,16]. A previous study
proved that high glucose inhibits autophagy of keratinocytes,
which delays diabetic wound healing [17]. A recent study
found that autophagy deficiency in keratinocytes inhibits
wound closure in vivo [18]. Besides, augmentation of auto-
phagy has been shown to play a protective role in burn
wounds in rats [19]. However, the mechanism by which
autophagy dysregulation affects wound healing has not yet
been clarified. Notably, previous studies have shown that

AUTOPHAGY 1319

autophagy can be induced by osmotic stress such as 0.8 M
(800 mM) sucrose or 0.4 M (400 mM) NaCl in mouse
embryonic fibroblasts or the human T24 cell line [20].
Osmotic stress induced by high concentrations of mannitol
(mannitol = 50 mM), but not lower concentrations
(mannitol = 25 mM), has also been shown to increase the
MAPILC3/LC3-I to MAPILC3/LC3-II conversion in the
human colon tumor cell line HCT116 and in human cervical
cancer cell line HeLa cells [21]. Whether metabolic or osmotic
effects induced by hyperglycemia play a critical role in the
pathophysiology of wound healing and the dysregulated auto-
phagy in diabetic skin remains undetermined.

Nevertheless, it has been proven that high glucose inhibits
autophagy of keratinocytes, which delays diabetic wound
healing [17]. A recent study found that autophagy deficiency
in keratinocytes inhibits wound closure in vivo [18]. Besides,
augmentation of autophagy plays a protective role in burn
wounds in rats [19]. Long-term hyperglycemia induced ele-
vated production of reactive oxygen species (ROS) and
increased formation of glycation end products (AGEs) [22],
leading to a compounded interaction with autophagy [23] and
contributing to the impaired function of keratinocytes [24,25].
However, the mechanism by which autophagy dysregulation
affects wound healing has not yet been clarified. Generally,
the expression level of SQSTMI1 is regulated by autophagy.
Upregulation of SQSTMI results from inhibition of autopha-
gy, while downregulation of SQSTM1 results from activation
of autophagy [26]. In turn, autophagy could also be modu-
lated by the regulation of SQSTM1. SQSTM1 binds to argi-
nylated substrates and induces autophagy [27,28]. Depletion
of SQSTM1I inhibits MAP1LC3/LC3 recruitment to autopha-
gosomes and impedes autophagosome formation in HeLa
cells [29]. Whether SQSTM1 contributes to the dysregulation
of autophagy in diabetic skin wound healing remains
unknown. Understanding the mechanism of modulating of
autophagy in keratinocytes is key to finding new therapeutic
targets for wound healing of diabetic skin.

m°A is the most common modification found in
transcripts. m°A affects a large part of RNA metabolism
such as splicing, stability, translation of mRNA, and matura-
tion of miRNA [30]. Emerging evidence suggests
that m°A modification affects cell death and survival, includ-
ing cell apoptosis and autophagy [31]. It has been reported
that m®A writer METTL3 (methyltransferase 3, N6-adenosine
-methytransferase complex catalytic subunit) and eraser
ALKBHS5 (alkB homolog 5, RNA demethylase) regulate auto-
phagy via m®A modification of TFEB mRNA in hypoxia/
reoxygenation-treated cardiomyocytes [32].
Another m°A eraser, FTO (FTO alpha-ketoglutarate depen-
dent dioxygenase), plays a critical role in regulating autophagy
and adipogenesis through targeting Atg5 (autophagy related 5)
and Atg7 (autophagy related 7) in preadipocytes [33].
Moreover, FTO and m°A reader YTHDF2 (YTH N6-
methyladenosine RNA binding protein 2) regulate autophagy
by targeting autophagic genes [34]. In Leydig
cells, m®A modification reduces testosterone synthesis
through the regulation of autophagy [35]. However, the rela-
tionship between m°A and autophagy still needs further
investigation. In peripheral blood samples from T2DM
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patients and diabetic rats, m®A contents were found to be
lower than those from the control groups [36]. Therefore, in
the current study it was hypothesized that m®A might play
a role in regulating autophagy in keratinocytes of diabetic
skin.

In this study, RNA-sequence (RNA-seq) analysis found
that SQSTM1 mRNA was downregulated in high-glucose-
treated keratinocytes. Knockdown of SQSTM1 led to impair-
ment of autophagic flux and inhibition of the KEAP1-NFE2L2
pathway. It was determined that m°A levels was decreased in
the keratinocytes treated with high glucose compared with the
mannitol group. Moreover, the m°A reader protein YTHDCI,
which interacts with SQSTMI mRNA, was decreased in the
keratinocytes treated with high glucose, as well as in the
epidermis of both diabetic patients and db/db mice.
Knockdown of YTHDCI resulted in a blockade of autophagic
flux and significantly affected the biological functions of ker-
atinocytes, whereas the downregulation of SQSTMI1 and
blockade of autophagic flux could be reversed by YTHDCI1
overexpression. In vivo, knockdown of endogenous Ythdcl or
Sgstm1 resulted in the inhibition of autophagy and delays in
wound healing. Interestingly, knockdown of YTHDCI drove
SQSTMI mRNA degradation in the nucleus, while not affect-
ing SQSTMI1 mRNA stability in cytoplasm. The results
showed that YTHDCI1 interacted and cooperated with
ELAVL1 in the regulation of SQSTMI expression. Overall,
this study revealed a novel role of YTHDCI1 in modulating
autophagy via regulating the stability of SQSTMI nuclear
mRNA.

Results

SQSTM1 was a crucial gene in high-glucose-treated
HacCar cells

In a recent related study, it was first confirmed that the
epidermis of skin tissues from diabetic patients was signifi-
cantly thinner than that from the control group (Figure 1A,
B). In order to find the mechanism of epidermis thinning in
diabetic skin, high glucose was used as a treatment on
a human keratinocyte cell line (HaCaT cells) in the study.
Taking into consideration that high concentrations of glucose
could introduce additional hyperosmotic stress to the cells,
mannitol was used as an osmotic control to high glucose.
mRNA profiles of HaCaT cells treated with high glucose
(30 mM) or mannitol (30 mM: 5.6 mM of glucose +
24.4 mM of mannitol) for 48 h were generated by RNA-seq
using Illumina Novaseq™ 6000. A volcano plot and heat map
were generated with the results (Figure 1C, D). A total of 369
upregulated mRNAs and 550 downregulated mRNAs were
profiled (log2 FC > 1, FDR < 0.05). Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed on the differentially
expressed genes (DEGs). The top 20 significant GO and
KEGG terms using the Metascape Database (http://metas
cape.org/gp/index. html#/main/stepl) [37] are shown in
Figure S1A, and the top 15 significant GO terms and KEGG
pathways are displayed in Figure S1B. Additionally, Gene Set
Enrichment Analysis (GSEA) showed that four important

KEGG pathways, systemic lupus erythematosus, graft versus
host disease, asthma, and leishmania infection, were enriched
in high-glucose-treated HaCaT cells (Figure S1C). To pin-
point the crucial gene in these differentially expressed genes,
several analyses were conducted. The DEGs were analyzed
with the cyto-Hubba plug-in of Cytoscape software, which
found that SQSTM1 was a potential key target gene with
a high correlation rank for regulating other important genes
in high-glucose-treated HaCaT cells (Figure 1E). Moreover,
Protein-Protein Interaction Network (PPIN) data from the
STRING database (https://string-db.org/cgi/input.pl) [38]
was analyzed using the MCODE algorithm with high-
glucose-induced DEGs. As shown in Figure 1F, the highest
scored gene module including SQSTMI was obtained.
Additionally, a part of the visible pathway that tightly corre-
lated with the epidermis, cytokines, and apoptosis from the
KEGG pathway network was illustrated by analyzing the
Metascape database (Figure 1G). After submitting the
enriched genes to the STRING database, 48 PPI nodes were
obtained with a confidence threshold greater than 0.4, and
SQSTM1 was found to be one of the PPI nodes that was
closely associated with the others. Overall, the RNA-seq ana-
lysis results suggested that the differential expression of
SQSTMI in high-glucose-treated HaCaT cells may play
a crucial role in hyperglycemia-induced effects on epidermal
keratinocytes.

