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Abstract: Diabetic kidney disease (DKD), as the main complication of diabetes mellitus, is
the primary cause of the end-stage renal disease (ESRD) and the most common chronic
kidney disease. Overall, 30-40% of patients with type 1 and type 2 diabetes eventually
develop DKD. Although some diabetes patients have intensified glycemic control, they still
develop diabetic kidney disease. Current treatment methods can alleviate but do not mark-
edly halt disease development, resulting in renal failure and severe complications, even
contributing to elevated morbidity and mortality rates. DKD is a disease with interactions
of genes and the environment. Emerging evidence indicates that DKD-associated key genes
are also regulated by the epigenetic mechanism. Recently, increasing researches involving
cells and experimental animals demonstrated that histone post-translational modifications can
mediate gene expression, which correlated with diabetic kidney disease. Novel therapeutic
strategies for epigenetic events could be beneficial for the early detection and treatment of
DKD to prevent it from developing into end-stage renal disease (ESRD). In this review, we
discuss prior findings in the field of histone modifications in DKD, especially histone
acetylation and histone methylation. We then focus on recent developments in histone
acetylation and methylation involved in the pathogenesis of DKD.
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Introduction

Diabetic nephropathy, now commonly recognized as diabetic kidney disease (DKD),
occurs in diabetic patients, especially those with poor long-term glycemic control,’
causing high morbidity and risk of death. As lifestyles and diets have changed in recent
years, the global incidence of diabetes mellitus (DM) has increased annually, as
reported by the International Diabetes Federation, which estimates that the incidence
of diabetes mellitus (DM) will increase to 700 million in 2045.2 Consequently, diabetic
kidney disease will increase social financial costs and threaten human health. DKD is
defined by changes in the structure and function of the kidneys. The primary renal
structural changes in DKD are mesangial matrix expansion, extracellular matrix
accumulation, glomerular and tubular basement membrane thickening, and podocyte
injury, eventually contributing to glomerulosclerosis and tubulointerstitial fibrosis.*
Clinically, microalbuminuria refers to the daily amount of urinary albumin between
30 mg-300 mg, also known as incipient nephropathy.’ Persistent microalbuminuria
(>300mg/day) is called macroalbuminuria or overt nephropathy, followed by renal
injury, ultimately leading to ESRD.* The pathogenesis of DKD is multifactorial and
involves many mechanisms such as oxidative stress, metabolic disturbance, activation
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of the renin-angiotensin-aldosterone system (RAAS), pro-
duction of inflammatory factors, profibrotic transforming
growth factor-Bl1 (TGF-B1), and genetic susceptibility,
among which genetic predisposition explains some diabetic
patients who do not properly control their glycemia but do
not develop DKD.*® While some patients with diabetes still
develop DKD even if they maintain good glycemic control,’
growing evidence demonstrates the relationship between
epigenetic mechanisms and gene expression associated with
diabetic complications,® stressing the role of epigenetic mod-
ifications and metabolic memory in diabetic complications.
Current diabetic kidney disease treatment strategies include
blood pressure control, glycemic control, weight reduction,
and intensive lifestyle interventions.” The most effective
drugs for DKD treatment are the combined use of RAAS
blockers and Sodium-glucose cotransporter 2 (SGL2)
inhibitors.'®!" However, the implementation of these mea-
sures seems not likely to improve longer-term outcomes, for
example, the reversal and reduction of DKD progression in
many patients. The increasing rates of DKD suggest a further
understanding of underlying mechanisms to find better novel
therapies for the clinical management of DKD.'*™'

Over the past decade, epigenetics has expanded rapidly in
many fields and participates in the pathophysiology of DKD.
Furthermore, environmental stimuli and inflammation are
considered to mediate  epigenetic  mechanisms."”
Environmental factors, such as metabolites, contribute to
the development of diabetes and DKD, which could regulate
epigenetic status. That is to say, epigenetic modifications may
play a critical role in DKD.'*'*!7 In recent years, histone
post-translational modifications (PTMs) have been reported
to involve regulating DKD-related gene expression, such as
connective tissue growth factor (CTGF), collagen-al[I], and
plasminogen activator inhibitor-1 (PAI-1)."*'® However, our
knowledge of the magnitude of the relationship for histone
modifications at individual gene sites with diabetic kidney
disease and the underlying mechanisms is limited. In this
review, we summarize current findings of histone modifica-
tions and DNA methylation in DKD, mainly highlighting the
role of histone acetylation and methylation in DKD.

Re-Recognition of the Pathogenesis
of DKD

Traditional Pathogenesis

The term “diabetic nephropathy” was replaced by “dia-
betic kidney disease” (DKD) by the Kidney Disease
Outcomes Quality Initiative (KDOQI), in line with the

chronic  kidney disease (CKD) classification.?’

Traditionally, DKD is characterized by diffuse or nodular
glomerulosclerosis. DKD has traditionally been recog-
nized as a change in hemodynamics and metabolic distur-
bance. These changes can activate the expression of
metabolic product, cytokines, chemokines, and immune

2122 a5 well as dysregulating signaling pathways,

23-26

system,

such as the oxidative stress and profibrotic
pathways.?’*® Furthermore, endothelial cell apoptosis
exposed to sustained hyperglycemia could lead to kidney
injury. These circulating renal factors have a cross-talk
relationship to accelerate kidney damage and cause irre-
versible injury. DKD not only destroys the kidney itself
but damages other organs, resulting in more serious dia-

betic comorbidities.

