EPIGENETICS
2022, VOL. 17, NO. 13, 2332-2346
https://doi.org/10.1080/15592294.2022.2119120

Taylor & Francis
Taylor &Francis Group
8 OPEN ACCESS W) Check for updates

DNA hypermethylation of Kiss1r promoter and reduction of hepatic Kiss1r in
female rats with type 2 diabetes

RESEARCH PAPER

Kamil Ziarniak»", Tony Yangc'“, Cayla Boycott, Megan Beetch, Maciej Sassek?, Emilia Grzeda®, Yuexi Ma®,
Joanna H. Sliwowska ©®®, and Barbara Stefanska ©“

Laboratory of Neurobiology, Department of Zoology, Faculty of Veterinary Medicine and Animal Sciences, Poznan University of Life
Sciences, Poznan, Poland; "Molecular and Cell Biology Unit, Poznan University of Medical Sciences, Poznan, Poland; Food, Nutrition and
Health Program, Faculty of Land and Food Systems, the University of British Columbia, Vancouver, BC, Canada; YDepartment of Animal
Physiology, Biochemistry and Biostructure, Poznan University of Life Sciences, Poznan, Poland

ABSTRACT
Kisspeptin, produced from the brain and peripheral tissues, may constitute an important link in
metabolic regulation in response to external cues, such as diet. The kisspeptin system is well
described in the brain. However, its function and regulation in the peripheral tissues, especially
in relation to metabolic disease and sex differences, remain to be elucidated. As Kiss7 and Kiss1r,
encoding for kisspeptin and kisspeptin receptors, respectively, are altered by overnutrition/ DNA methvlation:
- . . - . - ylation;
fasting and regulated by DNA methylation during puberty and cancer, epigenetic mechanisms kisspeptin; diabetes type 2;
in metabolic disorders are highly probable. In the present study, we experimentally induced liver
type 2 diabetes mellitus (DM2) in female Wistar rats using high-fat diet/streptozocin. We
analysed expression and DNA methylation of Kiss7 and Kiss1r in the peripheral tissues, using
quantitative-reverse-transcription PCR (qRT-PCR) and pyrosequencing. We discovered differential
expression of Kiss1 and Kiss1r in peripheral organs in DM2 females, as compared with healthy
controls, and the profile differed from patterns reported earlier in males. DM2 in females was
linked to the increased KissT mRNA in the liver and increased Kiss7r mRNA in the liver and
adipose tissue. However, Kissir promoter was hypermethylated in the liver, suggesting gene
silencing. Indeed, the increase in DNA methylation of KissTr promoter was accompanied by
a reduction in Kiss1r protein, implying epigenetic or translational gene repression. Our results
deliver novel evidence for tissue-specific differences in Kiss1 and Kiss1r expression in peripheral
organs in DM2 females and suggest DNA methylation as a player in regulation of the hepatic
kisspeptin system in DM2.
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Introduction gonadotropin-releasing hormone (GnRH), which

Kisspeptin (KP), encoded by the KISSI gene, was
discovered in 1996 as a peptide with anti-metastatic
properties and named metastin 1. Later in 2006, two
independent groups of researchers proved that the
absence of KP or its functional receptor, KISSIR,
resulted in hypogonadotropic hypogonadism (HH),
a condition characterized by low sex steroids and
gonadotropin levels [2,3]. Since that time, the crucial
role of this peptide in regulating the hypothalamic-
pituitary-gonadal (HPG) axis, which governs repro-
duction, was confirmed by many studies [4-6]. KP is
now considered the most potent stimulator of

regulates the HPG axis [4-6]. In addition to the
importance in reproduction and puberty, KP was
found to play a role in sending a cue to the HPG
axis about the metabolic status of the organism [7,8].
This is possible due to the presence of KP and KP
receptors in the brain, including the arcuate nucleus
(ARC) that is a central side of the metabolic regula-
tion, as well as in the peripheral tissues that control
metabolic functions (i.e., pancreas, liver, and adipose
tissue) [7,8]. Indeed, levels of the KP system in the
brain have been shown to be altered in metabolic
imbalances, e.g., obesity, type 2 diabetes mellitus
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(DM2), and starvation [9,10]. In addition, Kisslr
knockout (KO) mice had altered metabolic pheno-
types with increased adiposity and reduced energy
expenditure [10].