High glucose induced downregulation of SQSTM1 and
inhibition of autophagy in keratinocytes

To verify the results of RNA-seq, the expression level of
SQSTM1 mRNA was examined in high-glucose-treated
HaCaT cells. As shown in Figure 2A, SQSTMI1 mRNA was
downregulated in a time-dependent manner. Because
SQSTM1 plays a critical role in the regulation of selective
autophagy, the effect of high glucose on autophagy in HaCaT
cells was examined next. To ascertain the osmotic and meta-
bolic effects of high glucose on the expression levels of
SQSTM1 and MAP1LC3B/LC3B, the most commonly ana-
lyzed isoform of MAP1LC3/LC3, HaCaT cells were treated
with normal glucose (NG) and different concentrations of
glucose and osmotic control (mannitol). It was shown that
hyperosmotic stress had no detectable effect on the expres-
sion level of SQSTM1, the MAP1LC3B/LC3B-II:-I ratio, or
the MAP1LC3B/LC3B-II:TUBB (tubulin beta class I) ratio.
In contrast, short-term high-glucose treatment resulted in
significant decreases of SQSTMI1 expression level, the
MAPILC3B/LC3B-II:-I ratio, and the MAP1LC3B/LC3B-II:
TUBB ratio (Figure 2B, C). In addition to the expression
levels of SQSTM1 and MAP1LC3B/LC3B, AKT (AKT serine/
threonine kinase) and MTOR (mechanistic target of rapamy-
cin kinase) signaling pathway were also measured in high-
glucose-treated HaCaT cells. The results showed that the
AKT-MTOR pathway, which suppresses autophagy, was acti-
vated in short-term high-glucose-stimulated HaCaT cells,
compared with the mannitol (osmotic control) group
(Figure S2A-C). Next, the autophagic flux was measured
with the transfection of tandem mRFP-GFP-MAP1LC3B
/LC3B. As expected, there were fewer autophagosomes and
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Figure 1. SQSTM1 was a crucial gene in high-glucose-treated keratinocytes. (A and B) representative HE staining of the diabetic skin tissues (DM) and the control
(control). Scale bar: 100 um. Epidermal thicknesses were analyzed. The data are presented as the mean + s.d. and analyzed by student’s t-test (n = 3 per group).
**P < 0.01. (C) Volcano plot revealed 369 upregulated genes and 550 downregulated genes in HaCaT cells treated with high glucose (30 mM) or mannitol (osmotic
control) for 48 h (n = 5). The green dot indicates the position of SQSTM1. (D) heat map showed differentially expressed genes in HaCaT cells treated with mannitol or
glucose. (E) the cytoHubba plug-in of cytoscape software was used to find the potential key target in HaCaT cells treated with high glucose. (F) PPIN showed
interactions between SQSTM1 and other differentially expressed genes in the cluster. (G) the genes enriched in the pathway of epidermis, cytokines and apoptosis
were selected to construct the PPl network based on the STRING database for modules with a threshold value>0.4.

autolysosomes in HaCaT cells treated with short-term high
glucose, compared with the normal glucose and the osmotic
control, suggesting that the autophagic flux was impaired in
high-glucose-treated HaCaT cells (Figure 2D-F). To further
confirm these findings, the expression levels of SQSTMI,
MAPILC3B/LC3B, and the autophagic flux were measured
in an additional keratinocyte cell line, normal human epithe-
lial keratinocytes (NHEK). Consistent with the results in
HaCaT cells, the expression levels of SQSTMI1, as well as
the MAP1LC3B/LC3B-II:-1 ratio and the MAP1LC3B/LC3B-
II:TUBB ratio, were all reduced in short-term high-glucose-
treated NHEK as compared with the normal-glucose group

and the mannitol group (Figure 2G, H). Autophagic flux was
also reduced in the NHEK cells only after high-glucose
treatment but remained unaltered in the normal-glucose
group and the mannitol group (Figure 2I-K). Taking the
above results into consideration, transmission electron
microscopy (TEM) was conducted to further monitor levels
of autophagy. It was found that the autophagic activity in
HaCaT cells was significantly inhibited under the chronic
effects of hyperglycemia (Figure 2L). Moreover, to investi-
gate the long-term effects of hyperglycemia on autophagy,
the expression levels of SQSTM1 and MAP1LC3B/LC3B
were examined in both the diabetic and non-diabetic
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Figure 2. High glucose induced downregulation of SQSTMT and impairment of autophagic flux in keratinocytes. (A) RT-qPCR analysis of SQSTMT mRNA expression
levels in HaCaT cells treated with high glucose (30 mM of glucose) or mannitol (5.6 mM of glucose + 24.4 mM of mannitol) for 24, 48, and 72 h (n = 3 independent
experiments). ACTB (actin beta) was used as an internal control. (B and C) western blot analysis of SQSTM1, MAP1LC3B/LC3B-I, MAP1LC3B/LC3B-Il) expression levels in
HaCaT cells treated with NG (normal glucose: 5.6 mM of glucose), G (mid-high glucose: 15 mM of glucose; high glucose: 30 mM of glucose), or M (15 mM: 5.6 mM of
glucose + 9.4 mM of mannitol; 30 mM: 5.6 mM of glucose + 24.4 mM of mannitol) for 72 h. Quantification results of SQSTM1 protein expression, MAP1LC3B/LC3B-II:-I
ratio and MAP1LC3B/LC3B-II:TUBB ratio levels are shown (n = 3 independent experiments). (D, E and F) the HaCaT cells were infected with adenovirus harboring
tandem fluorescent mRFP-GFP-MAP1LC3B/LC3B for 24 h, followed by treatment with NG, high glucose (30 mM), or mannitol (osmotic control) for an additional 72 h.
Representative images of the HaCaT cells expressing mRFP-GFP-MAP1LC3B/LC3B are shown. Green: GFP puncta, red: mRFP puncta, scale bar: 10 um. Semi-
quantitative analysis of autophagosomes (AP, yellow puncta in merged images) and autolysosomes (AL, red-only puncta in merged images) in high-glucose-treated
HaCaT cells. n = 10 randomly selected fields/conditions from 3 independent experiments. (G and H) western blot analysis of SQSTM1, MAP1LC3B/LC3B-I, MAP1LC3B/
LC3B-Il expression levels in the NHEK cells treated with NG (normal glucose: 5.6 mM of glucose), G (high glucose: 30 mM of glucose), or M (mannitol osmotic control:
30 mM = 5.6 mM of glucose + 24.4 mM of mannitol). Quantification results of SQSTM1 protein expression, MAP1LC3B/LC3B-II:- ratio and MAP1LC3B/LC3B-II:-TUBB
ratio levels are shown (n = 3 independent experiments). (I, J and K) the NHEK cells were infected with adenovirus harboring tandem fluorescent mRFP-GFP-
MAP1LC3B/LC3B for 24 h, followed by treatment with NG, high glucose (30 mM) or mannitol (osmotic control) for an additional 72 h. Representative images of the
NHEK cells expressing mRFP-GFP-MAP1LC3B/LC3B are shown. Green: GFP puncta, red: mRFP puncta, scale bar: 10 um. Semi-quantitative analysis of autophagosomes
(AP, yellow puncta in merged images) and autolysosomes (AL, red-only puncta in merged images) in high-glucose-treated NHEK. n = 10 randomly selected fields/
condition from 3 independent experiments. (L) TEM analysis of HaCaT cells treated with high glucose (30 mM) or mannitol (osmotic control) for 72 h. Arrow heads
indicate autophagosomes. Arrows indicate autolysosomes and/or lysosomes. Scale bar: 1.0 pm. (M, N) IHC analysis of SQSTM1 and MAP1LC3B/LC3B in skin tissues of
diabetic patients and the control group. Scale bar: 100 pm. Quantitative analysis of SQSTM1 and MAP1LC3B/LC3B protein (brown color) levels in the epidermis was
performed according to the IRS (n = 3). The data were presented as mean =+ s.d. and analyzed by Student’s t-test (A and N), or one-way ANOVA with Fisher’s LSD post
hoc analysis (C, F, H and K), or one-way MANOVA with Fisher’s LSD post hoc analysis (E and J). *P < 0.05, **P < 0.01, ***P < 0.001.



human skin samples by immunohistochemical (IHC) stain-
ing. In accordance with the results in HaCaT cells and NHEK
cells, reduced expression of both SQSTM1 and MAP1LC3B/
LC3B was found in the epidermis of diabetic skin
(Figure 2M,N). Taken together, these results indicated that
both short-term and long-term hyperglycemia induced
decreased expression levels of SQSTMI1 and inhibition of
autophagy in keratinocytes.