Novel Potential Pathogenesis

Microenvironmental changes and multidimensional
pathology in DKD have updated conventional knowl-
edge. Several different factors can enhance the patho-
genic  pathway initiated and maintained by
hyperglycemia in the kidney. These include haemody-
namic factors, including impaired autoregulation, hyper-
perfusion and hypoperfusion, as well as metabolic
factors, including excess fatty acids, carbonyl and oxi-
dative stress, and activation of the renin—angiotensin—
aldosterone system (RAAS).?’ These factors by them-
selves do not cause DKD but promote and enhance
common pathogenic mechanisms in the presence of dia-
betes, including increased levels of growth factors,
vasoactive hormones, cytokines and chemokines in the
kidney. For example, vascular susceptibility to oxidative
stress could be increased by endothelial dysfunction
under high glucose condition, then endothelial dysfunc-
tion and subsequent microvascular rarefaction could
also reduce blood flow, ultimately leading to hypoxia.*
The pathological manifestation of DKD is the accumu-
lation of extracellular matrix in the glomeruli and
tubules and the increased deposition of collagen, fibro-
nectin, and laminin in the mesangial matrix, glomerular
basement membrane, and tubulointerstitium.>°

The conventional view is that the relationship between
diabetes and mitochondrial dysfunction and complications
are related to the harmful effects of hyperglycemia; how-
ever, further recognition of the stimulation of mitochon-
drial biogenesis and mitochondrial electron transport chain
activity is more conducive to the treatment of DKD.?

Advanced technology in metabolomics, bioinformatics,
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and systems biology tools open a new window to find the
mechanism of DKD. Similarly, considerable evidence
shows that macrophage accumulation is a feature of kid-
ney injury and it can produce pro-inflammatory factors,
reactive oxygen species (ROS), and metalloproteinases,
which lead to renal damage.*'? Many studies have
demonstrated that macrophages are closely associated
with the decrease in the glomerular filtration rate (GFR)
and histological changes.**** However, the mechanism of
M2 macrophages how to promote renal repair and reduce
the progression of DKD remains controversial, which is
worthy of further study. Meanwhile, autophagy involved in
the pathogenesis of diabetic kidney disease is also well
described in the literature,®> which highlights the regula-
tion of autophagy in diabetic kidney disease. Although
long after attainment of glycemic control, the incidence
of diabetic complications can still be induced by the expo-
sure of target cells in memory to hyperglycemia.>®>* The
Diabetes Control and Complications Trial (DCCT) indi-
cated that patients with type 1 diabetes in the intensive
glycemic control group had a lower rate and severity of

complications compared with those in the conventional

group, %40

of Diabetes Intervention and Complications (EDIC)

in the follow-up observational Epidemiology

study, patients in the initial intensive treatment group
sustained to maintain a low risk of complications relative
to those on conventional therapy.*® The continuous effects
of high glucose on metabolic memory are a major obstacle
to the effective management of diabetic complications.
Substantial evidences support the role of epigenetic
mechanisms in metabolic memory, recommending to tar-
get these mechanisms which may provide a new therapy to
treat the diabetic complications.

Epigenetic Modification
Epigenetic Regulation in Kidney Disease

Epigenetic modifications regulate gene expression, not the
change in DNA sequences.*'**? They can occur in response
to environmental stimuli, including diet, metabolic disor-
ders, exercise, oxidative stress, inflammation, and drugs.41
These changes can be passed down to offspring, but can
potentially be reversed. Epigenetic modifications include
DNA methylation, histone modifications, and non-coding
RNAs. At present, more than 100 kinds of modifications
have been described, including methylation, acetylation,
phosphorylation, sumoylation, ubiquitylation, citrullination,

biotinylation, crotonylation, and ADP ribosylation.

In this report, we briefly introduce the epigenetic regula-
tions that have been studied in kidney disease, especially
DKD, and then introduce research and the latest develop-
ments in histone modification of acetylation and methyla-
tion involved in the pathogenesis of DKD. Non-coding
RNA has been extensively reviewed and is beyond the
scope of this study.*?

DNA Methylation

DNA methylation, recognized as a “silencing” marker,
involves the addition of a methyl group to the S-position
of cytosines and primarily occurs on 5'-cytosines of CpG
dinucleotides and to a lesser extent in non-CG contexts.***
The function of DNA methylation is highly dependent on
the location of the CpG in the genome.*® In general, methy-
lation of DNA at gene promoter areas can repress transcrip-
tion and gene expression, whereas at gene bodies it can

activate transcription and modulate alternative splicing.'?

Histone Modifications
Histones are highly conserved, alkaline, positively charged
proteins, that contain core histones (H2A, H2B, H3, and
H4) and linker histones (H1 and H5).*>*” Similar struc-
tures in the four core histones are characterized by
a conserved central motif domain and an unstructured
amino-terminal tail. The unit structure components of
chromatin, called the nucleosome, consists of DNA
wrapped around an octamer of histone proteins, which
contains an H3-H4 tetramer and two H2A-H2B dimers.**
The post-translational modification (PTM) of histones is
the main mechanism to regulate chromatin structure, com-
monly occurring on the amino acid residues lysine, argi-
nine, serine, tyrosine, and threonine and ultimately
influencing transcriptional activity.** The enzymes that
mediate histone modification including acetyltransferases,
methyltransferases are called epigenetic writers; deacety-
lases and demethylases are called epigenetic erasers; and
proteins recognizing acetylated proteins at promoters and
enhancers are called epigenetic readers (for example, bro-
modomain-containing protein 4).>* >

Post-translational modifications (PTMs) of histone pro-
teins include lysine acetylation (KAc), lysine methylation
(Kme), arginine methylation, serine ubiquitylation, and
threonine phosphorylation. To date, lysine (K), arginine
(R) in both methylation and acetylation are the most
widely researched, and phosphorylation, ubiquitination,
and sumoylation have also been described.
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Histone Acetylation

Histone acetylation involves histone acetyltransferases
(HATs) transferring an addition of an acetyl group to the
lysine of core histones. Generally, histone acetylation is
enriched at promoters and enhancers of actively tran-
scribed genes but decreased in the suppressed genomic
region. As acetyl can reduce the negative charge of DNA
and make chromatin more easily accessible to transcrip-

tion factors (TFs) and their coactivators,”

acetylation of
lysine residual histones is usually associated with tran-
scriptionally active genes. Three main HATs families
include GenS-related  N-acetyltransferases  (GNATs:
GCNS and PCAF), MYST (MOZ and Ybf2/Sas3), Sas2,
Tip60, p300/CREB-binding (CBP).

