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Abstract

Obesity and its associated comorbidities constitute a major and growing health
problem worldwide not only involved with people but also dogs and cats. Although few genetic
mutations have been associated with obesity in dogs, molecular mechanism remains to be
clearly understood. Given the fact that DNA methylation leads to gene expression variability
and has plasticity affected by metabolic phenotypes such as obesity in human, the objective of
this study is to identify obesity-associated differentially methylated cytosine-phosphate-
guanine (CpG) dinucleotide sites in dogs.

With genome-wide DNA methylation analysis using next-generation sequencing for
blood samples from fourteen Miniature dachshunds with body condition score (BCS) 4-5 and
BCS >6, over 100,000 sites could be analysed to identify genomic locations of differentially
methylated CpG sites. As a result, 191 differentially methylated CpG sites (89 CpG sites were
hypermethylated in BCS >6 and 102 were hypermethylated in BCS 4-5) were identified. These
sites included promoter regions of Kisspeptin receptor (KISS1R) and Calcyphosine 2 (CAPS2)
genes which were subsequently validated by bisulfite-pyrosequencing for another set of 157
dog blood samples. KISS1R methylation levels were found to be higher in BCS >6 group than
BCS 4-5 in senior (>84 months) dogs. Especially male dogs but not female dogs as well as
uncastrated male dogs but not castrated male dogs showed this trend.

DNA methylation of KISS1R gene will be useful for understanding of comprehensive

epigenetic change in obese dogs.

Keywords: DNA methylation; Epigenetics; Genome-wide profiling; Obesity, Dog
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1. Introduction

Obesity and its associated comorbidities constitute a major and growing health
problem worldwide. 1.5 billion people worldwide are overweight or affected by obesity (Wang
et al., 2011), which causes 3-4 million deaths based on the higher risk of developing type 2
diabetes (T2DM), cardiovascular disease, metabolic disease, and inflammatory disease
(Abdullah et al., 2010; DeFaria Yeh et al., 2007). Obesity is not only involved with people but
also dogs and cats. The prevalence of canine obesity is shown to be elevated and related to the
presence of overweight/obesity in owners (German, 2006; Montoya-Alonso et al., 2017) .
Overweight dogs have a shorter life span and increased susceptibility to diseases such as hip
dysplasia and arthritis compared with lean dogs (Lawler et al., 2008). Furthermore, obesity
affects the immunometabolic state of dogs resulting in insulin resistance, low-grade chronic
inflammation, and dyslipidemia (Herrera Uribe et al., 2016; Tvarijonaviciute et al., 2016; Vitger
et al., 2017). Therefore, it has been recognized that obesity is a ‘One Health” common problem
between people and their pets (Bartges et al., 2017; Tvarijonaviciute et al., 2012).

Molecular mechanism of obesity is primarily investigated only in rodent or human
with comparatively fewer data in dogs. Genetic predisposition is rare but identified to involve
mutations in fat mass and obesity-associated protein (FTO), melanocortin-4 receptor (MC4R),
or peroxisome peroxisome proliferator-activated receptor y (PPARG) in human as well as dogs
(Razquin et al., 2011; van den Berg et al., 2010). In a recent study, a novel deletion in pro-
opiomelanocortin (POMC) gene was reported as strongly associated with increased body
weight and obesity in Labrador retriever dogs (Mankowska et al., 2017; Raffan et al., 2016).
Although there are also reports that described metabolic changes such as adipokine, cytokine,
and inflammation markers (Baric Rafaj et al., 2017; Piantedosi et al., 2016; Tvarijonaviciute et

al., 2016; Vitger et al., 2017) as well as complete blood count (CBC) and biochemistry
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(Radakovich et al., 2017), these are inevitable changes accompanied by obesity and not
indicative of the fundamental mechanism that underlies obesity.