Decrease of SQSTM1 blocked autophagic flux in HaCaT
cells

To investigate the role of SQSTM1 in autophagy, small inter-
fering RNAs (siRNAs) were used to knock down SQSTMI in
HaCaT cells. First, the knockdown efficiency of siRNAs was
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verified (Figure 3A,B). Selective autophagy and the KEAP1-
NFE2L2 system are two major stress response pathways which
are coupled via SQSTMI1 [11]. A previous study found that
depletion of SQSTMI results in an increase of KEAP1 protein
levels and a concomitant decrease of NFE2L2 protein levels
[39]. Moreover, knockout of NFE2L2 was shown to reduce
expression of autophagic genes in a mouse model [40]. Thus,
the current study explored the effect of SQSTM1 on the
KEAPI-NFE2L2 pathway in HaCaT cells. Upon knockdown
of SQSTM1, the level of KEAP1 protein was found to be
upregulated, while the level of NFE2L2 protein was down-
regulated compared to the control (Figure 3B,C). Moreover,
consistent results of KEAP1 and NFE2L2 protein levels in
high-glucose-treated HaCaT cells were obtained (Figure 3D,
E). Furthermore, knockdown of SQSTMI resulted in
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inhibition of autophagosome formation and impairment of
autophagic flux (Figure 3F-H). These data implied that
SQSTM1 was a critical gene playing regulatory roles in
autophagy.

m°CA reader protein YTHDC1 interacted with SQSTM1
mRNA and was reduced in high-glucose-treated
keratinocytes

We next sought to analyze the cytoplasmic and nuclear
mRNA level of SQSTMI in high-glucose-treated HaCaT
cells. To investigate the metabolic effect of high glucose,
mannitol was used as an osmotic control. As shown in

Figure 4A, the expression levels of SQSTMI mRNA were
downregulated in both the cytoplasm and nucleus. As
a quality control of the separation of cytoplasmic and nuclear
RNA, the enrichment of ACTB (actin beta) mRNA in the
cytoplasmic fraction and RNU6-1/U6 (RNA, U6 small
nuclear 1) in the nuclear fraction was also confirmed (Figure
S3A and S3B). Previous findings have demonstrated
that m®A participates in post-transcriptional gene regulation
in the nucleus [41]. Thus, RNA dot blot was used to
examined m°A levels in HaCaT cells. It was observed
that m°A levels were significantly decreased in HaCaT cells
following short-term high-glucose treatment (Figure 4B).
Then, total cellular RNA was used in immunoprecipitation
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with m®A antibody to determine whether SQSTMI mRNA
contained m®A modification. Results of Methylated RNA
immunoprecipitation (MeRIP)-qPCR showed that SQSTM!
mRNA could be pulled down by m°A antibody (Figure 4C).
Among various kinds of m®A readers, the nuclear reader
YTHDCI has been suggested to play multiple roles, including
regulating mRNA splicing, expediting mRNA export, and accel-
erating decay of transcripts [42]. Thus, this study hypothesized
that YTHDC1 participates in the regulation of SQSTM1I expres-
sion in HaCaT cells. First, tests were performed to determine
whether YTHDCI protein interacted with SQSTMI mRNA.
RNA Immunoprecipitation (RIP)-qPCR experiments revealed
that the YTHDCI protein could interact with SQSTM1 mRNA
(Figure 4D). To further confirm this result, RNA affinity isola-
tion was conducted, which verified that SQSTMI mRNA inter-
acted with the YTHDCI1 protein (Figure 4E). Then, we
considered whether dysregulation of YTHDCI contributed to
the decrease of SQSTM1 induced by high glucose in HaCaT cells.
To investigate this assumption, the expression of YTHDCI was
evaluated in HaCaT cells treated with different concentrations of

AUTOPHAGY 1325

glucose and mannitol (osmotic control) for 48 and 72 h.
Compared with the normal glucose and osmotic control groups,
the expression level of YTHDC1 was notably downregulated in
the short-term mid-high- and high-glucose-treated groups
(Figure 4F,G). Similarly, short-term high-glucose treatment
resulted in the downregulation of YTHDCI in NHEK cells
(Figure 4H,I). Then, the protein levels of YTHDCI in human
skin tissues were measured. The results of IHC staining showed
that the levels of YTHDC1 were decreased in the epidermis of
diabetic skin under the chronic effects of hyperglycemia
(Figure 4],K). These results demonstrated that the mCA reader
YTHDC1, which interacted with SQSTMI mRNA, was
decreased in keratinocytes under both short-term and long-
term hyperglycemia.

YTHDC1 regulated SQSTM1 expression and autophagic
flux in high-glucose-treated keratinocytes

To examine the functional role of YTHDCI in the keratino-
cytes, siRNA-based strategy was used to knock down
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endogenous YTHDC! in HaCaT cells (Figure 5A,B). Lowered
YTHDC1 expression in HaCaT cells resulted in increased
apoptosis rates (Figure 5C,D). Moreover, wound-healing
capacity was reduced in HaCaT cells transfected with si-
YTHDCI, compared with the si-NC group (Figure 5E,F).

It was anticipated that YTHDCI might play a role in
regulating the expression of SQSTMI. To further elucidate
their relationship, the effect of YTHDC1 on SQSTMI was
examined. Knockdown of YTHDCI resulted in a significant
decrease of SQSTM1 mRNA and protein expression level, as
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analysis (E and J). *P < 0.05, **P < 0.01, ***P < 0.001.



well as MAP1LC3B/LC3B-II:-I ratio (Figure 6A-C). The effect
of YTHDCI knockdown on other autophagy genes was also
investigated, and similar decreases of NFE2L2, beclin 1
(BECN1), NBR1 autophagy cargo receptor (NBRI), ATG7,
and autophagy related 12 (ATG12) mRNA levels were found
(Figure S4A). Moreover, it was observed that the numbers of
autophagosomes and autolysosomes were decreased in HaCaT
cells transfected with siRNAs against YTHDCI, which indi-
cated that knockdown of YTHDCI impaired autophagic flux
(Figure 6D-F).

Next, to directly examine the functional role of YTHDCI1
in regulating SQSTM1I expression in high-glucose-treated ker-
atinocytes, overexpression of YTHDCI was achieved by lenti-
viral vector-mediated transduction in HaCaT cells. The results
showed that high glucose induced downregulation of
YTHDCI1, SQSTM1 and the MAP1LC3B/LC3B-II:-I ratio in
HaCaT cells, which could be reversed by YTHDCI overex-
pression (Figure 6G,H). Moreover, reduced autophagic flux
was shown in the high-glucose-treated HaCaT cells, which
was also rescued by overexpression of YTHDCI (Figure 61-
K). Collectively, these results suggested that decrease of
YTHDCI1 contributed to the reduction of SQSTMI expres-
sion, as well as the blockade of autophagic flux in high-
glucose-treated keratinocytes. In conclusion, these data sug-
gested that knockdown of YTHDCI affected biological func-
tions of keratinocytes, including an increase in apoptosis rates
and impairment of wound-healing capacity.

Knockdown of YTHDC1 accelerated SQSTM1 mRNA
degradation and impaired autophagic flux

It has been reported that YTHDC1 mediates the nuclear export
of mRNA with m°A modification. Therefore, the expression
levels of SQSTM1 mRNA with isolation of nuclear and cytoplas-
mic RNA were evaluated. Surprisingly, the results showed that
knockdown of YTHDCI decreased SQSTM1 mRNA in both the
nucleus and cytoplasm (Figure 7A), but did not affect relative
expression levels of ACTB and RNU6-1 mRNA in the nucleus
and cytoplasm (Figure 7B,C). Whether the stability of SQSTM1
mRNA was affected by knockdown of YTHDCI in the nucleus
and cytoplasm was further tested. Actinomycin D was used to
inhibit transcription in HaCaT cells. Intriguingly, knockdown of
YTHDCI drove SQSTM1 mRNA degradation in the nucleus but
did not affect SQSTM1 mRNA stability in cytoplasm (Figure 7D,
E). These data revealed a new role for YTHDC1 in maintaining
stability of mRNA modified with m°®A in the nucleus.