Conversely, histone deacetylation is catalyzed by histone

and protein
deacetylases (HDACs), and histone deacetylation can reg-
ulate transcriptional repression by allowing chromatin
compaction. Acetyl groups in lysine residues of histones
and non-histone proteins can be removed by HDACs.>
Four classes of HDAC have been identified, Class
I (HDACs 1, 2, 3, and 8), Class II (HDACs 4, 5, 6, 7, 9,
and 10), Class III (SIRT1-7), and Class IV HDAC
(HDACI11), which shares similar conserved residues with
Classes I and II HDACs. Class I HDACs are expressed
ubiquitously, mainly localizing in the nucleus, and demon-
strate high enzymatic activity, whereas Class II HDACs
show different expression patterns with tissue-specific
roles and localize in the nucleus and cytoplasm.®
Classes, I, II, and IV are dependent on Zn2+, whereas
Class III HDACs require NAD+ as a co-factor rather
than Zn2+ for their enzymatic functions.”> HDAC inhibi-
tors are ineffective against Class III (SIRT1-7). In general,
H3K9ac, H3K14ac, H3K18ac, H3K23ac, and H3K27ac
are enriched at promoters of transcriptional genes and
contribute to gene expression. The association of histone
acetylation in DKD progression has been verified in
human renal tissues.’®>® H3K9 acetylation (H3K9ac)
levels were significantly increased in renal biopsies from
patients with DKD.’® CHIP assays obtained from the
glomeruli of diabetic mice compared with normal condi-
tions in vivo exhibited increased induction of Pail (as pro-
fibrotic genes) and p21 were related to the enrichment of
H3K9ac and H3Kl14ac at the two gene transcriptional
promoters.”” Overexpression of H3K9/14Ac levels was
reported at the CTGF, PAI-1, and FN-1 promoters in
kidneys of diabetic mice, which were associated with
p300/CBP-mediated histone acetylation.®® The antidiabetic

agent metformin, is widely used as a first-line treatment
for patients with type 2 diabetes mellitus, and it has been
reported metformin improves glucose metabolism by sti-
mulating CBP phosphorylation, then triggers the dissocia-
tion of the CREB-CBP-TORC2 transcription complex,
leading to reducing gluconeogenic enzyme gene
expression.®" A recent study showed that STZ-induced
diabetic mice kidney could reduce acetylation of nephrin,
while reduction of nephrin acetylation may be alleviated
by MicroRNA-29a, thus protecting against hyperglycemia-
induced podocyte dysfunction.®” In another study, high
glucose-induced hyperacetylation of the redox-regulating
protein p66She promoter in podocytes with diabetic kid-
ney disease increased protein p66Shc expression.
Protease-activated protein C (aPC) reversed hyperacetyla-
tion of the p66Shc promoter and decreased mitochondrial
ROS formation in podocytes.®®> Taken together, these stu-
dies indicate an important role of histone acetylation in

kidney diseases.

Histone Methylation

Histone methylation mainly occurs on the amino acid
residues of lysine and arginine. Unlike histone acetylation,
histone methylation functions as an information marker to
store rather than change the charge of histones to disturb
its contact with DNA.®* Histone methylation has three
different forms, mono-, di-, or trimethyl, for lysine or
arginine residues, which increases the complexity of
PTMs. Therefore, either gene activation or repression in
histone methylation is determined by the extent of methy-
lation as well as different residues modified.®> Generally,
H3K4mel/2/3, H3K36me2/3, and H3K79mel/2 are
related to transcriptionally active gene regions, whereas
H3K9me2/3, H4K20me3, and H3K27me3 are associated
with repressive gene regions. H3K4me2 andH3K4me3 are
fully enriched at transcriptional promoters, leading to gene
expression. In contrast, H3K9me3 and H3K27me3 are
enriched at inactive or slicing gene promoters, which
could inhibit gene expression.®>® Lysine methylation
(Kme) is
(HMTs). However, histone lysine demethylases remove

catalyzed by histone methyltransferases
methyl groups from histones, resulting in the demethyla-
tion of histones. The first histone demethylase was lysine
methylase 1 (LSD1), which could specifically remove the
methylation of H3K4 and H3K9.°°® Many lysine
demethylases were identified and renamed lysine demethy-
lases (KDMs) due to their different specificity to various

histone lysine residues and non-histone proteins.*””'
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Given the high selectivity of these enzymes to targeted
histone residues, HMTs are classified as two types: argi-
nine methyltransferases (PRMTs) and lysine methyltrans-
(KMTs). (KMTs)
include two families based on the catalytic sequence, one
is the SET domain-containing KMTs (Su(var)3-9, enhan-
cer of zeste and trithorax), and the other is a non-SET