While the central role of KP at the brain level is
relatively well described, the function of the KP
system in the peripheral tissues and KP-mediated
regulation of metabolism at the periphery remain
largely unknown. A piece of evidence comes from
a study by Song et al., which reports on the tri-
hormonal endocrine circuit between the pancrea-
tic islets and the liver [11]. The findings of this
study suggest that glucagon produced by a-cells in
the pancreas stimulates the cAMP/PKA/CREB sig-
nalling pathway in the liver, which upregulates
expression of gluconeogenic genes and KISSI.
These events lead to an increase in the production
of glucose and KP in the liver. Glucose released
into the bloodstream stimulates insulin release
from the pancreatic p-cells, whereas KP released
by the liver works in the opposite way and sup-
presses glucose-stimulated insulin secretion. This
is a well-designed way of KP-mediated regulation
of blood glucose levels and endocrine pancreatic
functions. In terms of expression of the KP system
at the periphery, we have recently reported tissue-
specific KP alterations in male rats with experi-
mentally induced DM2 [12]. The study included
only male rats, and thus, it remains unknown
whether and how the KP system in peripheral
tissue changes in DM2 females. There is only one
report on the levels of KP in the adipose tissue in
response to nutritional status where males and
females were considered separately. Brown et al.
observed a decrease in fat Kiss] mRNA in
Sprague-Dawley rats fed a high-fat diet (HFD)
and in obese Zucker rats in both males and
females [13].

In the present study, we have assessed the status
of Kissl and Kisslr in peripheral tissues that are
involved in metabolic functions in female rats with
DM2. We have detected an increase in mRNA
levels of Kisslr in the liver and fat tissue, and
a higher mRNA expression of KissI in the liver
of female rats with HFD and streptozotocin (STZ)-
induced DM2, as compared with healthy females
on a chow diet. We next asked a question about
the potential mechanism behind the observed
changes in gene expression. Since DM2 is often
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aetiologically linked to lifestyle factors, which is
also reflected in our HFD-related rat model, an
epigenetic mechanism becomes an obvious sus-
pect. Epigenetics refers to changes in gene expres-
sion without changes in the DNA sequence [14].
Such changes are dynamic and responsive to
environmental cues. The concept is comprised of
DNA methylation, covalent histone modifications,
chromatin remodelling complexes, and non-
coding RNA mechanisms. Although histone mod-
ifications, together with DNA-binding complexes,
may signal changes in chromatin structure, DNA
methylation acts by eventually stabilizing gene
transcription and providing stable long-term reg-
ulation [15]. Moreover, studies in the last decade
suggest that DNA methylation in the regulatory
regions of KissI and KissIr regulates the expres-
sion of these genes both in the context of cancer
[16] and during puberty [17,18]. Recent reports
imply a similar epigenetic regulation in diabetes
as well [19,20]. For these reasons, we have inves-
tigated the DNA methylation status of KissI and
Kisslr promoters in DM2 female rats. Of note,
DNA methylation within gene regulatory regions,
such as promoters and enhancers, is associated
with gene silencing. In contrast, the loss of DNA
methylation within those regions leads to gene
activation [14]. Our findings demonstrate, for the
first time, that DNA hypermethylation of KissIr
promoter in the liver of DM2 females is associated
with a reduction in Kisslr protein level despite
a detectable rise in KissIr mRNA level. This incon-
sistency between mRNA and protein level could be
linked to a bias due to different transcript variants
of Kisslr or to a translational regulation of Kisslr
protein synthesis. Hence, our study opens the door
to future investigations on the role of DNA methy-
lation in both the regulation of KissIr expression
at mRNA/protein level and sex-differences in
KissIr expression in healthy and DM2 conditions.

Material and methods
Animals

Female Wistar rats (weight: 160 + 15 g) used in the
experiment were born in an animal breeding
house of the Department of Toxicology, Poznan
University of Medical Sciences (Poznan, Poland).
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The animals were six weeks old at the beginning of
our study. Rats were housed in cages (two rats per
cage) in a temperature-controlled (22°C) room
under 12 h light/12 h dark cycle. The animals
were fed a laboratory chow diet (Labofeed B,
Morawski, Kcynia, Poland); food and water were
freely available. All procedures and experimental
protocols followed European and Polish legislation
and were approved by the local Animal Ethics
Committee in Poznan (Poznan University of Life
Sciences Poland). After 1-week of the acclimatiza-
tion period, female rats were divided randomly
into two groups: 1. Control fed with a regular lab
chow diet (n = 20); 2. diabetic state (diabetes type
2; DM2) (n = 35) fed with a high fat diet providing
50% of energy from fat (HFD, Morawski, Kcynia,
Poland) (please refer to the workflow, Figure 1). In
week 8, DM2 group received i.p. injections of
streptozotocin (STZ, 3 x 25 mg kg™ body weight
[bw]; Sigma-Aldrich, St Louis, MO, USA).
Streptozotocin was dissolved in 0.1 mol L™ citric
buffer (pH 4.4). STZ is toxic to the beta cells of the
pancreas and, in small doses, was efficacious at
inducing DM2. Diabetes was verified by measur-
ing non-fasting glucose levels using a Roche

AccuChek Active device (Roche Diabetes Care,
Warsaw, Poland) and serum insulin concentra-
tions using a commercially available radioimmu-
noassay (RIA) kit [as published in our previous
work [21]]. Non-fasting glucose concentrations
were measured at the same time in all experimen-
tal groups [21]. The study lasted 11 weeks. The
animals were weighed weekly during the
experiment.