DNA methylation at promoter regions of given genes is correlated with gene
expression silencing and is now widely accepted to play important roles in many aspects of
biology (Bird, 2002). Given the fact that DNA methylation has plasticity and could be affected
by metabolic phenotypes, it has recently attracted more attention in changes by obesity.
Genome-wide DNA methylation analyses in human identified an association of DNA
methylation in an intron 1 of Hipoxia-inducible factor 3 alpha (HIF3A) (Dick et al., 2014), in
Insulin receptor substrate 1 (IRS1) target genes (Fradin et al., 2017), and 278 cytosine-
phosphate-guanine (CpG) sites (Wahl et al., 2017) with obesity. Importantly, these changes in
DNA methylation were correlated with their gene expression, suggesting functional relevance
of these specific DNA methylation changes to pathobiological mechanism involved in obesity.
On the other hand, there is no studies focusing on the change in DNA methylation by obesity
in dogs. Additionally, the fact that species-specific change of DNA methylation involved in
obesity possibly exists in dogs dismisses the method of simple extrapolations of the findings
from human and rodent model as shown for difference in CpG sites associated with age between
human and other mammals (Wang et al., 2020). Genome-wide DNA methylation analysis in
dogs is required in this regard. Therefore, the objective of this study is to identify obesity-

associated differentially methylated CpG sites in dogs.

2. Materials and methods
2.1. Selection of experimental dogs and blood sampling

We collected residual samples of EDTA-K2-treated blood used for clinical purposes
from healthy dogs who had visited a private animal hospital (Yuki Animal Hospital, Aichi,

Japan) for vaccination and/or health check. All dogs were considered healthy based on results
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of a physical examination and CBC. Fourteen Miniature Dachshund were included for the
genome-wide DNA methylation analysis. The age of these dogs ranged from 88 months to 163
months. They included 9 males (3 uncastrated and 6 orchiectomised) and 5 females (2 non-
ovariectomised and 3 ovariectomised) (Table 1). 157 dogs were included for the validation
cohort. The age of these dogs ranged from 0 months to 197 months. They included 90 males
(40 uncastrated and 50 orchiectomised) and 67 females (27 non-ovariectomised and 40
ovariectomised) (Supplementary Table 1). An informed consent was obtained from the owners
of each dog for residual blood sample collection to adhere the ethical codes of the Japan
Veterinary Medical Association. A nine-point body condition score (BCS) system was
employed to allocate scores as follows. BCS 3: Ribs easily palpated and may be visible with no
palpable fat. Tops of lumbar vertebrae visible. Pelvic bones becoming prominent. Obvious
waist and abdominal tuck. BCS 4: Ribs easily palpable, with minimal fat covering. Waist easily
noted, viewed from above. Abdominal tuck evident. BCS 5: Ribs palpable without excess fat
covering. Waist observed behind ribs when viewed from above. Abdomen tucked up when
viewed from side. BCS 6: Ribs palpable with slight excess fat covering. Waist is discernible
viewed from above but is not prominent. Abdominal tuck apparent. BCS 7: Ribs palpable with
difficulty; heavy fat cover. Noticeable fat deposits over lumbar area and base of tail. Waist
absent or barely visible. Abdominal tuck may be present. BCS 8: Ribs not palpable under very
heavy fat cover, or palpable only with significant pressure. Heavy fat deposits over lumbar area
and base of tail. Waist absent. No abdominal tuck. Obvious abdominal distention may be
present. BCS 9: Massive fat deposits over thorax, spine, and base of tail. Waist and abdominal
tuck absent. Fat deposits on neck and limbs. Obvious abdominal distention. Dogs were then
categorized into 2 groups based on body condition score: a control group (BCS 4-5) and an

overweight/obese group (BCS >6) (Laflamme, 1997). Residual 100 to 200 pl of blood samples
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were kept at -20 °C degree until genomic DNA extraction using the DNeasy Blood & Tissue

Kit (QIAGEN, Hilden, Germany).