ferases Lysine methyltransferases

domain, for example, DOTIL. Histone methylation is
dynamic, reversible modification that is regulated by
HMTs and KDMs.'” Interestingly, HMTs and KDMs pos-
sess substrates specific for lysine residues. For example,
methylation of H3K36 is specifically mediated by SET2,
and the demethylation of trimethyl H3K36 andH3K9 is
regulated by JHDM3/IMJD (trimethyl demethylases),
whereas H3K36me2 and H3K36mel are only demethy-
lated by JHDMIA instead of JHDM3/JMJD. Similarly,
methylation of H3K27 and H3K79 is mediated by EZH2
and DOT1, respectively.®* Histone methylation has been
considered one of the most stable PTMs and considerable
evidence has demonstrated that histone methylation plays
a key role in contributing to the pathogenesis of DKD in
preclinical in vivo and in vitro models. Because HMTs are
involved in histone methylation, some of the targeted
HMTs, small-molecule modulators, have been used to
test the therapeutic effects in experimental kidney disease.
Interestingly, in type 1 diabetic rat kidney, a decreased
level of H3K9me2 on the Collal gene promoter was
observed, accompanied by decreased expression of
SUV39H1 (a histone methylase, specifically catalyzed
H3K9me2/3), which is involved in the development of
diabetic renal fibrosis. In diabetic conditions, decreased
expression of SUV39H1 HMTs was also demonstrated
by Villeneuve et al’> and Chen et al.”® Additionally,
decreased histone H3K9me3 levels at the promoters of
some pro-inflammatory or pro-fibrotic genes also contrib-
uted to the development of DKD.**"*7> Lin et al found
HG decreased histone H3K9me3 levels at the promoters of
the fibronectin and p21WAF1 genes in mesangial cells
while accelerating HG-induced cell hypertrophy, which
was attenuated by Suv39hl overexpression.”® A recent
study of DKD patients showed the overexpression of
SUV39H1 and H3K9me3, with reduced renal inflamma-
tion and apoptosis, suggesting that SUV39H1 may be
a protective target for the treatment of DKD.”” Further
research should be conducted to test whether the over-
expression chromatin marker, such as H3K9me3, could
be used as a marker indicating the progression of DKD.
In two rodents models of type 1 diabetes, OVE26 mice

and streptozotocin rats, the levels of H3K4m2, a histone
methylation activating mark, are increased, while the
levels of H3K27m3, a repressive mark, are reduced in
key genes, such as Mcp-1, vimentin and the fibrosis mar-
ker Fsp1°°, suggesting differential kidney gene expression
in DKD is associated with aberrant histone methylation.

Histone Crotonylation

Histone crotonylation consists of the transfer of crotonyl
groups to lysine residues of histones, that similar to acet-
ylation, confers histones with negative charge.’'>* Lysine
crotonylation (Kcr) has been considered as the conserved
histone post-translational modification in the kidney.’!
Nonetheless, the genomic pattern of histone crotonylation
differs from histone acetylation.’’ Histone crotonylation
can activate or repress gene transcription in a gene- and/
or environment-dependent manner.”' Recently, a potential
role of histone Kcr was described in acute kidney injury
(AKI).”® Most recently, the protective part of HDAC inhi-
bitors in kidney diseases may be related to their role in
crotonylation regulation, which could promote some
nephroprotective genes, such as PGCla and Sirt-3.”°
This opens the door to explore therapeutic strategies
based on the modulation of histone crotonylation.

Histone Ubiquitination

Ubiquitin is a small, highly conserved 76 amino acid
protein that can be covalently linked to lysine residues
on histone and non-histone target proteins;*’ And it targets
the proteins for degradation through the ubiquitin protea-
some system (UPS). Ubiquitination involves a multistep
process mediated by an enzymatic cascade with ubiquitin
ligases, including E1 activating enzymes, E2 conjugating
enzymes, and E3 ubiquitin ligases. Studies found ubiqui-
tination is widely involved in the occurrence of DN.®! The
key step in Nuclear factor-kappa B (NF-«xB) activation is
through ubiquitination of IxB and NF-xB dissociation,
which plays a vital role in the expression of inflammatory
cytokines related to DN. As previously reported, ubiquiti-
nation is involved in the progression of DN through acti-
vating NF-kB, TGF-f by degrading the related signal
proteins. Most recently, a study in vitro and vivo suggested
the tripartite motif-containing (TRIM13, a well-defined E3
ubiquitin ligase) promoted ubiquitination and degradation
of C/EBP homologous protein (CHOP, associated with
renal injury), which attenuated DN-induced collagen
synthesis and restored renal function.®* This finding pro-
vides new insights into the application of histone ubiquitin
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in the treatment of diabetic nephropathy. Based on existing
literature and studies, additional research is required to
expose the hidden targets of histone ubiquitination to pre-
vent DN.

Histone Phosphorylation

Nephrin, a critical podocyte membrane component, has
been shown to activate phosphotyrosine signaling path-
ways in human podocytes, then reduce cell death induced
by apoptotic stimuli. High glucose and diabetes result in
upregulation of SH2 domain-containing phosphatase 1
(SHP-1) in podocytes, thereby contributing to nephrin
dephosphorylation and podocyte apoptosis.®
Additionally, an increased level of SHP-1 was also found
in diabetic mice, causing decreased nephrin phosphoryla-
tion, which may lead to diabetic nephropathy. Another
enzyme, Nicotinamide adenine dinucleotide phosphate
oxidase (NOX) is the source of reactive oxygen species
in hyperglycaemia; Especially when phosphorylation of
the cytosolic components of NOX, the development of
oxidative stress worsens the kidney in a series of
stages.®* Accordingly, investigating phosphorylation tar-

gets may benefit patients with diabetic kidney disease.