Assessment of the oestrous cycle

As the KP system is regulated by sex steroids, e.g.,
oestrogen and progesterone, we controlled rat’s
oestrous cycle. We selected females in the dioes-
trus stage when the level of the hormones is low
(n = 5 per each group, control and DM2).

To determine the stages of the oestrous cycle,
vaginal smears were collected between 8 am and
11 am daily for 10 consecutive days and assessed
using a DM500 light microscope (Leica, Wetzlar,
Germany). For the evaluation of regular oestrous
cycles, we used criteria established by Goldman
et al. [22]. The length of each phase in the cycle
of 4-5 d was considered: pro-oestrus: 1 d;
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Figure 1. Workflow of the animal study. Female Wistar rats were randomly divided into two groups, control and type 2 diabetes
mellitus (DM2). Control rats were fed chow diet whereas DM2 rats were on high-fat-diet (HFD) containing 50% calories from fat. In
week (wk) 8, three i.p. injections of streptozotocin (STZ) were applied to induce diabetes in DM2 group. Vaginal smears were
collected throughout 10 d in week 9-11 to determine regularity of the oestrous cycle. At the end of the experimental period (week
11), one more vaginal smear was collected and only females in dioestrus phase were killed and subjected to tissue collection and

molecular analyses. The drawings prepared using Biorender.



oestrus: 1-2 d; dioestrus: 2-3 d. Additionally, we
considered the determination of the time span
for each phase of the oestrous cycle according to
Paccola et al. [23], namely pro-oestrus and oes-
trus last for 12 hours each, and dioestrus lasts for
78 hours. Female rats that have the same phase
of the oestrous cycle for 3 d or more were con-
sidered as those with irregular cycles and were
excluded from the experiment.

Tissue collection

At the end of the 11 weeks of the experimental period,
vaginal smears were collected from all rats, and only
those in the dioestrus phase were killed (n = 5 per each
group, control and DM2). Animals were deeply anaes-
thetized using ketamine/xylazine (40 mg kg'[1] bw and
5mgkg[1] bw, respectively), subjected to a target perfu-
sion to perform brain immunohistochemistry for later
experiments/projects, and then anaesthetized animals
were killed by decapitation. Tissue samples (livers, pan-
creas, adipose tissue, ovaries) were dissected before per-
fusion, immediately frozen in the liquid nitrogen and
then stored at —80°C until further analysis.

RNA isolation and quantitative
reverse-transcription PCR (qQRT-PCR)

TRIzol (Invitrogen) was used to isolate RNA from
rat tissues. Total RNA was subsequently subjected
to cDNA synthesis using AMV reverse transcrip-
tase (Roche Diagnostics), according to the manu-
facturer’s protocol. Amplification of the target
genes was performed in CFX96 Touch Real-Time
PCR Detection System (Bio-Rad) using 2 ul of
cDNA as a template, 400 nM forward and reverse
primers (please see Supplementary Table S1A for
sequences), and 10 pl of SsoFast EvaGreen
Supermix (Bio-Rad) in a final volume of 20 pl.
The amplification reaction included denaturation
at 95°C for 10 min, amplification for 60 cycles at
95°C for 10 s, annealing temperature for 10 s, 72°C
for 10 s, and final extension at 72°C for 10 min.
The CFX Maestro Software (Bio-Rad) was used to
quantify gene expression with a standard curve-
based analysis. Quantitative RT-PCR data are pre-
sented as gene of interest/ GAPDH (reference
gene).
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Western blots

The proteins were isolated from liver tissue. The
total cellular proteins were extracted using a RIPA
lysis buffer (25 mM Tris-HCl pH 7.6, 150 mM
NaCl, 5 mM EDTA, 1% NP-40 or 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS) sup-
plemented with a protease inhibitor cocktail
(Roche Diagnostics, Penzberg, Germany). Then,
samples (n = 5 per each group, control and
DM?2) were centrifuged, and intermediate-phase
protein was collected and stored at -80°C.
Twenty micrograms of total proteins were sepa-
rated using SDS - polyacrylamide gel electrophor-
esis (SDS-PAGE). SDS-PAGE was performed in
10% polyacrylamide gel at 150 V, and then, pro-
teins were transferred to the nitrocellulose mem-
brane. The membranes were blocked with 3% BSA
in TBS-Tween-20 (TBST) for 1 h at room tem-
perature. Next, the membranes were incubated
overnight at 4°C with primary, rabbit anti-GPR54
antibody (cat No 254,512, ABBIOTEC, San Diego,
USA: dilution of 1:1000), in a TBST solution sup-
plemented with 1% BSA. Membranes were washed
in a TBST buffer and then incubated with anti-
rabbit secondary antibody for 1 h at room tem-
perature (dilution of 1:5000). The signals were
visualized using an enhanced chemiluminescent
reagent, and the expression of P-actin was used
to normalize the results. The band density was
analysed by TotalLab software.