A recent study has shown that the functional effects
of m®A may vary according to binding of one or more specific
RNA binding proteins (RBPs) [43]. ELAVLI is known to be an
RNA stabilizer protein, which could interact with mRNA
containing m°A modification [44,45]. However, the relationship
between ELAVL1 and m°A remains controversial. A previous
study showed that ELAVL1 can positively regulated SQSTMI
expression at the posttranscriptional level [46]. Thus, this study
considered whether YTHDC1 may cooperate with ELAVLLI in the
regulation of SQSTM1 expression. To examine this hypothesis,
co-immunoprecipitation (Co-IP) was performed using antibodies
against YTHDC1 and ELAVLI, respectively. Consistently,
ELAVLI1 could be affinity isolated with YTHDCI, and vice versa
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(Figure 7F,G), which suggested that YTHDCI could interact with
ELAVLI. Besides, the results of RNA affinity isolation and RIP-
qPCR showed that ELAVLI could interact with SQSTM1 mRNA
(Figure 7H,I). Then, the effect of knockdown of ELAVLI in
HaCaT cells was investigated. The knockdown efficiency of
siRNAs against ELAVLI is shown in Figure 7],K. RT-gPCR
analyses revealed that knockdown of ELAVLI resulted in
decreases of SQSTMI1 mRNA expression levels (Figure 7L),
while little effect was observed on the expression levels of other
autophagy genes (Figure S4B). These data demonstrated that
YTHDCI interacted and cooperated with ELAVLLI in regulating
the expression of SQSTMI in keratinocytes.

Downregulation of YTHDC1 reduced autophagy in the
keratinocytes and delayed wound healing in mice

To provide evidence for the in vivo role of YTHDCI and SQSTM1
in diabetic wound healing under the chronic effects of hypergly-
cemia, BKD—LepremZCdMg/I\Iju (db/db) mice, a diabetic mouse
model, and age-matched wild-type (WT) mice were examined.
The peripheral blood glucose of db/db mice was significantly
increased (hyperglycemia) compared with WT mice (Figure
S5A). The weight of the mice in each group is shown in Figure
S5B. Histological examination revealed thinner epidermises in the
db/db mice, compared with the age-matched WT mice (Figure
S5C and S5D). Considering that long-term hyperglycemia triggers
increases of ROS and AGEs, which are known to interact with
autophagy, the skin tissues were examined by the fluorescent
probe DCFH-DA or immunohistochemical staining to detect
ROS and AGEs levels. The results showed increased levels of
both ROS and AGEs in the epidermises of db/db mice (Figure
S5E-H). Next, the expression levels of YTHDC1, SQSTM1 and
MAPILC3B/LC3B) were examined in the diabetic and normal
skin tissues by immunohistochemical staining. As shown in
Figure 8A,B, downregulation of YTHDCI1, SQSTMI and
MAPILC3B/LC3B) was detected in the db/db mice compared
with the age-matched WT mice. Notably, the wound healing rate
in db/db mice was significantly delayed as compared with the WT
mice (WT: 80.499 + 2.426%; db/db: 56.884 + 7.486%; Figure 8C,
D). To examine the functional roles of YTHDC1 and SQSTM1 in
skin wound healing, siRNA-based strategy was used to knock
down endogenous Ythdcl and Sqstml genes in the skin of the
mice (Figure 8E), as described in a previous related study [47].
Compared with the WT-si-NC group, the expression levels of
YTHDC1, SQSTM1, and MAP1LC3B/LC3B proteins were down-
regulated in the WT-si-Ythdcl group after siRNA injection
(Figure 8F,G). In the WT-si-Sgstm1 group, the expression levels
of SQSTM1 and MAP1LC3B/LC3B proteins were also downregu-
lated as compared with the WT-si-NC group (Figure 8F,G).
Delayed wound healing was observed in the skin of mice injected
with si-Ythdcl or si-Sqstm1 (WT-si-NC: 78.822 + 2.386%; WT-si-
Ythdcl: 71.100 + 1.888%; WT-si-Sgstml: 70.176 + 1.789%;
Figure 8H,I).

In summary, the in vivo data indicated that the expression
levels of YTHDCI1 and SQSTM1 were both decreased in the
epidermis of diabetic mice under the chronic effects of hyper-
glycemia. Knockdown of endogenous Ythdcl in the skin of mice
resulted in the downregulation of the SQSTM1 and MAP1LC3B/
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Figure 7. YTHDC1 cooperated with ELAVL1 in regulating expression of SQSTM1.

(A) RT-gPCR analysis of SQSTMT mRNA expression levels in the cytoplasm and

nucleus of control and YTHDC1 knockdown HaCaT cells (n = 3 independent experiments). (B and C) the distribution of ACTB and RNU6-1/U6 mRNA in the cytoplasm
and nucleus of control and YTHDCT knockdown HaCaT cells (n = 3 independent experiments). (D and E) control and YTHDC7 knockdown HaCaT cells were treated
with actinomycin D (5 pg/mL) for 0, 3, 6 h. The expression levels of SQSTMT mRNA in the cytoplasm and nucleus were analyzed by RT-qPCR (n = 3 independent
experiments). (F and G) Co-IP analysis of the interaction between YTHDC1 and ELAVL1 from HaCaT lysate. (H and I) RNA affinity-isolation and RIP-gPCR analysis of the
interaction between ELAVL1 protein and SQSTMT mRNA (n = 3 independent experiments). (J and K) RT-qPCR and western blot analysis of ELAVL1 expression levels in
control and ELAVL1 knockdown HaCaT cells (n = 3 independent experiments). (L) RT-gPCR analysis of SQSTM7 mRNA expression levels in control and ELAVLT
knockdown HaCaT cells (n = 3 independent experiments). The data were presented as mean =+ s.d. and analyzed by student’s t-test in (I) or one-way ANOVA with
Fisher’s LSD post hoc analysis in (A), (D), (E), (J), and (L). *P < 0.05, **P < 0.01, ***P < 0.001 as compared with the si-NC groups.

LC3B proteins. Moreover, reduction of endogenous Ythdcl or
Sgstm1 expression resulted in delayed wound healing.

Discussion

Here, this study revealed a previously unrecognized function of
the m®A reader protein YTHDCI in the modulation of autophagy.
First, analysis found that short-term high-glucose treatment
resulted in a decrease of SQSTM1 and impairment of autophagic
flux in keratinocytes. Then it was demonstrated that the decrease of

SQSTM!1 blocked autophagic flux in keratinocytes. Furthermore,
downregulation of YTHDC1 was identified to be responsible for
the decrease of SQSTMI and the blockade of autophagic flux in
keratinocytes treated with high glucose. Knockdown of YTHDCI
was observed to affect the biological functions of keratinocytes,
including by increasing apoptosis rates and impairing migration
ability. Interestingly, this study revealed that downregulation of
YTHDCI induced decreased expression levels of SQSTM1 via
acceleration of SQSTMI nuclear mRNA decay, which led to
impairment of autophagic flux. Moreover, ELAVL] was shown
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YTHDC1, SQSTM1, and MAP1LC3B/LC3B protein (brown color) levels in the epidermis was performed according to the IRS (n = 7 per group). (C and D) representative
images of cutaneous wounds of db/db mice and WT mice on day 0, 2, 4, 6, and 8 after wound generation by surgical excision. Rates of wound closure were
quantified by using imageJ software and were expressed by the percentage of closed wound area (n = 7 per group). (E) illustration of experimental timeline for the
siRNA injection and wound healing model of mice. (F and G) immunohistochemical staining and analysis of YTHDC1, SQSTM1, and MAP1LC3B (LC3B) protein
expression in skin tissues of mice injected with control siRNA, Ythdc1 siRNA or Sqstm1 siRNA. Epi: epidermis, Der: dermis. Scale bar: 100 um. Quantitative analysis of
YTHDC1, SQSTM1, and MAP1LC3B/LC3B protein (brown color) levels in the epidermis was performed according to the IRS (n = 6 or 7 per group). (H and |)
representative images of cutaneous wounds of mice injected with siRNAs on day 0, 2, 4, 6, and 8 after wound generation by surgical excision. Rates of wound closure
were quantified by using imageJ software and were expressed by the percentage of closed wound area (n = 6 or 7 per group). The data were presented as mean + s.
d. (B and G) or mean = SEM (D and 1) and analyzed by student’s t-test (B and D) or one-way ANOVA with Fisher's LSD post hoc analysis (G and I). *P < 0.05,
**P < 0.01, ***P < 0.001.

to regulate the expression of SQSTM1, interacting and cooperating MAP1LC3B/LC3B proteins and delayed wound healing. Taken

with YTHDC1. In vivo, decreased levels of SQSTMI1 and
MAPILC3B/LC3B were also observed in the epidermises of dia-
betic mice and patients, a possible result from the chronic effect of
hyperglycemia. Knockdown of endogenous Ythdcl in the epider-
mis of mice resulted in the downregulation of the SQSTM1 and

together, this study provided evidence that the decrease of
the m°®A reader YTHDCI inhibited autophagy via acceleration of
SQSTM1 nuclear mRNA decay in keratinocytes of diabetic skin,
resulting in impaired migration abilities of keratinocytes and
delayed wound healing (Figure 9).
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Figure 9. Proposed working model of YTHDC1 in regulation of autophagy in keratinocytes of diabetic skin. YTHDC1 interacted and cooperated with ELAVL1 in
regulating the expression of SQSTM1 in keratinocytes. In diabetes, downregulation of YTHDC1 induced decreased expression levels of SQSTM1 via acceleration of
SQSTM1 nuclear mRNA decay, which led to the impairment of autophagic flux and keratinocyte migration, eventually resulting in delayed wound healing.