2.2 Digital restriction enzyme analysis of methylation (DREAM)

Genome-wide DNA methylation analysis was performed with DREAM. DREAM is a
method for DNA methylation analysis at tens of thousands of CpG sites across the genome
(Jelinek et al., 2012) based on next generation sequencing analysis of methylation-specific
signatures created by sequential digestion of genomic DNA with a pair of DNA methylation
sensitive/insensitive restriction enzymes (Smal and Xmal). DREAM could distinguish
differences in methylation of >10% with a False Discovery Rate (FDR) of 2.4% (Jelinek et al.,
2012). The same principle was previously applied for dogs (Yamazaki et al., 2018) and was
performed for 14 blood samples of Miniature dachshunds (Table 1) in this study. Briefly,
genomic DNA extracted from the samples was mixed with a set of artificial methylation
standards for calibrators (methylation levels of 0%, 25%, 50%, 75% and 100%). These mixes
were digested with 100 U of Smal endonuclease (New England Biolabs, Ipswich, MA) for 8 h
at 25 °C. Subsequently, 50 U of Xmal endonuclease (New England Biolabs, Ipswich, MA) were
added, and the digestion continued for an additional 16 h at 37 °C. The 3’ recessed ends of the
DNA created by Xmal digestion were filled ina dCTP, dGTP, and dATP mix (0.4 mM of each)
and 3-dA tails were added to all restriction fragments by Klenow DNA polymerase lacking 3’-
to-5” exonuclease activity (New England Biolabs, Ipswich, MA). Then, Illumina paired-end
sequencing adaptors were ligated using T4 DNA ligase (New England Biolabs, Ipswich, MA)
followed by size-selection with Agencourt AMPure XP magnetic beads for DNA fragments
ranging from 250 bp to 450 bp in size. Size-selected DNA was amplified with paired-end PCR
primers (Illumina, San Diego, CA) using KAPA Hifi HotStart ReadyMix (Kapa Biosystems,

Wilmington, MA) and 11 cycles of amplification followed by sequencing on NovaSeq
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(IMlumina, San Diego, CA). Sequencing reads were mapped to Smal/Xmal sites in the cat
genome (CanFam3.1), and signatures corresponding to methylated and unmethylated CpGs
were enumerated to calculate methylation frequencies for individual Smal/Xmal site. The
methylation ratio is the ratio of the number of tags starting with CCGGG divided by the total
number of tags mapped to a given Smal/Xmal site. Finally, we corrected methylation levels
measured by DREAM based on the values obtained from the spikes in standards. First, we
calculated log ratios In (m/u) and In (sm/u) for each standard, where m/u is the expected ratio
of methylated and unmethylated reads, while sm and u, respectively, are observed numbers of
methylated and unmethylated reads. Differences in the ‘expected’ minus “‘observed’ log ratios
were calculated for each standard. Correction factor ¢ was calculated as an antilog of the
average log difference (expected — observed). Corrected methylation values were then
computed as 100% x [c x sm/(c x sm+u)] for each CpG site.

We used the University of California, Santa Cruz (UCSC) definition of CpG islands
(CGI) (Gardiner-Garden and Frommer, 1987). Promoter regions are defined as being located
within 1000 bp from transcription start sites of any genes annotated by Ensembl Gene

Predictions — version 99.

2.3. Bisulfite-pyrosequencing

We used bisulfite-pyrosequencing to quantitatively assess DNA methylation (Colella
et al., 2003) for promoter regions of canine Kisspeptin receptor (KISS1R) and Calcyphosine 2
(CAPS2) genes. Blood samples from 157 dogs where BCS were available were chosen for
bisulfite-pyrosequencing (Supplementary Table 1). Briefly, genomic DNA (500 ng) extracted
from the samples was used for bisulfite conversion by using the EZ DNA Methylation-Gold
(Zymo Research, Irvine, CA) according to manufacturer's instructions. We selected the primers

to amplify fragments that covered the differentially methylated CpG sites identified by Canine
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DREAM analysis. Primer sequences and PCR conditions are listed in Supplementary Table 2.
We measured levels of DNA methylation as the percentage of bisulfite-resistant cytosines at
CpG sites by pyrosequencing using a PSQ24 system with Pyro-Gold reagent Kit (QIAGEN,
Hilden, Germany), and the results were analysed using PyroMark Q24 software (QIAGEN,

Hilden, Germany).

2.4. Statistical methods

DNA methylation levels between the different groups were compared using the
Student’s t test. Correlation of DNA methylation levels of KISS1R and CAPS2 with age in
months were tested using Pearson correlation coefficients. Adjustment for multiple-testing in
Canine DREAM was performed with the procedure of Benjamini and Hochberg (Benjamini
and Hochberg, 1995) to identify differential methylation at FDR of 10%. P value < 0.05 was
considered statistically significant for DNA methylation levels analysed by bisulfite-
pyrosequencing. Statistical analysis was performed using PRISM 6 (Vesion 6.07) (GraphPad

Software, Inc., San Diego, CA).