Histone Acetylation and
Methylation Participate in the
Regulation of Diabetic Kidney

Disease

Some studies investigated in peripheral blood cells have
included histone modifications in type 2 diabetics.®>5¢
Additionally, histone modification variations have been
shown in human monocytes cultured under high glucose
at a genome-wide level.*” However, plasma levels may not
reflect their status in tissues and the cell nucleus.®
Therefore, further epigenome-wide studies in tissues
from T2D patients are needed, especially in single-cell
analyses. In some cases, histone acetylation and methyla-
tion are in a similar pattern and it is difficult to discern the
specific contribution of each histone modification to gene
expression differences.”’ Although the overall profile of
histone methylation in DKD has not been fully described,
there is still information on individual modifications and

genes.
Diabetic kidney disease is one of the major complica-
tions caused by persistent hyperglycemia.®>’

Inflammation and fibrosis are the two main factors impli-
cated in the development of DKD. In this section, we

focus on the roles of histone acetylation and methylation
in the regulation of inflammation and fibrosis in DKD.
Generally, ROS is considered to activate nuclear factor-
kappaB (NF-kB), resulting in a series of inflammation
responses.”® NF-kB, a transcription factor, is involved in
diabetic complications. Bierhaus et al’' confirmed that
hyperglycemia induces activation of NF-kB, then activates
its downstream target molecules such as adhesion mole-
cules (monocyte chemoattractant protein-1 [MCP-1]),”
also known as chemokines CCL2, which participate in
the pathogenesis of DKD. Pro-inflammatory cytokines
and adhesion molecules are also activated by NF-kB.
ROS-mediated inflammatory signaling regulated by lysine
methyltransferase SETD7 was observed in an experiment
conducted by He et al.”® Previous work has demonstrated
that SET9 promotes ECM deposition in fibrosis.”**> SET9
is shown to be recruited to the a-SMA gene, and SET9
inhibition to treat CKD.”® In diabetic mice, high-glucose
conditions increased the expression of Set7 and NF-«B;
both were related with elevated ROS production.”” These
findings suggest that histone modifications mediated by
ROS are involved in the inflammatory reaction of DKD.
Likewise, high blood glucose levels (>15 mM) of stimuli
such as TGF-B have been implicated in the pathogenesis of
DKD due to the adverse influence in renal cells.”® '
A body of evidence has shown that TGF-f-mediated his-
tone modifications are correlated with the development of
DKD,101-104

Histone Acetylation Involves Renal
Fibrosis of DKD

Many studies have demonstrated that under high glucose
and TGF-Bl-induced conditions, profibrotic cytokines
associated with diabetic nephropathy can be regulated by
histone acetylation. Significant induction of PAI-1 and p21
mRNA in TGF-B1 treatment of RMCs was associated with
elevated H3K9/14Ac levels and overexpression of CREB-
binding protein (CBP) or p300 at PAI-1 and p21 promo-
ters. Meanwhile, high-glucose treatment increased H3K9/
14Ac at TGF-Bl-inducible genes PAI-1 and p21 (the key
players in DN) in rat renal mesangial cells. Furthermore,
increased expression of PAI-1 and p21 in glomeruli from
diabetic mice was also associated with elevated levels of
promoter H3K9/14Ac, demonstrating abnormal histone
acetylation in gene regulation both in vivo and vitro rele-
vance to DN. A previous experiment in human renal
proximal tubular epithelial cells (RPTEC) showed that
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epithelial-to-mesenchymal transition (EMT) induced by
TGF-f1 could be suppressed by TSA, an HDAC
inhibitor.'”?

CHIP assays from glomeruli of diabetic mice also
showed that increased expression of PAI-1 and p21 was
related to the enrichment of H3K9/14Ac at their gene
promoters.>® Conversely, co-transfection experiments con-
firmed that the overexpression of HDACI and HDACS
could suppress TGF-B-induced gene expression (PAI-1
and p21). These studies suggest a key role of histone
acetylation in the pathogenesis of gene expression and
provide further therapeutic targets for DKD. In another
study with a type 1 diabetes mouse model, significantly
increased levels of connective tissue growth factor
(CTGF), plasminogen activator inhibitor (PAI-1), and
fibronectin (FN-1) in the kidney were related to increased
HAT activity and enrichment of H3K9/14Ac and HAT
p300/CBP at the CTGF, PAI-1, and FN-1 gene,* suggest-
ing a relationship between histone acetylation and renal
fibrosis, which may provide a precise mechanism of glo-
merulosclerosis and interstitial fibrosis to prevent the
development of DKD. It is well established that DKD is
characterized by the accumulation of extracellular matrix
(ECM) proteins including collagen, laminin, and fibronec-
tin. Some evidence shows that the transcription of ECM
proteins is regulated by epigenetic histone modifications.
Fibroblasts incubated with TGF-p revealed that elevated
histone acetyltransferase activity of p300 and histone H4
COL1A2 105
Interestingly, research in mice with diabetic kidney disease

acetylation  accelerated expression.
showed that high glucose induces the expression of myo-
cardin-related transcription factor A (MRTF-A), which
could activate collagen transcription. Further analysis
revealed that MRTF-A recruited p300 and WD repeat-
containing protein 5 (WDRS), an important component
of histone H3K4 methyltransferase, to the collagen pro-
moters, eventually leading to its gene expression.'®
MRTF-A silencing makes acetylated histone H3K18/K27
and trimethylated histone H3K4 disappear and diminishes
diabetic tubulointerstitial fibrosis.'®” This study indicates
that MRTF-A-associated histone modifications might pro-
vide a novel mechanism against DN-associated renal fibro-
sis. In another study, mice with streptozotocin-induced
diabetic kidney disease showed low expression of the
histone deacetylase SIRT1, and increased albuminuria.
However, overexpression of SIRT1 in renal tubular could
induce hypermethylation of the Cldnl gene (the tight
junction protein) and then prevented albuminuria.'®® On