Wound healing is a coordinated process that involves
different kinds of cells, including immune cells, fibroblasts,
vascular endothelial cells, and keratinocytes [3,5,48]. During
the inflammation phase of wound healing, monocytes are
recruited to the wound site and differentiate into macro-
phages, which facilitate the clearance of pathogens [48]. In
the proliferative phase of wound healing, fibroblasts enter the
wound bed and secrete extracellular matrix proteins into the
granulation tissue [49]. Endothelial progenitor cells are
required for the neovascularization of the wound, while
endothelial cells contribute to vasoconstriction and vasodila-
tion [5]. Moreover, it is important that keratinocytes prolifer-
ate and migrate to the wound for re-epithelialization [50,51].
In diabetic skin, dysfunction or the concerted interactions
between various cell types has been observed. For example,
the transition from the pro- to anti-inflammatory state of
infiltrated macrophages is impeded [52], local angiogenesis
is impaired [53], and the proliferation and migration of fibro-
blasts and keratinocytes is also inhibited [54]. However, the
underlying mechanisms of these dysfunctions are still largely
unknown. This study put forward a critical role of m°A reader
in regulating autophagy and wound healing, the dysfunction
of which resulted in delayed wound healing of diabetic skin.

First, SQSTM1 was found to be a crucial gene in high-
glucose-treated keratinocytes. SQSTMI1 1is an autophagy
receptor that interacts directly with selected cargoes [55].
However, the role of SQSTMI in the regulation of autophagy
remains controversial. Loss of SQSTM1 has been demon-
strated to inhibit autophagosome formation and impair auto-
phagy [29]. Interestingly, the splicing variant of SQSTMI,
which lacks the KEAPI-interacting region, could negatively

regulate the KEAP1-NFE2L2 pathway [56]. A previous study
found that knockdown of SQSTM1 results in elevated levels of
KEAP1 but decreased levels of NFE2L2 [57]. This study con-
firmed that the KEAP1-NFE2L2 pathway was inhibited in
keratinocytes transfected with si-SQSTMI. These findings
were consistent with the results in keratinocytes treated with
high glucose, compared with the osmotic control. The
NFE2L2 protein has been reported to be downregulated in
the skin tissues of diabetic patients [58], whereas activation of
the NFE2L2 pathway could significantly improve diabetic
wound healing [59]. However, the mechanism of reduced
NFE2L2 expression in diabetic skin has not been clarified.
In this study, the decrease of SQSTMI was found to contri-
bute to the reduction of NFE2L2 in high-glucose-treated
keratinocytes, providing an additional insight for the regula-
tory mechanism of NFE2L2 downregulation in diabetic skin.
It has been reported that increasing amounts of KEAP1 pro-
tein inhibits the interaction between SQSTMI1 and
MAPILC3B/LC3B. One possible explanation is the close
proximity of the MAPILC3/LC3-interacting region (LIR)
and the KEAP1 binding region (KIP) within SQSTM1 [60].
Furthermore, this study found that knockdown of SQSTM]I
resulted in inhibition of autophagosome formation and
impairment of autophagic flux. Supporting these findings,
previous studies reported that depletion of SQSTM1 abolished
the formation of autophagosomes [29,61]. This study revealed
the effect of SQSTMI on autophagy from the post-
transcriptional regulation in keratinocytes treated with high
glucose.

Autophagy plays diverse roles in various cells of diabetic
skin. A previous related study showed that AGEs triggered



autophagy in human skin fibroblasts cells [62]. A recent study
showed that high glucose suppresses keratinocyte migration
through inhibition of autophagy [17]. Consistent with that
study, the current study observed that autophagy was inhib-
ited in high-glucose-treated keratinocytes. Importantly, this
study reported that downregulation of SQSTMI resulting
from the decrease of m°A reader YTHDCI played
a determining role in the inhibition of autophagy in diabetic
keratinocytes. This novel finding that revealed a previously
unidentified role of the m°A reader YTHDCI and its dysre-
gulation in diabetic wound healing. In this study, further
in vivo and in vitro evidences was provided supporting the
mechanistic roles of YITHDCI in regulating SQSTM!1 and
autophagy, as well as its functional role in wound healing.
Although osmotic stress (=50 mM) has been reported to
induce autophagy in cells [20,21], this study showed that
mannitol at various concentrations (15 and 30 mM) did not
result in detectable changes in autophagy markers
(MAP1LC3B/LC3B-II, MAPILC3B/LC3B-I, SQSTM1),
YTHDCI expression, and autophagic flux in the keratinocytes
as compared with normal glucose control, while increased
glucose concentrations (15 and 30 mM) both showed signifi-
cant reductions of the MAP1LC3B/LC3-II:-I ratio, SQSTM1
and YTHDCI expression, as well as blockade of autophagic
flux. The data therefore suggested that the metabolic but not
osmotic effect of hyperglycemia plays a critical role in the
pathophysiology of keratinocytes in diabetic  skin.
Furthermore, the decrease of YTHDCI1 expression and auto-
phagy was not only shown in cultured keratinocytes with
short-term high-glucose treatment, but was also observed in
the epidermis of diabetic mice and patients with chronic
hyperglycemia.

SQSTM1-MTORCI1-autophagy is crucial in driving the
effects of SQSTM1 on the metabolic process. Reduction of
SQSTM1 could reactivate the MTORCI1 pathway, resulting in
downregulation of autophagy [63]. The MTOR signaling
pathway, which promotes anabolic metabolism and inhibits
autophagy induction, was activated in high-glucose-treated
keratinocytes, as well as in the diabetic skin of rats and
patients [64,65]. The current study confirmed that the AKT:
MTOR signaling pathway was activated by high-glucose treat-
ment in keratinocytes. It also verified that high glucose
impaired autophagic flux in keratinocytes. A previous study
reported that autophagy is defective in diabetic skin, thereby
inhibiting the proliferation and migration of keratinocytes
[66]. In addition, autophagy might be a therapeutic target in
diabetic skin wound healing. It was reported that autophagy is
shown to be activated in response to glucose withdrawal via
activation of PRKAA2/AMPK (protein kinase AMP-activated
catalytic subunit alpha 2) and inactivation of MTOR [67].
Besides, directed migratory speed could be enhanced via
inducing autophagic activity in keratinocytes driven by elec-
tric fields [68]. A recent study has also revealed the critical
role of keratinocyte autophagy in facilitating wound healing
via regulating CCL2 (C-C motif chemokine ligand 2) expres-
sion in a mouse model [18]. Therefore, moderately improving
autophagic activity may be a new strategy to promote diabetic
wound healing. In agreement with previous findings [69], the
results of this study showed elevated ROS levels in the skin
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tissues of db/db mice. A significantly higher level of AGEs was
also found in the serum of db/db mice [70]. It has been
reported that the level of AGEs accumulation is higher in
the skin tissues of diabetic patients than in a nondiabetic
group [71]. The results of this study also suggested that the
level of AGEs in the epidermis was higher in the db/db mice
compared with the WT mice. It is generally accepted that ROS
and AGEs could induce autophagy [72-74]. On the other
hand, autophagy helps to reduce oxidative damage in the
stressed cells [23], while inhibition of autophagy results in
more ROS accumulation [75,76]. Moreover, autophagy acti-
vators have been found to reduce AGEs levels in human
keratinocytes [77]. Collectively, the data from this study indi-
cated increased levels of ROS and AGEs in the epidermis of
db/db mice that is associated with long-term hyperglycemia.
However, the possible effect of ROS and/or AGEs on
YTHDC1 expression is still unclear and requires further
investigation.