DNA isolation and pyrosequencing

DNA was isolated from rat tissues using
a standard phenol:chloroform extraction protocol.
DNA was then subjected to bisulphite conversion,
as previously described [24]. Briefly, upon diges-
tion of 2 mg of DNA with EcoRI for 3 h at 37°C,
DNA was purified with the Quick Clean PCR
Purification Kit (GenScript) and denatured with
3 M NaOH for 15 minutes at 37°C. Bisulphite
conversion was performed with freshly prepared
3.6 M sodium bisulphite/1 mM hydroquinone
mixture (pH 5.0) that was added to denatured
DNA. The samples were incubated for 2 minutes
at 95°C, 8 h at 55°C, and finally 2 minutes at 95°C
and 2 h at 55°C, followed by second denaturation
and purification (Quick Clean PCR Purification
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Kit, GenScript). DNA was precipitated with 95%
ethanol and resuspended in TE buffer.

Following bisulphite conversion, DNA was
amplified using HotStar Taq DNA polymerase
(Qiagen) and biotinylated primers specific to tar-
get regions (please see Supplementary Table S1B
for primer sequences). Sequencing by synthesis of
the biotinylated DNA strands was performed in
the PyroMark Q48 Autoprep instrument (Qiagen).
We used PyroMark Q48 software to determine the
percentage of DNA methylation at a single CpG
site resolution.

Statistical analyses

An unpaired t-test with two-tailed distribution was
used for statistical analyses of qRT-PCR, western
blot, and pyrosequencing (Statistica, v. 13.1,
StatSoft, Poland). All the results represent n = 5
rats per group. Results are presented as mean *
SEM. The results were considered statistically sig-
nificant when P < 0.05.

Expression and DNA methylation microarray
data from publicly available datasets are presented
in boxplots and depict minimum, interquartile
range (IQR), and maximum. GEO2R (http://www.
ncbi.nlm.nih.gov/geo/geo2r/) was applied to deter-
mine the difference in KISS1 and KISSIR mRNA
expression and DNA methylation between healthy
or obese individuals and patients with DM2 in avail-
able microarray GEO series. GEO2R is an interac-
tive web tool for comparing two groups of data to
analyse any GEO series [25]. In GEO2R, the
adjusted P values (adj. P) using Benjamini and
Hochberg (BH) false discovery rate (FDR) method
by default are applied to correct for the occurrence
of false-positive results. An adj. P < 0.05 and a |
logFC| 21 are set as the cut-off criteria.

Results

Expression of Kiss1 and Kiss1r in peripheral
tissues in DM2 and control female rats

We have employed a well-established rat model of
DM2 experimentally induced by a high-fat diet
and injections of streptozotocin (STZ), as shown
in the workflow in Figure 1 [26]. This toxin
destroys the pancreas in rats, leading to severe

metabolic alterations, including glucose intoler-
ance, insulin resistance, increased cholesterol, tri-
glyceride, and leptin levels, and abnormal
functioning of the pancreatic islets [27]. The
model elegantly mimics the development and
metabolic outcomes of DM2 in humans [27].

In female Wistar rats used in our current study,
DM2 state was confirmed based on the metabolic
and hormonal data in our previously published
work [21], as shown in Supplementary Table S2.
Briefly, DM2 females had increased glucose, trigly-
cerides, cholesterol, and oestradiol levels compared
to controls. Moreover, DM2 females had an
impaired response to the intraperitoneal glucose
tolerance test [21].

Using qRT-PCR, we have detected differential
expression of the KP system in the peripheral
tissues of the female rats with DM2 (Figure 2). In
the liver, both Kissl and Kisslr were upregulated
in DM2 females as compared with females on
chow diet (healthy, control). KissI showed fivefold
increase in mRNA levels, whereas KissIr transcript
was upregulated by 3.7-fold (Figure 2a). In the
adipose tissue, KissIr was also upregulated with
a 2.4-fold rise in mRNA level, whereas KissI
expression remained unchanged (Figure 2c). No
statistically significant changes in KissI and
KissIr expression were detected in other tissues,
including pancreas (Figure 2b) and ovaries
(Figure 2d). These findings are in contrast with
our previous study on DM2 male rats where we
reported an increase in mRNA levels of KissI in
the pancreas only with no alterations in KissIr
expression in any of the organs, as compared
with healthy males [12].