the other hand, proximal tubule-specific deletion of Sirtl
in mice showed increased albuminuria related with
reduced Cldnl methylation, increased histone acetylation,
and upregulation of Claudin-1."" Thus, it can alleviate
renal fibrosis with reduced albuminuria. These studies
show the protective effects of SIRT1 in DKD and can
further as a therapeutic target for DKD with in-depth
evaluation. In rat DKD, the HDAC inhibitors trichostatin
A (TSA) and valproic acid (VPA) were protective. TSA
blocked extracellular matrix accumulation by TGF-
Bl-induced. And it is thought to increase E-cadherin
expression through HDAC inhibition, leading to increased
acetylation of E-cadherin promoter, but it is unclear the
mechanism on TGF-B1 expression.'®> HDAC 2/4/5/9 have
been shown to be upregulated in kidney biopsy tissue
obtained from patients with diabetes. More specifically,
the mRNA level of HDAC2/4/5 was negatively correlated
with eGFR in patients with DKD. Noh et al'®% also
reported that markedly increased HDAC-2 activity was
proved in kidneys of diabetic rats and rat tubular epithelial
cells. New observations demonstrate diabetes and TGF-$1
could activate HDAC-2 in the kidneys, eventually invol-
ving the accumulation of ECM and EMT, and EMT has
been reported to cause podocyte loss.'” ' Podocytes
stimulated by harmful factors such as high glucose,
advanced glycation end products, and transforming growth
factor-p showed high expression of HDAC4. However,
renal injury was alleviated by silencing the HDAC4
gene.''? After in-depth studies, Wang et al reported that
inhibition of autophagy and increasing renal inflammation
were associated with the effects of HDAC4''2. In vivo
gene silencing of HDAC4 ameliorated renal injury in STZ-
induced diabetic rats, as evidenced by reduced albumi-
nuria, ameliorated podocyte injury and mesangial
expansion.'"® Hence, HDAC4 plays a critical role in reg-
ulating the pathogenesis of DKD as an epigenetic media-
tor. Cultured murine proximal tubular cells treated with
TGF-B1 also showed protective effects through treatment
with PCI34051 (a highly selective inhibitor of HDACS) or
HDACS siRNA, suppressing EMT.'" All of the above
indicates that HDAC changes influence the progression
of DKD, which may promote renal fibrosis and EMT. In
view of individual HDAC isoforms playing different roles,
additional studies are needed to clarify the relationship
between renal fibrosis and histone acetylation and deace-
tylation, further giving a therapeutic target for individual
patients with DKD.
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Histone Acetylation Involves Renal

Inflammation in DKD

In the Diabetes Control and Complication Trial (DCCT),
the progress of microvascular results in the long-term
of  Diabetes
Complication (EDIC) studies showed that the hyperace-

Epidemiology Intervention  and
tylation promoter (P < 0.05) in the top 38 cases con-
tained more than 15 genes related to the NF-kB
inflammatory pathway and rich in genes related to dia-
betic complications."'® Preliminary work in endothelial
cells showed that the sustained expression of p65 was
associated with enrichment in Set7 and H3K4mel on
the p65 gene promoter, although cultured in transient
hyperglycemia, and changes will always exist, even if
returning to normoglycemia.’""''> The study highlighted
that short-term hyperglycemia could have long-lasting
effects on gene expression through epigenetic histone
1''® reported that
activated protein kinases stress pathways such as the
NF-kB, p38 MAPK, and kinases resulted in late diabetic
complications. The first study of human blood mono-

modification. Evans et a stress-

cytes showed that, under diabetic conditions, increased
levels in acetylation of histones H3K9/14Ac and H4K5,
8, and 12Ac at the promoters of inflammatory genes
such as TNF-a and COX-2 led to gene transcription.''’
Another study in advanced diabetic kidney disease mice
after unilateral nephrectomy showed significantly
increased global renal histone H3K9 and H3K23 acet-
ylation, whereas CCL2 antagonist not only reversed
histone acetylation abnormalities but also alleviated the
progression of diabetic kidney disease.”’ These studies
demonstrated that histone acetylation under diabetic
conditions is involved in the pathogenesis of DKD,
which was associated with the continuous expression
of the inflammatory gene. HDAC! is downregulated
both in Akita mice and in rat glomerular mesangial
cells exposed to high glucose, resulting in overexpres-
of
hyperacetylation.''® In another study, elevation of RNA

sion inflammatory  gene  through  histone
polymerase II recruitment and H3K4me2 was found but
decreased repressive H3K27m3 markers at the MCP-1
gene were observed in an OVE26 mice model of TIDM
instead of in rat models, which eventually contributed to
the increased expression of MCP-1 in a mouse model.'"’
The difference between rats and mice suggests that
individual differences in epigenetics also need to be

taken into account when translating into human DKD.

Histone Methylation Involves Renal
Fibrosis of DKD

Under normal and high-glucose conditions, histone methy-
lation is associated with TGF-B-1-mediated ECM gene
expression, such as Collal, plasminogen activator inhibi-
tor-1 (PAI-1),
(CTGF).120-123

TGF-B1 plays an important role that drives collagen

and connective tissue growth factor

myofibroblasts in injured kidneys and their signaling is
also a key mediator in the expression of fibrotic and
ECM genes involved in the pathogenesis of diabetic kid-
ney diseases. In models of TGF-B1-induced renal fibrosis,
hypermethylation of Rasall promoter was induced by
TGF-f1, which increased fibroblast activation,
fibrosis.'®® In another study of 18 in RMCs stimulated
by TGF-B1 showed not only the increasing recruitment
of H3K4, HMT, and SET7/9 at ECM gene promoters but
also in the expression of SET7/9. However, knockdown of
SET7/9 could decrease global H3K4mel but not
H3K4me2 or H3K4me3 indicating SET7/
9-mediated H3K4mel could play an important role in

and

levels,

ECM gene expression. Involvement of histone methyl-
transferase (HMT) SET7/9 in p21 gene expression related
to cellular hypertrophy, which results in the pathogenesis
of DN, has also been demonstrated both in glomeruli of
STZ-induced rats and HG-induced RMCs.'** These stu-
dies suggest that SET7/9 could participate in renal fibrosis
by regulating methylation of H3 lysine 4 at fibrotic gene
promoters. Then, SET7/9 may be a potential target for
fibrotic gene disorders, which could provide potential ther-
apeutic targets for DKD.