3. Results
Genome-wide DNA methylation analysis

From all 14 samples used for Canine DREAM, 7~15 million unique usable reads after
conservative filtering (quality filtered and aligned to the dog genome) were successfully
generated for DNA methylation analyses As we used CpG sites that have more than 20 reads
to assure quantitative ability, DNA methylation data of approximately 105,000-137,000 CpG
sites could be analysed.

We used 79,476 CpG sites where at least 20 reads were obtained in all 14 samples, to

analyse the difference in DNA methylation between obese and control dogs. Of those, 28,972
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sites are in CGls and 50,504 sites in non-CGI (NCGIs). Average DNA methylation levels for
each CpG sites from six dogs with BCS 4-5 and eight dogs with BCS >6 were calculated
respectively. By direct comparison of averages of DNA methylation in dogs with BCS 4-5 and
BCS >6, differential methylation (using the criteria of >10%, p< 0.04, false discovery rate 10%)
were found at 191 CpG sites (0.2% of the sites analysed) in which 89 CpG sites were
hypermethylated in BCS >6 group and 102 were hypermethylated in BCS 4-5 group (Figure 1).

Given the fact that DNA methylation at promoter region of genes is associated with
gene expression silencing, we filtered the CpG sites at promoter regions that showed differential
methylation between BCS 4-5 and BCS >6 groups for the following analyses. Among 191
differentially methylated CpG sites, largest difference in DNA methylation were found with the
CpG sites located at promoter region of KISS1R (42% in BCS 4-5 and 57% in BCS >6,
p=0.0016) and CAPS2 (73% in BCS 4-5 and 52% in BCS >6, p=0.0007) genes (Figure 2).

To validate the findings of canine DREAM analysis, we performed bisulfite-
pyrosequencing to measure DNA methylation levels of the differentially methylated CpG sites
for an additional set of blood samples from 157 dogs also obtained from the same animal
hospital. We found that positive correlation of DNA methylation levels of KISS1R and BCS of
these dogs as well as inverse correlation of DNA methylation levels of CAPS2 and BCS of
these dogs (p=0.004 and 0.02 for KISS1R and CAPS2, respectively) (Figure 3a and 3b).
Importantly, these DNA methylation trends with BCS were consistent with those in Canine
DREAM analysis.

Next, we considered other environmental factors that affect DNA methylation to be
eliminated from the analysis. Aging has been well known to strongly correlates with DNA
methylation. We also found that DNA methylation levels of these genes were also correlated
with age of the dogs (Figure 3c and 3d), suggesting that aging process might affect DNA

methylation in addition to effects of obese status. Since BCS >6 group were found to be older
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than BCS 3-5 group in this study, the difference of DNA methylation between the groups might
be overestimated by aging process. Therefore, we analysed the samples of dogs with age of 84
months (7 years old) and older because this age period is known to be “senior” in dogs (Wang
et al., 2020) and the samples of dogs used for DREAM analysis also ranged from 88 months
and older. As a result, KISS1R methylation levels were still higher in BCS >6 group than BCS
3-5 group (Figure 4a). CAPS2 methylation levels were not different between the two groups
(Figure 4b).

Finally, we sought for the effect of gender of the sample population and analysed
samples from male and female dogs separately. KISS1R methylation was higher in BCS >6
male dogs, though it did not reach statistical significance. No difference was observed between
BCS >6 and BCS 3-5 female dogs (Figure 5). Furthermore, the same trend was found in
uncastrated male dogs but not in castrated male dogs in the sample population (Supplementary

Figure 1).

4. Discussion

We searched for the differentially CpG sites that were located at promoter regions of
dog genes and found KISS1R and CAPS2 as candidates of obesity-associated genes in DNA
methylation change. Importantly, the results of a validation cohort using another set of 157
samples subjected to bisulfite-pyrosequencing corresponded to those in the screening cohort in
terms of the trend of difference in DNA methylation levels between BCS 3-5 and BCS >6
groups, though CAPS2 did not reach statistical significance.