In this study, the m°A level of mRNA in keratinocytes
treated with high glucose was shown to be decreased in
comparison with the control groups. These findings were
consistent with previous studies. In one study,
low m°A contents were detected in the RNA of peripheral
blood samples from T2DM patients and diabetic rats, com-
pared with the control groups [36]. Moreover, in other
research, upregulation of FTO induced by high glucose was
found to possibly be responsible for low m°A contents in
T2DM patients [78]. YTHDCI is a nuclear m°A reader med-
iating mRNA metabolism, and it could regulate mRNA spli-
cing through competitively bingding to the pre-mRNA
splicing factor SRSF3 (serine and arginine rich splicing fac-
tor 3) and SRSF10 (serine and arginine rich splicing factor 10)
[79,80]. YTHDCI1 can also interact with SRSF3 to mediate
nuclear export of N°-methyladenosine methylated mRNAs
[81]. A recent study showed that knockout of YthdcI exhibits
early mouse embryonic lethality, similarly to MettI3 knockout,
which implies that YTHDC1 may play a critical role in cell
survival [82]. The results of the current study suggested that
knockdown of YTHDCI affected biological functions of ker-
atinocytes. Cell dysfunction and impairment of autophagy
resulting from the decrease of YTHDCI in keratinocytes
might contribute to the epidermis thinning in diabetic skin.

The findings of the current study demonstrated a role for
YTHDCL1 in regulating nuclear mRNA stability. Recently,
YTHDCI1 has been revealed to interact with components of
the nuclear exosome targeting (NEXT) and to trigger decay of
chromosome-associated regulatory RNAs (carRNAs) through
NEXT [82]. Interestingly, the current study identified another
role of YTHDC1 in regulating nuclear RNA stability.
Knockdown of YTHDCI1 drove SQSTMI nuclear mRNA
degradation in keratinocytes, which indicated a new role for
YTHDCI in maintaining mRNA stability in the nucleus. It is
known that m°A modification contributes to mRNA stability
[83]. YTHDF proteins (YTHDF1, 2, and 3), which
are m®A readers of the YTH (YT521-B homology) domain
family, can work together to destabilize the same subset of
transcripts [84]. Besides, the insulin like growth factor 2
mRNA binding proteins (IGF2BPs) have been revealed to
be m°A readers, which promote stability [85]. In addition,
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a recent study revealed an important role of YTHDC2 (YTH
domain containing 2), another YTHDC proteins, in regulat-
ing mRNA stability [86]. However, the relationship between
YTHDC1 and autophagy genes had not yet been studied. This
study indicated a novel role of YTHDCI in maintaining the
stability of SQSTM1 mRNA in nucleus, as well as in modulat-
ing autophagy levels.

ELAVL1 has been identified as an RNA stabilizer pro-
tein, which has also been reported to positively affect
SQSTM1 expression at post-transcriptional levels in
a human retinal pigment epithelial cell line [46,87].
ELAVL1 and m°A modification might have mutual inter-
dependency in regulating mRNA stability [88]. A previous
study found that ELAVL1 is significantly associated
with m°A bait in an RNA affinity chromatography
approach used to identify novel m°A-binding proteins
[45]. In gastric cancer cells, silencing of the m®A writer
METTL3 results in reduced affinity of ELAVL1 to ZMYM]I
(zinc finger MYM-type containing 1) mRNA, whereas over-
expression of METTL3 leads to a reversed result [89]. The
current study found evidence that ELAVLI could interact
and cooperate with the m°A reader YTHDCI in modulat-
ing SQSTMI expression. Additionally, a recent study
reported that the functional effects of m°A on downstream
processes can be highly heterogeneous and depend on the
binding of specific RBPs [43]. For example, YTHDCI can
interact with and recruit demethylases KDM3B (lysine
demethylase 3B) to m°A RNA associated chromatin
regions, resulting in demethylation of the dimethylation of
histone H3 at lysine 9 (H3K9me2) and that promotes gene
expression [90]. In the current study, it was found that
YTHDC1 could interact with ELAVL1 in regulating
SQSTM1 mRNA stability, suggesting that the function of
YTHDCI1 may vary depending on the RBPs with which it
interacts. Notably, it was found that while knockdown of
YTHDCI resulted in a decrease of autophagy gene expres-
sion, including NFE2L2, BECNI, NBR1, ATG7, and ATGI2
mRNAs, knockdown of ELAVLI showed little effect on the
mRNA levels of these autophagy genes. These data indi-
cated the specificity of ELAVL1 in regulating SQSTMI
mRNA, while other unidentified RBPs in addition to
ELAVLI may participate in the regulation of other auto-
phagy genes by YTHDCI.

The current study revealed that downregulation of
SQSTM1 and the m°A reader YTHDCI played critical roles
in the dysregulation of autophagy in keratinocytes under
both the acute and chronic effects of hyperglycemia.
However, further exploration is needed to illustrate the
mechanism for the interaction between YTHDCI1 and
ELAVLI in regulating mRNA stability. In conclusion, this
study identified a novel role of YTHDCI in enhancing
nuclear mRNA stability of SQSTMI. The expression of
YTHDC1 was downregulated in the keratinocytes of the
diabetic epidermis, resulting in decreased stability of
SQSTM1I nuclear mRNA, thereby impairing autophagic flux
and delaying wound healing. Overall, this study revealed
potential therapeutic strategies for targeting autophagy
and m°A reader proteins in promoting wound healing of
diabetic skin.

Materials and methods
Cell culture

The human keratinocyte (HaCaT) cell line was purchased
from Procell Life Science & Technology (CL-0090) and cul-
tured with Minimum Essential Medium (MEM; Procell Life
Science & Technology, PM150410) containing 10% fetal
bovine serum (Gibco, A3160802). Normal human epithelial
keratinocytes (NHEK) were purchased from Beijing Beina
Chuanglian Biotechnology Institute (BNCC340593) and cul-
tured with Minimum Essential Medium with Earle’s Balanced
Salts (MEM/EBBS; Hyclone, SH30024.01) containing 10%
fetal bovine serum (Gibco, A3160802). Cells were incubated
in humidified condition of 37°C with 95% air and 5% CO..
For experiments, HaCaT cells or NHEK were treated with
different concentrations of glucose (Sigma-Aldrich, G6152;
normal glucose: 5.6 mM of glucose; mid-high glucose:
15 mM of glucose; high glucose: 30 mM glucose). Mannitol
(Sigma-Aldrich, M4125; 15 mM: 5.6 mM of glucose + 9.4 mM
of mannitol; 30 mM: 5.6 mM of glucose + 244 mM of
mannitol) was used as the osmotic control for mid-high
glucose and high glucose.

Human tissue samples and ethics statement

Diabetic perilesional skin tissues were obtained from patients
undergoing amputation surgery. Control (healthy) skin tissues
were collected from the lower leg of patients without diabetes
undergoing reconstruction due to foot injury. Tissues were
rapidly fixed in 4% paraformaldehyde for 24 h, and then
embedded in paraffin. The study protocol was in accordance
with the principles of the Helsinki Declaration II and was
approved by the Institutional Review Board of the Sun Yat-
sen Memorial Hospital of Sun Yat-sen University.