H3K9me3 levels in vascular smooth muscle cells
(VSMCs) and endothelial cells in diabetic db/db mice
were lower than those in a control db/db group.'?>:!?
They were consistent with the result of a study of RMCs
stimulated by TGF-B1, which were related to HG-induced
upregulation of these fibrotic genes. It was found that in
patients with diabetic kidney disease, H3K9me3 overex-
pression in renal tubules has been verified as a protective
role by decreasing renal inflammation and apoptosis.
Accordingly, more details should be researched in DKD
with the methylation of H3K9 for new insights to delay the
progression of DKD. Loss of H3K27me3, EZH2, and
heightened UTX (also known as KDMG6A, a histone
demethylase) were detected in the human podocytes in
glomeruli of DKD, which increased podocyte dedifferen-
tiation and aggravated glomerular injury by regulating
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Jagged-1 overexpression.'?” Increased expression of
H3K27me3 demethylases accompanied by decreased
levels of Ezh2 protein and H3K27me3 were observed in
rodent models with diabetic kidney disease. In the same
experiment, RMCs stimulated by TGF-f3 showed that the
reduction of H3K27me3 at the CTGF, Serpinel, and CCI2
gene promoters upregulated profibrotic and inflammatory
gene expression.'®’ Moreover, in streptozotocin-diabetic
rats and in podocytes cultured under a high glucose with
the inhibition of EZH reduced H3K27me marks at the
Pax6 promoter, and then promoting PAX6 expression and
injury,
proteinuria.'*® However, another report showed that high-

aggravating podocyte oxidative stress and
glucose stimulation promoted EMT and significantly up-
regulated EZH?2 expression in renal tubular epithelial cells,
which may participate in the development of DN.'** The
existence of the above biases may be related to the balance
of histone methylation in epigenetic processes. SUV39HI1,
another histone methyltransferase as repressive mark
H3K9m3, has been observed downregulated in kidneys
from streptozotocin mice and in mesangial cells under
high glucose. Interestingly, overexpression of SUV39HI
decreased extracellular matrix production in mesangial

cells, reducing the renal fibrosis.”®'°

Histone Methylation Involves Renal

Inflammation in DKD

In experimental diabetic nephropathy, histone methylation
was associated with severe glomerulosclerosis, albumi-
nuria and glomerular filtration rate reduction and CCL2
antagonist prevented the histopathological damage, indi-
cating a role for CCL2 or inflammation in epigenetic
regulation.”’

In vitro, endothelial cells cultured in transient hyper-
glycemia showed that an increase in p65 expression was
correlated with elevated levels of H3K4mel and SET7 at
the p65 promoter, but there was no change in H3K4me?2/
3.115:12¢ In the same study, EI-Osta et al''® indicated that
sustained increase in monocyte chemoattractant protein 1
(MCP-1) and vascular cell adhesion molecule 1 (VCAM-
1) were induced by activation of p65, both involved in the
pathological process of DKD. HMT SET7 (the H3K4
methyltransferase) promotes the expression of inflamma-
tory genes such as TNF-alpha in monocytes, which is
a downstream inflammatory factor regulated by NF-
kB."*! These findings revealed the key role of HMT
involved in mediating the expression of inflammatory

genes related to DKD. Diminished H3K27me3 and
increased expression of UTX were observed in glomerular
podocytes from humans with glomerulosclerosis or DKD,
whereas inhibition of UTX alleviated the established glo-
merular injury in db/db mice; UTX was recently found
overexpressed in DKD patients and an elevated level of
UTX and reduced H3K27me2/3 were also observed in db/
db mice. Further studies to reveal the role of UTX in DKD
showed that the transcriptional activation of inflammatory
genes is mediated by UTX through removing H3K27me3
from these gene promoters.’>' These results suggest the
pathogenesis of DKD is associated with histone methyla-
tion and inflammation in the process could be regulated by
histone methylation. Although TGF-f is considered the
key cytokine in contributing to fibrosis,'** the suppressed
expression of matrix metalloproteinase 9 (MMP9) could
also alleviate pathological conditions of early diabetic
kidney disease,'*® such as mesangial expansion, protei-
nuria, and podocyte foot effacement in the early stage of
diabetic kidney disease. The decreased expression of
IncRNA growth arrest-specific transcript5 (GASS) and
matrix metalloproteinase 9 (MMP9), a key inflammatory
protein associated with DKD pathogenesis, was shown in
a rat model with diabetic kidney disease. ChIP assays
demonstrated that dramatic enrichment of EZH2 (a
methyltransferase that induces histone H3 lysine 27 tri-
methylation) after overexpression of GAS5 could also
elevate H3K27me3 as well as EZH2 to the promoter
region of MMP9, leading to downregulated MMP9 expres-
sion and attenuating early diabetic kidney injury.'** The
experimental data provide a promising target for DKD in
the GAS5/MMP9 regulatory mechanism. EZH2 treatment
can also impede the progression of DN. However, elevated
recruitment of RNA polymerase II and H3K4me2 but
decreased repressive H3K27m3 markers at MCP-1 genes
were observed in a mouse model of TIDM instead of in
male Sprague-Dawley rat models, which eventually con-
tributed to increased expression of Monocyte chemoattrac-
tant protein-1 (MCP-1) in a mouse model.'"® The
difference between rats and mice suggests that individual
differences in epigenetics also need to be taken into
account when translating into human DKD.