DNA methylation state of Kiss1 and Kiss1r
promoters in peripheral tissues in DM2 and
control females

Using pyrosequencing, we have measured DNA
methylation status of Kissl and KissIr promoters
in the tissues of DM2 and control female rats,
where altered expression at the mRNA level was
detected. Although we did not observe changes in
DNA methylation of the KissI promoter in the
liver (Figure 3a), KissIr DNA methylation levels
were increased across several CpG sites with the
highest nearly 22% increase at CpG #6 in DM2
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Figure 2. Expression profile of Kiss1 and Kiss1r in peripheral tissues of female rats with type 2 diabetes mellitus (DM2), as
compared with healthy (control) females. (a) Bar charts depicting expression of Kiss7 and Kiss1r in the liver (a), pancreas (b),
adipose tissue (c), and ovaries (d) in female rats with DM2 caused by high-fat diet (HFD) and streptozotocin (STZ), as compared with
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females as compared with controls (healthy
females) (Figure 3b). The same fragment of
Kisslr promoter was not differentially methylated
in the adipose tissue implying tissue-specific epi-
genetic regulation (Figure 3c).

DNA hypermethylation of Kiss7r promoter in
the liver is accompanied by a decrease in Kiss1r
protein level in DM2 females

DNA hypermethylation of KissIr promoter
(Figure 3b) would imply gene silencing since CpG
methylation of gene regulatory regions such as pro-
moters is linked to a condensed chromatin structure,
blocking the region from binding of the transcrip-
tional machinery, and to a transcriptional repression
[14]. However, we have detected an increase in
KissIr transcript level in DM2 females as compared
with controls (Figure 2a). If the gene is truly actively
transcribed, we should also see an increase in Kisslr
receptor at the protein level. We therefore tested
Kisslr protein level in the liver of DM2 female rats,
using western blot. In comparison with control
females, the level of KP receptor was decreased by
36% in the liver of DM2 females (Figure 3d).

Differential expression and DNA methylation of
KISS1 and KISS1R in peripheral tissues in
humans with DM2 as compared with healthy or
obese non-diabetic individuals

As being overweight or obese are the leading
risk factors for the development of DM2 [28],
using publicly available data in the Gene
Expression Omnibus (GEO), we have analysed
expression and DNA methylation of KISSI and
KISSIR in peripheral tissues in diabetic patients
and/or obese individuals. In GEO database, we
used the following search terms: ‘type 2 dia-
betes,” ‘expression’ (or ‘DNA methylation’ for
DNA methylation analyses), and our tissue of
interest (i.e., ‘liver,” ‘pancreas,” ‘adipose tissue’).
We narrowed our search by only selecting the
datasets pertaining to humans, reporting micro-
array data, and with cohorts of patients clinically
diagnosed with DM2. The only exception was
GSE76398 dataset where patients were categor-
ized into insulin-resistant and insulin-sensitive

based on homoeostatic model assessment for
insulin resistance (HOMA-IR). Data for men
and women were separately plotted whenever
possible.

In both women and men, we have observed
a higher median in KISSI expression and
a lower median in KISSIR expression in the
liver of DM2 vs. healthy or obese individuals
in several datasets analysed (Figure 4a). For
instance, KISSI median expression in the liver
of DM2 women was 20% higher than that in
healthy individuals in GSE23343 (Figure 4a, left
panel). In men, we detected 4% increase in
hepatic KISSI median expression across all
datasets except GSE23343. For KISSIR, 20%
decrease in median expression in the liver of
DM2 patients vs. healthy controls was found in
both sexes in GSE23343 dataset (Figure 4a,
right panel). However, the observed changes
were not statistically significant, which could
be due to a low number of DM2 patients and
overall a low number of enrolled individuals
(details on  patient  characteristics  in
Supplementary Table S3). The number of parti-
cipants was substantially higher in the pancreas,
where we found statistically significant 10%
decrease in KISSIR expression in men and
a 10% lower median expression of KISSIR in
women, in the same dataset, GSE76894
(Figure 4b). Data in the adipose tissue were
mixed and thus difficult to draw conclusions
(Figure 4c).

Interestingly, we detected statistically signifi-
cant 15% hypermethylation of KISSIR promo-
ter (Figure b5a, right panel, GSE65057,
cgl2998614), which is in agreement with
a lower median in KISSIR expression in the
liver of DM2 patients vs. healthy individuals
(Figure 4a, right panel, GSE23343 dataset). On
the contrary, KISSI promoter was 5% hypo-
methylated in the liver of obese vs. healthy
individuals (Figure 5a, left panel, GSE65057,
cg09220235); however, the difference in the
median dropped to 1% at the same CpG site
when comparing healthy individuals to DM2
patients. No apparent changes in DNA methy-
lation of KISSI and KISSIR promoters were
observed in other tissues (Figures 5 b and c).
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show transcription start site (TSS) indicated by +1, transcription factors predicted using Transfac, and pyrosequenced CpG sites that
are circled and numbered. The blue-shaded fragment in the gene map refers to a region tested in pyrosequencing. CpG6 in Kiss1
promoter was not included in the region tested in pyrosequencing (NA). DNA methylation at CpG3 in Kiss1r promoter in the adipose
tissue was not determined due to the lack of signal (ND). (d) Protein level of Kiss1r in the liver of DM2 and control females, as
assessed by western blot. The band intensity was quantified and depicted in the bar chart. Results are expressed as mean + SEM and
points for each bar indicate values for individual rats; n = 5 rats per group. *P < 0.05.
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Figure 4. Expression of KISS7T and KISS1R in human peripheral tissues from individuals with type 2 diabetes mellitus (DM2)
or obesity and in healthy controls. KISST and KISSTR expression at the mRNA level in the liver (a), pancreas (b) and adipose tissue
(c) of patients with DM2 vs. healthy individuals or individuals with obesity (controls), based on the microarray data from publicly
available datasets in the Gene Expression Omnibus (GEO) database. Results expressed as min, IQR, and max of the array intensity
(expression value); *P < 0.05. Patient characteristics corresponding to the data are depicted in Supplementary Table S3.