In vivo wound healing model

Seven-to-8-week-old male type-2 diabetic mice (BKD-
Leprem™2C4479/Niu - qh/db) and age-matched wild-type (WT)
mice were purchased from GemPharmatech, Co., Ltd.
(T002407). Two days before generating the skin wounds
(day -2), a 6-mm skin biopsy punch was used to mark
a circle on the backs of the mice. Then, the WT-si-NC, WT-
si-Ythdcl and WT-si-Sqstml groups were intracutaneously
injected with corresponding siRNAs (si-NC, si-Ythdcl, or si-
Sqstml, 2.5 nmol) on the circle. Two days later (day 0),
circular full-thickness skin wounds were made with a 6-mm
skin biopsy punch and skin tissues from the wounds were
harvested. On days 0, 2, 4, and 6 after wound modeling, WT-
si-NC, WT-si-Ythdcl and WT-si-Sqstml groups were intra-
cutaneously injected with corresponding siRNAs (si-NC, si-
Ythdcl, or si-Sqstml) on the edge of the circular wounds.
Wound areas were quantified by using Image] software with
photos taken on days 0, 2, 4, 6, and 8 after wound modeling.
Wound healing rate was calculated as previously reported:
(initial area - final area)/initial area x 100% [4]. siRNAs
were designed and synthesized by Guangzhou RiboBio Co.,
Ltd. All animal experiments were approved by the



Institutional Animal Care and Use Committee (IACUC), Sun
Yat-sen University; approval number: SYSU-IACUC-2021-
000238.

RNA-seq analysis

HaCaT cells were treated with high glucose (30 mM) or
osmotic control (30 mM: 5.6 mM of glucose + 24.4 mM of
mannitol) for 48 h (n = 5). Total RNA was extracted using
RNAiso Plus (TaKaRa, 9109). Magnetic beads connected to
Oligo (dT) were used to enrich the eukaryotic mRNA. After
being fragmented, mRNA was converted into individual
cDNA libraries. RNA-seq was carried out using Illumina
Novaseq™ 6000. Gene abundances were quantified by FPKM
(fragments per kilobase of exon model per million mapped
reads). For differential and significant gene expression analy-
sis, false discovery rate (FDR) < 0.05 and log 2 (fold change) >
1 were used as the thresholds.

RT-gPCR

Total RNA was extracted using RNAiso Plus (TaKaRa, 9109).
Complementary DNA (cDNA) was synthesized using 500 ng
RNA samples with PrimeScript RT Master Mix (TaKaRa,

Table 1. Primer sequences.
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RRO36A) according to the manufacturer’s protocol. TB
Green Premix Ex Taq II (TaKaRa, RR820A) was used for
quantitative real-time PCR (qPCR) conducted on
a LightCycler 480 II real-time PCR instrument (Roche).
Gene expression changes were analyzed by the 27**“* method
and normalized to ACTB. The sequences of primers used are
presented in Table 1.

Western blot

Protein was extracted using cell lysis buffer (Cell Signaling
Technology, 9803S) containing protease and phosphatase inhi-
bitor cocktail. Protein samples were heated with NuPAGE LDS
Sample Buffer (Invitrogen, NP0007) at 95°C for 10 min.
Proteins were separated in SDS-PAGE gels and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
IPVH00010). Then, the membranes were blocked with 5%
nonfat milk (Sangon Biotech, A600669) in TBST (TBS, Boster
Biological Technology, AR0031; Tween-20, Solarbio, T8220) at
25°C for 1 h. Primary antibodies were incubated at 4°C over-
night. Secondary antibodies were incubated at 25°C for 1 h.
Protein bands were detected using BeyoECL Star Kit (Beyotime
Biotechnology, PO018AS). Primary antibodies used in the
experiment are listed in Table 2.

TEM

Gene Primer Sequence The culture medium was removed and the cells were fixed with
ACTB Forward GTGGCCGAGGACTTTGATTG 2.5% glutaraldehyde at 25°C for 5 min. Cells were scraped from
Reverse CCTGTAACAACGCATCTCATATT  the plates and collected by centrifugation at 500 x g for 5 min.
SQSTM1 Forward GACTACGACTTGTGTAGCGTC . .
Reverse AGTGTCCGTGTTTCACCTTCC The cell pellets were fixed with 2.5% glutaraldehyde in darkness
YTHDC1 Forward AACTGGTTTCTAAGCCACTGAGC at 25°C for 30 min. After being embedded in 1% agarose, cells
Reverse GGAGGCACTACTTGATAGACGA or tissues were t-fixed in 1% . tet ide for 2 h. Next
ELAVLT Forward GGGTGACATCGGGAGAACG post-lixed 1n 17 osmium tetroxide for = n. Next,
Reverse CTGAACAGGCTTCGTAACTCAT the cells or tissues were dehydrated with ethanol and acetone,
NFE2L2 Forward TCAGCGACGGAAAGAGTATGA : :
Reverse CCACTCGTTICTGACTCGATAT and then gmbeddeq 1n. epoxx resin (SPI, 99,529—77—4). Blocks
MAPTLC3B Forward GATGTCCGACTTATTCGAGAGC were cut into semithin sections and stained with ethanolic
Reverse TTGAGCTGTAAGCGCCTTCTA uranyl acetate and lead citrate. The morphology of autophagic
BECN1 Forward GGTGTCTCTCGCAGATTCATC . .
Reverse TCAGTCTTCGGCTGAGGTTCT structures was investigated by TEM at 8.0 kV.
NBR1 Forward AGGAGCAAAACGACTAGCTGC
Reverse TCTGGGGTCTTCATGTCTGAT
ATG5 Forward AGAAGCTGTTTCGTCCTGTGG Autophagic flux
Reverse AGGTGTTTCCAACATTGGCTC
ATG7 Forward CTGCCAGCTCGCTTAACATTG : :
Reverse CTTeTTGAGEAGTACAGGGTITT  Autophagic flux was measured using tandem mRFP-GFP-
ATG12 Forward TAGAGCGAACACGAACCATCC MAPILC3B/LC3B (Hanbio, HBAD-1007). HaCaT cells were
Reverse CACTGCCAAAACACTCATAGAGA  ipfected  with  tandem  mRFP-GFP-MAP1LC3B/LC3B
Table 2. Primary antibodies used in this study.
Target Application Supplier Catalog Number
m°A Dot blot Abcam ab151230
YTHDC1 Western blot /IHC Abcam ab122340
YTHDC1 RIP/Co-IP Abcam ab264375
19G RIP/Co-IP Abcam ab172730
SQSTM1 Western blot Abcam ab56416
SQSTM1 IHC Proteintech Group 18,420-1-AP
ELAVL1 Western blot/Co-IP Proteintech Group 11,910-1-AP
MAP1LC3B Western blot Cell Signaling Technology 3868S
NFE2L2 Western blot Proteintech Group 16,396-1-AP
KEAP1 Western blot Proteintech Group 10,503-2-AP
MTOR Western blot Abcam ab84400
p-MTOR Western blot Sangon Biotech D155324
AKT (pan) Western blot Cell Signaling Technology 4691S
p-AKT Western blot Cell Signaling Technology 4060S
AGEs IHC Abcam ab23722
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adenovirus before treatment with high glucose/mannitol or
transfection with siRNAs. Cells were fixed with 4% parafor-
maldehyde for 15 min. Nuclei were stained with DAPI for
5 min. The fluorescence images were acquired using a confocal
laser-scanning microscope.

RNA interference

Knockdown of RNA in HaCaT cells was realized by transfec-
tion with siRNAs synthesized by Suzhou GenePharma. Cells
grown in six-well plates were transfected with 200 pmol
siRNAs using lipofectamine RNAIMAX transfection reagent
(Invitrogen, 13,778,150) according to the manufacturer’s
instructions. The sequences of siRNAs are presented in
Table 3.

YTHDC1 overexpression in HaCaT cells

The coding sequence of human YTHDCI (NM_001031732)
was subcloned into GV358 lentiviral vector (designed and
constructed by Genechem) using endonucleases Agel/Agel-
based strategy (New England Biolabs, R0552S). Empty lenti-
viral vector was used as the negative control. After 48 h of
viral transduction, cells were selected with 2 pg/mL
puromycin.

RNA dot blot

Total RNA was isolated using RNAiso Plus (TaKaRa, 9109)
and spotted onto nylon membranes (Millipore, INYC00010).
Then the membranes were crosslinked by ultraviolet (UV).
After being dyed with methylene blue, the membranes were
washed with ethanol. Blocking buffer (5% milk in phosphate-
buffered saline with 0.1% Tween 20) was used to block the
membranes for 1 h. The membranes were incubated with
anti-m°A antibody at 4°C overnight. Secondary antibodies
were incubated at 25°C for 1 h. Protein bands were detected
using a BeyoECL Star Kit (Beyotime Biotechnology,
P0018AS). Primary antibodies used in the experiment are
listed in Table 2.