Histone Methylation and
Acetylation Interactions in DKD

A single histone modification does not always function in
isolation. There is a complex interplay of indistinct histone
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modification. As previously mentioned, increased expres-
sion of pro-fibrotic genes (Collal, PAI-1, and CTGF)
induced by TGFB1 and high glucose were enriched with
active histone methylation markers, H3K4me, and histone
acetylation markers H3K9/14ac at their promoters, hence
their co-modifications may lead to more transcription of
H3K18/K27ac
H3K4me3 recruited to the collagen promoters participate
jointly in renal fibrosis of DKD.'’” In other DKD experi-
mental mice, increased histone acetylation (H3K9 and
H3K23) and histone methylation (H3K4 dimethylation)
were associated with progressive glomerulosclerosis,”’ so

pro-fibrotic  genes.  Similarly, and

these co-expressed chromatin markers can provide a useful
signal to indicate advanced diabetic nephropathy, which
could support clinicians to provide individualized treat-
ment for patients. Considerable evidence has suggested
that injured kidneys increased the expression of DOTI1L
and H3K79 dimethylation, particularly in renal tubular
epithelial cells and myofibroblasts, eventually aggravating
renal fibrosis, even developing end-stage renal disease.
However, emerging evidence by Zhang et al'*® showed
that Dotll has an antifibrotic effect. Using several
approaches in groups of mice, Dotla-HDAC2 complex
regulated H3K79me2 and H3 acetylation at the endothelin
1 (Ednl) promoter, ensuring the balance of endothelin
transcription. This could represent a new mechanism
between Dotla and HDAC?2 in modulating kidney fibrosis.

Translating Histone Modifications
Findings in DKD

Some epigenetic drugs focus on cancer, neuronal diseases,
hematological diseases and inflammatory disease,'**'*” such
as HDAC inhibitors."*® HDAC inhibitors were used for the
modulation of insulin signaling and -cell functioning,'***'*
as it could release the glucose transporter 4, GLUT4,"*! and
then transfers the glucose from the outside cell to the inside
of the cell, avoiding producing a series of harmful factors to
the kidney. The class III HDAC protein, SIRT1, plays
a protective role in the upregulation of the antioxidant gene
in glomerular mesangial cells."** In diabetic OVE26 mice,
administration of the SIRT1 agonist BF175 attenuated podo-
cyte injury.'*® However, HDAC inhibitors were generally
non-specific; Hence, it may be valuable to develop more
selective inhibitors or activators of HDACs. Meanwhile,
considering safety and specific populations that may benefit
from epigenetic interventions, there is not yet enough infor-
mation. Accordingly, more clinical trial stages should be

target epigenetic modifications in DKD. The most tough
and unresolved but critical issue is to define the tissue-
specific relative contributions of epigenetic writers and era-
sers; It has been shown HDAC3 deletion from the macro-
phage is vasculo-protective,'** while deletion of the HDAC3
from endothelial cells aggravates the macrovascular
disease.'*® Recently, whereas HDAC9 is a protective target
for Medial artery calcification (MAC) in CKD patients,'*®
overexpression of the same enzyme in diabetic nephropathy
exacerbates podocyte injury.'*’ In the future, Genome edit-
ing via CRISPR—Cas9 and other methods'**'*! will be
a strong method to modify epigenetic changes, benefiting
from its locus-specific epigenetic modification, eventually
improve the efficacy of pharmacological therapy.

Summary and Future Perspectives

The pathogenesis of DKD is complicated with interac-
tions between injury factors, growth factors/cytokines,
and metabolic products. The epigenetic mechanism can
integrate these connections to mediate the development
of DKD. With accumulating investigations in both ani-
mals and renal cells, as well as the data from clinical
diabetes patients, as previously described, we can con-
clude that “metabolic memory” exists in DKD. Histone
modifications and DNA methylation participate in DKD-
associated gene expression, including fibrotic and
inflammatory genes (Figure 1). The epigenetic mechan-
ism provides an insight to thoroughly understand the
DKD mechanism. Cellular heterogeneity and individual
differences were found in histone modifications, so the
cell-type-specific gene expression affected by histone
modifications makes it difficult to identify the stage of
DKD progression in clinical patients, even using epigen-
ome-wide association studies (EWAS). Overall, HDAC
inhibitors may protect against fibrosis in diabetic kidney
disease. However, this field remains challenging, since
the enzymes have a broad substrate specificity and dea-
cetylate many proteins that are not related to epigenetic
regulation.’* Although these data indicate that histone
acetylation and methylation may play a key role in
altered gene expression during DKD, it is more neces-
sary to specifically target individual enzymes function
in vivo. The detailed analysis of DKD between histone
modifications requires more in-depth research. For
example, high glucose may induce more transcriptional
factors that regulate DKD-associated genes with epige-
netic histone modifications. Understanding the regulation
of fibrosis by TGF-B can help identify more potential
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Figure | Schematic representation of histone modifications in diabetic-induced fibrotic and inflammatory gene expression. High-glucose conditions cause the expression of
ECMe-associated genes Collal, CTGF, PAI-I, FN-I, Lacml, and P21 as well as inflammatory genes TNF-a, COX-2, and MCP-1, leading to fibrosis and glomerulosclerosis in
the pathogenesis of DKD. The gene expression is based on the increased active chromatin markers (H3K4me, H3K9/14ac, and H3K79me) and decreased repressive markers
(H3K9me3 and H3K27me3) on the promoters of fibrotic and inflammatory genes. Under diabetic conditions (high glucose), TGF- antibodies, some specific HDACs, TSA,

and antioxidants could have renoprotective effects.

antifibrotic targets, which could prevent or halt renal
fibrosis in DKD. Exploring the precise pathological
mechanisms in epigenetic histones and novel biomarkers
is necessary to translate these preclinical findings into
treatment strategies for DKD patients. Also, when sin-
gle-cell epigenetic techniques are developed and together

with currently available single-cell transcriptomics data,

it can pinpoint the effect of certain histone post-
translational modifications to a specific cell type or

a specific molecule.
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