Discussion

In the present study, we have investigated females
that are largely understudied in numerous fields of
science. For the first time, we have determined the
profile of KissI and KissIr expression in peripheral
tissues in female rats with DM2 and explored the
possibility that epigenetic mechanisms shape this
profile of expression. Our results deliver novel
evidence for differential expression of KissI and
KissIr in female peripheral organs and for DNA
methylation as a player in regulation of KissIr
expression in the liver of DM2 female rats.
Epigenetic regulation of Kissl and KissIr genes
via DNA methylation has been described in differ-
ent tissues, conditions, and experimental models
[16-20]. In the ARC region of the hypothalamus
of C57BL/6 female mice, expression of Kissl

during the initiation of puberty has been demon-
strated to be driven by DNA demethylation of
short interspersed nuclear elements (SINEs) within
the Kiss] enhancer [29]. Another study on the
brain tissue of female Sprague-Dawley rats showed
that differential DNA methylation of Kissl and
KissIr promoters at various CpG residues could
be a mechanism that regulates differential expres-
sion of those genes before and after puberty [30].
In cancer, high expression of KISSIR has been
linked to higher survival in endometrial cancer
patients, and DNA hypermethylation has been
revealed as a mechanism of KISSIR silencing
[31]. Hypermethylated KISSIR has also been iden-
tified in genome-wide methylation studies in thyr-
oid cancer [32]. Furthermore, Kissir has been
shown as one of the targets of the polycomb
repressive complex-2 (PRC2) and KissIr promoter
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Figure 5. DNA methylation of KISS7 and KISSTR promoters in human peripheral tissues from individuals with type 2
diabetes mellitus (DM2) or obesity and in healthy controls. KISST and KISSTR DNA methylation levels at single CpG site in
promoter regions in the liver (a), pancreas (b), and adipose tissue (c) of patients with DM2 vs. healthy individuals or individuals with
obesity (controls), based on the DNA methylation lllumina microarray data from publicly available datasets in the Gene Expression
Omnibus (GEO) database. Results expressed as min, IQR, and max of the array intensity (beta values = DNA methylation value));
*P < 0.05. Patient characteristics corresponding to the data are depicted in Supplementary Table S3.

was hypermethylated with age in haematopoietic
stem cells of female C57b/6 mice [33]. Polycomb-
group (PcG) proteins were also shown to repress
the promoter activity of Kissl in hypothalamus,
which was maintained by the interaction of PcG
complexes with sirtuin 1, SIRT1, a fuel-sensing
deacetylase [34].

Although epigenetic alterations in genes
involved in reproduction and energy homoeostasis
have previously been demonstrated in metabolic
disorders, such as obesity and diabetes, existing
data on the epigenetic regulation of the KP system
are very limited [20]. In the present study, we
found hypermethylation of KissIr promoter in
the liver of DM2 female rats (Figure 3b), which
corresponded with lower KissIr expression at the
protein level (Figure 3d). Similarly, hypermethyla-
tion of KissIr has been reported in peripheral

blood DNA of obese dogs [19]. In the study on
dogs, there was a trend towards more profound
hypermethylation in male vs. female dogs, whereas
we detected altered KissIr expression at mRNA
and protein level in the liver of females, but not
male rats. Along with our previous [12] and pre-
sent study, the findings imply that epigenetic reg-
ulation of KissIr occurs in a sex-dimorphic
manner, which may explain, at least partially, sex-
differences in the metabolic regulation by KP sig-
nalling. As previously reported by others, body
weight and metabolic homoeostasis are regulated
by KP signalling with a major role of gonadal
hormone-dependent actions, and thus the regula-
tion differs between sexes [35]. Mice obesity trig-
gered by Kisslr KO [10] was prevented by
reinsertion of KissIr in GnRH neurons in female
mice with gonadal functions preserved [35].
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However, the phenotype was not fully rescued in
male animals [35].