RIP

For each RIP reaction, 10" HaCaT cells were harvested and
washed with PBS (Hyclone, SH30256.01B). After centrifuga-
tion, the pellets were resuspended in IP lysis buffer (Beyotime

Table 3. siRNA sequences.

siRNA Sequence
si-SQSTM1-#1 5'-CGCUCACCGUGAAGGCCUATT-3'
5'-UAGGCCUUCACGGUGAGCGTT-3’
si-SQSTM1-#2 5'-GCACUACCGCGAUGAGGACTT-3
5'-GUCCUCAUCGCGGUAGUGCTT-3'
si-YTHDC1-#1 5'-GCAAGGAGUGUUAUCUUAATT-3'
5'-UUAAGAUAACACUCCUUGCTT-3'
si-YTHDC1-#2 5'-GCUCUGCAUCAGAGUCAUATT-3'
5'-UAUGACUCUGAUGCAGAGCTT-3'
Si-ELAVLT-#1 5'-GAACGAAUUUGAUCGUCAATT-3'
5'-UUGACGAUCAAAUUCGUUCTT-3'
Si-ELAVLT-#2 5'-GGUUUGGGCGGAUCAUCAATT-3'
5'-UUGAUGAUCCGCCCAAACCTT-3'

Biotechnology, P0013) containing protease inhibitor cocktail
and RNase inhibitors (TaKaRa, 2313A). Magnetic beads pro-
tein A/G (MedChemExpress, HY-K0202) were incubated with
5 ug antibody at 25°C for 1 h. Normal rabbit IgG was used as
a negative control RIP reaction. The supernatant of cell lysate
was collected after centrifugation. Next, 10% of the lysate was
used as input and kept at —80°C. The remaining lysate was
added to the beads-antibody complex in immunoprecipitation
buffer, and then incubated at 4°C overnight. After washing
with RIP buffer, 10% of the beads were collected during the
last wash to test the efficiency of immunoprecipitation by
western blot. Then, the beads were resuspended with protei-
nase K buffer and incubated at 55°C for 30 min with shaking.
RNAiso Plus (TaKaRa, 9109) was used to purify RNA accord-
ing to manufacturer’s protocol. RT-qPCR was conducted as
described above. RNA enrichment was normalized to the
input control. Primary antibodies used in the experiment are
listed in Table 2.

MeRIP-qPCR

Total RNA was extracted using RNAiso Plus (TaKaRa, 9109)
and treated with recombinant DNase I (TaKaRa, 2270A)
according to manufacturer’s protocol. A  Magna
MeRIP m°A Kit (Millipore, 17-10,499) was used to monitor
the status of m°A in mRNA. Anti-m°A antibody (or normal
IgG as negative control RIP reaction) was incubated with
Magna ChIP Protein A/G Magnetic Beads at 25°C for
30 min. For each immunoprecipitation, 300 pg total RNA
was prepared. Then, 30 ug of total RNA was collected as
input and kept at —80°C. The remaining RNA was incubated
with beads-antibody complex at 4°C overnight. Next, the
RNA was eluted twice with elution buffer containing 20 mM
N°-Methyladenosine, 5'-monophosphate sodium salt (m°A).
The input of RNA and eluted RNA was purified by RNAiso
Plus. RT-qPCR was conducted as described above.

RNA affinity isolation

The 5 end biotinylated RNA probes complementary to
YTHDCI mRNA were incubated with streptavidin magnetic
beads (MedChemExpress, HY-K0208) at 25°C for 1 h. Cell
lysate was prepared with IP lysis buffer (Beyotime
Biotechnology, P0013). Then the cell lysate was mixed with
RNA-bound beads thoroughly and incubated at 4°C over-
night. Samples were eluted and analyzed by western blot as
described above. Biotin-labeled probes were purchased from
RiboBio, China. The sequences of probes used are presented
as follows: SQSTMI, 5-TCCGATGTCATAGTTCTTGG-3
Random probe, 5-TTCTTACTACGTGAGGTCGT-3'".

Co-IP

For each Co-IP reaction, 10" HaCaT cells were harvested and
washed with PBS. After centrifugation, the pellets were resus-
pended with IP lysis buffer (Beyotime Biotechnology, P0013)
containing protease inhibitor cocktail. Magnetic beads protein
A/G (MedChemExpress, HY-K0202) were incubated with
1 pg YTHDCl or ELAVL1 antibody at 25°C for 1 h.



Normal rabbit IgG was used as a negative control IP reaction.
The supernatant of cell lysate was collected after centrifuga-
tion. Then, 10% of the lysate was collected as input. The
remaining lysate was added to the beads-antibody complex
in IP buffer, and then incubated at 4°C overnight. After
washing with IP buffer, the beads were resuspended with
loading buffer (1x) and heated at 95°C for 10 min. Western
blot was conducted as described above. Primary antibodies
used in the experiment are listed in Table 2.

Hematoxylin-eosin (HE) staining

Skin tissues were fixed with 4% paraformaldehyde before
embedding. Tissues were sliced up and stained with hematox-
ylin-eosin. Epidermal thickness was measured using Image].

Immunohistochemical (IHC) staining

Skin tissues were fixed in 4% paraformaldehyde solution for
24 h. Sections were prepared after being embedded in paraffin.
The slides were baked at 65°C for 2 h before deparaffinization,
and then rehydrated in distilled water for 10 min. For antigen
retrieval, slides were submerged in EDTA (pH 8.0; ZSGB-BIO,
ZLI-9067) at 95°C for 20 min. After being blocked with immu-
nol staining blocking buffer (Beyotime Biotechnology, P0260) at
25°C for 30 min, the slides were incubated with primary anti-
bodies at 4°C overnight. Then, the slides were incubated with
secondary antibody at 37°C for 1 h. Images were captured by
a Nikon Ni-U camera (Nikon). Five fields were observed for
each section. Scoring was conducted according to the immu-
noreactive score (IRS) standard as previously reported [91].
Primary antibodies used in the experiment are listed in Table 2.

Reactive oxygen species (ROS) detection

Skin tissues were embedded with optimal cutting temperature
embedding medium at —80°C as soon as they were harvested.
Fresh tissues were used for detection within 24 h. After being
sliced up into 12-pm sections, tissues were washed with PBS
(Hyclone, SH30256.01B) and incubated with fluorescent
probe DCFH-DA at 37°C for 20 min. Nuclei were stained
with DAPI for 5 min. The fluorescence images were captured
using a fluorescence microscope.

Nuclear and cytoplasmic RNA isolation

Cells cultured in 6-well plates were trypsinized and then
collected. The PARIS Kit (Invitrogen, AM1921) was applied
to isolate the nuclear and cytoplasmic RNA fractions accord-
ing to the manufacturer’s protocol. RNA was purified using
RNAiso Plus (TaKaRa, 9109).

Actinomycin D treatment

A total of 5 mg actinomycin D (APExBIO Technology, A4448)
was dissolved in 1 mL DMSO to a concentration of 5 mg/mL.
Then, 5 pug/mL (diluted 1:1000) of actinomycin D was added to
cells to inhibit mRNA transcription. Cells were collected at 0, 3,
and 6 h. RNA was extracted and used for RT-qPCR.
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Wound-healing assay

HaCaT cells were seeded in 6-well plates and transfected with
siRNAs. After 48 h, the attached cells were scratched with a 200-ul
pipette tip. Images were captured at 0 h using a microscope. Then,
the cells were cultured at 37°C with 5% CO, for 20 h, at which
time another set of images of the same wounds was captured. The
wound widths were measured with Image] software (National
Institutes of Health, Bethesda, MD, USA) and were normalized
and presented as a percentage of the wound measured at 0 h.

Cell apoptosis

To examine cell apoptosis, HaCaT cells were seeded in plates
and transfected with siRNAs for 48 h. Then, cells were tryp-
sinized and collected by centrifugation. After washing with
PBS, the cells were resuspended with binding buffer. Cells
were stained with ANXA5/annexin V and propidium jodide
(PI) for 15 min in darkness before flow cytometry analysis.

Antibody

The primary antibodies used in this study are listed in
Table 2.

Statistical analysis

Data are presented as the mean *+ s.d. or mean + SEM.
Statistical analyses were performed using IBM SPSS Statistics
23.0 software. Results were analyzed using the Student’s t-test,
one-way analysis of variance (ANOVA), or one-way multi-
variate analysis of variance (MANOVA) followed by Fisher’s
least significant difference (LSD) post hoc analysis. P < 0.05
was considered statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001, ns: no significance.
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