KISS1R, is expressed on gonadotropin-releasing hormone (GnRH) neurons in
hypothalamus and also called GPR-54, is a cognate receptor of Kisspeptins (KP) that regulate
the reproductive axis (Roseweir and Millar, 2009). Kiss1r showed highly significant puberty-

specific differential promoter methylation patterns in puberty in rats (Wyatt et al., 2013),
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indicating gene expression change through DNA methylation. Additionally, Kisslr knock-out
mouse showed increased in body weight (Tolson et al., 2014), which is presumably consistent
with the finding of the dogs with BCS >6 had hypermethylation of these genes in this study.
Possible involvement of KISS1R methylation in obesity is also substantiated with the fact that
POMC, identified to be mutated in obese Labrador retriever dogs (Raffan et al., 2016), is known
to communicate with KP neurons (Backholer et al., 2010). We also found the association
between DNA methylation of KISS1R and BCS was more pronounced in male dogs, especially
uncastrated male dogs. In fact, human patients with KISS1IR mutations showed
hypogonadotropic hypogonadism in male (de Roux et al., 2003). A decreased secretion of
GnRH from the hypothalamus has been suggested to be one of key factors for hypogonadism
in human individuals with obesity and/or type 2 diabetes (Dandona et al., 2008), as evidenced
by the low luteinising hormone (LH) and follicle-stimulating hormone (FSH) concentrations in
the large majority of these male with low plasma testosterone. As negative correlation was
found between testosterone and body mass (Vermeulen et al., 1993), measurement of
testosterone concentration of uncastrated male dogs will be interesting to underpin the
association of obesity with KISS1IR DNA methylation. On the other hand, Kisslr knockout
mice have shown weight gain only in females (Tolson et al., 2014). The effect of gender might
vary in the phenotype associated with KISS1R across species of dog, mouse, and human.

The analyses conducted in this study were similar to those in human. Additionally, the
number of differential methylation (191 CpG sites) between obese and control dogs in this study
is consistent with those identified by Illumina 450k array (450,000 CpG sites to be analysed)
frequently used for genome-wide analysis for DNA methylation in human that focused on
obesity. For example, Wahl et al. (2017) reported 278 CpG sites as being obesity-associated

differentially methylated CpG sites.
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In this study, we first analysed blood samples from Miniature Dachshunds to identify
differentially methylated CpG sites followed by a validation cohort where blood samples from
all breeds were included. Likewise, we found corelation of DNA methylation of KISS1R and
BCS only in senior dogs. However, differentially methylated CpG sites associated with obesity
may be different in each dog breed or different age period, which could be one of possible
reasons that CAPS2 could not be validated in the second set. A larger number of samples in a
screening and/or a validation cohort from same breeds or age periods will be needed to address
this issue.

Peripheral blood samples were analysed in this study since it is frequently used in
human obesity study with an important role in the adverse clinical consequences of obesity
(Wahl et al., 2017). However, it is more likely that change, if any, in gene expression through
DNA methylation is occurring in the brain, which are not usually available. Although DNA
methylation status in somatic tissues such as brain can also be reflected in blood (Gregory et
al., 2009; Thompson et al., 2013; Walton et al., 2016), it would be important issue to see if the
differential methylation can also be observed in brain tissue, more specifically, on GnRH
neurons if possible. Kisslr is also expressed in multiple non-GnRH brain areas and in several
peripheral tissues, including metabolic tissues like fat, liver, and pancreas (Wolfe and Hussain,
2018). Adipocytes and liver cells, which are thought to be involved in metabolism, and thus
dysregulation of these cells cause disease. Functional relevance of KISS1R DNA methylation
change with gene expression change in these affected tissues should be addressed to contribute
to understanding of biology of disease such as diabetes as proposed in human where T2DM is
also associated with impaired kisspeptin signalling through glucose intolerance (Tolson et al.,

2014).