Among peripheral tissues, we have detected an
increase in Kissl expression in the liver of DM2
females (Figure 2a). Indeed, increased levels of KP
were reported in livers from patients with DM2
and in diabetic mouse models [11]. According to
the pancreas-liver hormonal endocrine circuit pro-
posed by Song et al. [11], hyperglucagonemia,
which is often an early hallmark of DM2, could
result in high hepatic KP. KP would then suppress
glucose-stimulated insulin secretion and conse-
quently lead to insufficient insulin levels [11].
Thus, the liver appears to be essential in the KP-
mediated reduction in glucose-stimulated insulin
release. Blocking a hepatic KP production or
antagonizing KP could be considered as
a potential therapeutic approach to improve (-
cell function in DM2 [11]. Although we did not
detect changes in DNA methylation of KissI pro-
moter, there may be another epigenetic mechan-
ism involved to explain KissI upregulation.
Importantly, overnutrition and obesity have been
shown to lead to downregulation of SIRT1 content
in the hypothalamus, and consequently, the lack of
SIRT1 at the KissI promoter reduces the repressive
action of PcG complexes and facilitates an increase
in KissI transcriptional activity [34]. It is possible
that such a mechanism could also exist at the
periphery.

We have found an increase in mRNA levels of
both Kiss1 and KissIr in the liver of DM2 females as
compared with healthy (control) females (Figure 2a).
However, only KissIr promoter displayed an altered
DNA methylation status (Figure 3). The consensus is
that actively transcribed genes have hypomethylated
promoters [14]. Surprisingly, the increase in mRNA
levels of Kiss1r was linked to promoter hypermethy-
lation (Figure 3b) and not, as we would expect, to
promoter hypomethylation. This could potentially
mean that the region we tested in pyrosequencing
is actually a KissIr silencer. When a silencer regula-
tory region is methylated, the recruitment of tran-
scriptional repressors is blocked due to the
condensed chromatin structure and transcription
of a given gene increase [36]. Interestingly, such
a mechanism was described for KissI at the brain
level [17,37]. In the anteroventral periventricular
nucleus of the mouse hypothalamus, higher KissI

mRNA expression of female mice, as compared
with males, was associated with higher CpG methy-
lation of KissI promoter [37]. Furthermore, it is also
possible that the observed hypermethylation actually
reflects an increase in DNA hydroxymethylation.
Since bisulphite sequencing such as pyrosequencing
cannot  discriminate  5-methyl-cytosine  from
5-hydroxy-methyl-cytosine, the increase in
5-hydroxy-methyl-cytosine, which is linked to tran-
scriptional activation, would be registered as DNA
hypermethylation [18].

Alternatively, the lack of correlation between
changes in mRNA expression and DNA methyla-
tion of KissIr promoter could be due to the fact
that there are different transcript variants of
Kisslr. We found two KissIr variants in the gen-
ome browser of the rn7 rat assembly. These iso-
forms have almost identical mRNA sequence and
differ only with six nucleotides in exon 5. For this
reason, qRT-PCR primers cannot distinguish
between the isoforms which may introduce
a bias. We therefore proceeded with western blot
to assess KissIr at the protein level. Strikingly, we
observed a decrease in Kisslr protein level in the
liver of DM2 females (Figure 3d). Thus, it becomes
highly probable that mRNA readings are not reli-
able and KissIr promoter hypermethylation is
indeed linked to transcriptional repression of the
gene.

Another explanation for the detected discre-
pancy between increased mRNA and decreased
protein of Kisslr in the liver of DM2 female rats
could lie in the aberrant translation from mRNA
to protein. Many factors, including translation
initiation and elongation factors, RNA-binding
proteins, mRNA methylation (epitranscriptome),
microRNAs and long non-coding RNAs, have
been shown to contribute to translational regula-
tion [38-40]. Although Kisslr may be prompted
for activation at the promoter level (i.e., hyper-
methylation of a silencer; hydroxymethylation
read as hypermethylation), production of Kisslr
protein may be disturbed by another mechanism
at the translation step.

As the majority of studies have been performed
on males, including our previous work [12] and
sex-specific effects in the development of DM2
have been more and more recognized [41,42], we
have focused on females in the present study. Sex