5. Conclusion
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In conclusion, we identified differentially methylated CpG sites that are associated
with obese status of senior dogs by a genome-wide analysis of DNA methylation. These
findings would be helpful for development of a new biomarker of obesity as well as
understanding of biology and mechanism of obesity for both of dogs and human with a

translational perspective.
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458 Table 1

459  Dog information for genome-wide DNA methylation analysis.

Age KISSlR CAPS?
Sample (month) Gender BCS methylation methylation
(%) (%)
1 88 M 4 42.4 541
2 92 F 7 54.7 39.9
3 96 CM 4 46.5 57.3
4 136 F 5 335 44.7
5 137 CM 8 57.2 43.1
6 140 M 8 545 23
7 142 CM 8 47.7 28.6
8 144 M 5 44.4 39.1
9 159 SF 7 52.9 24.2
10 162 SF 6 64 254
11 163 CM 10 59.2 29.7
12 173 SF 5 51.8 55.7
13 183 CM 8 69.6 13.8
14 184 CM 5 31.8 45.8

460 M: male; CM: castrated (orchiectomised) male; F: female; SF: spayed (ovariectomised)
461 female
462

463
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Figure Legends

Fig. 1. Difference in DNA methylation levels of BCS 4-5 and BCS >6 groups. Volcano plots
with the difference in DNA methylation between averages of BCS 4-5 and BCS >6 groups on
the x-axis, and the unadjusted p-value for each site on the y-axis for sites in CpG island (blue)

and non-CpG island (orange). The horizontal line indicates p-value at 0.04.

Fig. 2. Schematic representation of a representative genomic landscape of differentially
methylated CpG sites. Original pictures were taken from the University of California, Santa
Cruze (UCSC) browser!. Promoter regions of dog KISS1R and CAPS2 are shown with DNA

methylation levels for the CpG site in both groups along with locations of CpG islands.

Fig. 3. DNA methylation levels of KISS1R and CAPS2 analysed by bisulfite-pyrosequencing.
DNA methylation levels of KISS1R (a) and CAPS2 (b) were analysed in 157 samples of
blood from dogs of BCS 3-5 and BCS >6 groups. Correlations of DNA methylation level of

KISS1R (c) or CAPS2 (d) and age of dogs.

Fig. 4. DNA methylation levels of KISS1R and CAPS2 in blood samples from senior dogs.
(a) Difference in age of dogs with BCS 3-5 and BCS >6. DNA methylation levels of KISS1R
(b) and CAPS2 (c) were analysed in 72 samples of blood from senior dogs of BCS 3-5 and

BCS >6 groups.

Fig. 5. Comparisons of DNA methylation levels of KISS1R and CAPS2 in blood samples

from senior male dogs and female dogs. Difference in DNA methylation levels of KISS1R (a)

1 See: http://genome.ucsc.edu/cgi-bin/hgGateway
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and CAPS2 (b) in male dogs with BCS 3-5 and BCS >6. Difference in DNA methylation

levels of KISS1R (c) and CAPS2 (d) in female dogs with BCS 4-5 and BCS >6.

Supplementary Fig. 1. Comparisons of DNA methylation levels of KISS1R and CAPS2 in
blood samples from senior male dogs classified by their neuter status. Difference in DNA
methylation levels of KISS1R in uncastrated male dogs (a) with BCS 3-5 and BCS >6 and

castrated male dogs (b) with BCS 4-5 and BCS >6.

20



Figure 1

102 CpG sites 89 CpG sites

+  CAPS2

o 10

= \ KISS1R
>

a 7

=30 —20 -10 0 10 20

Difference in DNA methylation
(BCS 26 — BCS 4-5)



Figure 2

A 1000bp
<€ >

chr20 57,758,954
BCS 4-5 methylation (%) 41l
BCS 26 methylation (%) 570

CpG island

[ i KISSIR
B 1000bp
€ >

chr10 57,758,954
BCS 4-5 methylation (%) a9l
BCS 26 methylation (%) 28l

CpG island |

i cAPS?




Figure 3

DNA methylation (%)

DNA methylation (%)

KISS1R
100+
p=0.004

804

60 o i.“.i
404 $..... I.'.‘.I

20

0 T T

3-5 26
BCS
CAPS2
1004
p=0.02

804

60+ o LT LL

40

.........
20 . u
0 T T
3-5 =26

BCS

(@)

-

(=]

o
1

DNA methylation (%)

DNA methylation (%)

] Ly @ oo
[=] [=] [=] (=]
1 1 a1 1

o

KISS1R

p< 0.0001

o

1004

o0
o
1

50 100 150
Month

CAPS2

200

p< 0.0001

200



Figure 4
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Figure 5
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Supplementary Figure 1
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