differences in the development of DM2 were
shown in humans, with women favouring fat tis-
sue storage and men tending to mobilize fat tissue
burning [41]. It was also found that women have
greater insulin sensitivity than men. Additionally,
sex differences in body fat distribution exist due to
differences in sex hormones and the adipose tissue
microenvironment between men and women [42].
Of note, although KP neurons in the ARC are not
sexually dimorphic, sex-dependent KP effects on
metabolism were observed. Mature Kisslr KO
females had higher body weight and increased
white adipose tissue mass [43], as compared with
Kisslr KO males [35]. Moreover, we have pre-
viously found sex differences in the central
response of the KP neurons to experimentally
induced DM2 in rats [44,45]. Contrary to males,
DM?2 female rats did not show an increased num-
ber of KP neurons in the ARC either in gonad-
intact group [21,44] or after gonadectomy with/
without sex hormone replacement [45]. KP neu-
rons in the ARC increased only in DM2 males.
As the KP system is implicated in the regulation
of metabolism [35,43], and Kissl/Kisslr show
sexually dimorphic expression in the brain
[21,44,45], it was not surprising for us to detect
that the patterns of tissue-specific expression of
Kissl and Kisslr in peripheral organs of control
and DM2 female rats are different from the pat-
terns described in male rats in our previous study
[12]. DM2 in male rates was linked to increased
expression of KissI at mRNA level in the pancreas
and at the protein level in the liver [12], while
DM2 females showed KissI increase only in the
liver (Figure 2). Of interest, KissIr expression was
altered in the pancreas and liver of DM2 females
vs. control females (Figure 2), while no changes in
KissIr were reported in DM2 male rats vs. control
males [12]. However, we need to be cautious when
comparing male and female data as the studies
were not run simultaneously. Distinct phases in
the development of DM2 between both sexes
were the main reason for a separate design. In
males, the induction of DM2 required a high-fat
diet and a single dose of STZ (25 mg/kg body
weight), which mimics an early stage of DM2
[44,45]. Females were more resistant to DM2
development and needed 3 i.p. injections of STZ
(3 x 25 mg/kg body weight). As a result, DM2 in
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female rats would reflect the later stages of the
disease [21]. Hence, although our findings indicate
possible sex-specific differences in DM2-mediated
alterations in the KP system, further experiments
are warranted to explore DM2 effects in males and
females in parallel.

Although we did not observe statistically signif-
icant changes in Kissl and KissIr in the adipose
tissue of female rats with DM2 vs. controls
(Figure 2d), there was a slight decrease suggesting
Kiss1 repression in DM2 group. The observation is
consistent with existing data which show
a decrease in fat Kiss] mRNA in obese rats [13].
On the other hand, a study on fat samples from
humans demonstrated a positive correlation
between KISSI mRNA and body mass index in
women [46]. Such correlation was only registered
for visceral, but not subcutaneous fat, which indi-
cates differences in KP levels depending on the
type of the adipose tissue.

Our findings prompted us to determine patterns
of KISS1 and KISSIR expression and DNA methyla-
tion in peripheral tissues in humans with DM2,
using publicly available datasets (Figures 4 and 5).
Although the results were mixed and statistically
non-significant, we found a higher median in
KISSI expression and a lower median in KISSIR
expression in the liver of DM2 men and women
vs. healthy or obese individuals (Figure 4a). This
finding is in agreement with the hormonal regula-
tory connection between the liver and pancreas, as
described by Song et al. [11], where increased pro-
duction of hepatic KP in DM2 patients and animals
leads to suppression of glucose-stimulated insulin
secretion and thereby to low levels of insulin [11].
Decrease in receptors for KP in the liver could be
logical as the system is shifted towards KP action on
the pancreas. The DNA methylation analysis
showed hypermethylation of hepatic KISSIR pro-
moter in DM2 vs. healthy individuals and hypo-
methylation of hepatic KISSI promoter in obese
vs. healthy individuals (Figure 5a). Our findings
suggest that epigenetic mechanisms may be involved
in regulation of KISSI and KISSIR expression, and
those mechanisms may be altered in obesity/DM2
resulting in aberrant gene expression. However,
more comprehensive studies on gene expression
and DNA methylation are needed with large homo-
genous cohorts where age, sex, treatment regimens,
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and other possible confounding factors are taken
into account.

In summary, our study demonstrates differen-
tial expression of KissI and KissIr in peripheral
organs in DM2 females, as compared with healthy
controls. We deliver novel findings on the regula-
tion of the KP system in the peripheral tissues in
female rats with DM2. We show that KissI expres-
sion increases in the liver of DM2 female rats,
which is consistent with existing data on the
increased production of hepatic KP in DM2
patients. Our study also proposes an epigenetic
mechanism, involving DNA methylation, for reg-
ulation of KissIr expression, which may be tissue-
specific. Despite a detectable rise in mRNA of
Kisslr, we observe DNA hypermethylation of
Kisslr promoter which is associated with reduc-
tion in Kisslr protein level. The discrepancy
between the mRNA and protein level may result
from different transcript variants of Kisslr or
a regulatory mechanism at the translation stage.
Thus, our findings open the door to further
research on KissIr regulation in DM2 and to
potential elucidation of epigenetic therapeutics as
a new KP-focused approach in DM2 therapy and
presumably prevention. Our study also suggests
that the regulation of the KP system at the periph-
ery in DM2 may differ between sexes, as indicated
by distinct patterns of KissI and KissIr expression
in DM2 vs. healthy controls in females in the
current study and males in our previous work
[12]. Although sex differences need to be further
confirmed in an experiment investigating females
and males in parallel, there is a premise for the
development of new sex-specific therapeutic stra-
tegies to face increasing rates of DM2 in humans.
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