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Gene expression profiling of white
“adipose tissue reveals paternal
transmission of proneness to
e obesity
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Previously, we found that C57BL/6J (B6) mice are more prone to develop obesity than PWK mice. In
addition, we analyzed reciprocal crosses between these mice and found that (PWK x B6) F1 mice, which
have B6 fathers, are more likely to develop dietary obesity than (B6 X PWK) F1 mice, which have B6
mothers. These results suggested that diet-induced obesity is paternally transmitted. In this study, we
performed transcriptome analysis of adipose tissues of B6, PWK, (PWK x B6) F1, and (B6 x PWK) F1

:mice using next-generation sequencing. We found that paternal transmission of diet-induced obesity

. was correlated with genes involved in adipose tissue inflammation, metal ion transport, and cilia.

© Furthermore, we analyzed the imprinted genes expressed in white adipose tissue (WAT) and obesity.

. Expression of paternally expressed imprinted genes (PEGs) was negatively correlated with body weight,

. whereas expression of maternally expressed imprinted genes (MEGs) was positively correlated. In the

. obesity-prone B6 mice, expression of PEGs was down-regulated by a high-fat diet, suggesting that
abnormally low expression of PEGs contributes to high-fat diet-induced obesity in B6 mice. In addition,
using single-nucleotide polymorphisms that differ between B6 and PWK, we identified candidate
imprinted genes in WAT.

. Parent-of-origin effects, which arise when the phenotype of an allele depends on whether it is inherited from

- the father or mother, are often considered to reflect genomic imprinting. Prader-Willi syndrome, a well-known

: imprinting disorder, is the most common known genetic cause of morbid obesity in children!, and genetic studies

. of human®*and mouse®~ indicate that genomic imprinting is involved in obesity. Obesity, a growing world-wide

. health problem, causes metabolic diseases such as type 2 diabetes, hypertension, and cardiovascular disease.

. Therefore, the mechanisms underlying inheritance of obesity are of great medical interest.

: We previously showed that diet-induced obesity is paternally transmitted in the specific model used, i.e.
using crosses between the two inbred lines, C57BL/6] (B6) and PWK?®. C57BL/6] mice are prone to develop
diet-induced obesity, whereas PWK mice are resistant. We analyzed offspring of reciprocal crosses between these
strains, i.e., (PWK x B6) F1 and (B6 x PWK) F1. These mice are phenotypically distinct: F1 mice with B6 fathers
([PWK x B6] F1) are more sensitive to dietary obesity than F1 mice with PWK fathers ([B6 x PWK] F1), suggest-
ing paternal transmission of diet-induced obesity. We also demonstrated an association between imprinted genes
and obesity: In white adipose tissue (WAT), Igf2 and Peg3, paternally expressed imprinted genes (PEGs) involved
in the regulation of body fat accumulation, were down-regulated in B6 and (PWK x B6) F1 mice, which are sus-
ceptible to high fat diet (HFD)-induced obesity, but not in PWK and (B6 x PWK) F1 mice, which are resistant.
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Figure 1. Number of differentially expressed genes (>2.0-fold) in WAT of mice fed a HFD vs. mice fed a
control diet. (a) Generation of reciprocal crosses between B6 and PWK mice. (B6 x PWK) F1 is the offspring of
a B6 mother and PWK father, and (PWK x B6) F1 is the offspring of a PWK mother and B6 father. (b) Number
of genes shown by NGS analysis to be differentially expressed in WAT of HFD mice relative to WAT of mice fed
a control diet. Red bars indicate the number of up-regulated genes (p < 0.05, >2-fold), and blue bars indicate
the number of down-regulated genes (p < 0.05, >2-fold).

Diet-induced obesity affects expression in many tissues, but we first focused on expression in WAT because
expression of an imprinted gene, Igf2, was significantly affected in WAT and was not significantly affected in
other tissues [8, unpublished results]. In this study, we used next-generation sequencing to perform transcrip-
tome analysis (RNA-seq) of adipose tissues of B6, PWK, (PWK x B6) F1, and (B6 x PWK) F1 mice. Specifically,
we analyzed the differences in paternal and maternal allele-dependent gene expression in WAT in animals of all
four genotypes exposed to control diet or HFD. We found that alterations in inflammation, metal ion transport
(mitochondrial function), and cilia (hedgehog signaling) in adipose tissue resulting from diet-induced obesity
were influenced by paternal, but not maternal, alleles.

Furthermore we analyzed the relationship between genomic imprinting and obesity. The expression of PEGs
in WAT was negatively correlated with body weight, whereas expression of maternally expressed imprinted genes
(MEGs) was positively correlated. The WAT gene expression profiles, which differed significantly between B6 and
PWK mice, potentially explain why PWK mice are resistant to diet-induced obesity.

Results
Transcriptome analysis of adipose tissues. C57BL/6] (B6) mice, PWK mice, and the F1 progeny
obtained by reciprocal crosses between these strains were fed either a normal control diet (Con) or an HFD for
15 weeks starting at the age of 6 weeks. Genome-wide expression analysis by next-generation sequencing was
performed on WAT from each strain of mice (n= 3 for each strain/diet combination). A summary of the reads
for each sample is presented in Table S1, including total reads and >Q30 reads. Q30 is Illumina’s quality score and
is more reliable and less likely to be incorrect. The correlation coefficients in the same experimental groups are
summarized in Table S2. We analyzed the expression levels of 15825 genes, the number of differentially expressed
genes (p < 0.05, >2-fold), and the directions of expression changes are summarized in Fig. 1.

In WAT of B6 mice, 3490 genes were differentially expressed (1489 up-regulated, 2001 down-regulated) in
HED vs. Con, the most dramatic relative change among the four strains. By contrast, in WAT of PWK mice, only
211 genes were differentially expressed (151 up-regulated, 60 down-regulated) as a function of diet.

Paternal dependence of gene expression changes in WAT.  We previously showed that B6 mice are
more sensitive to HFD-induced obesity than PWK mice, and that (PWK x B6) F1 mice, which have B6 fathers,
are more sensitive to diet-induced obesity than (B6 x PWK) F1 mice, which have B6 mothers, suggesting paternal
transmission of diet-induced obesity. Therefore, we analyzed the parental dependence of gene expression changes
in WAT of these F1 mice.

We identified 271 genes that were significantly up-regulated (p < 0.05, >2-fold) in B6 and (PWK x B6)
F1, which developed diet-induced obesity, but not in PWK and (B6 x PWK) F1, which did not become obese
(B6 paternal allele-dependent up-regulated genes. Fig. 2). We also identified 552 B6 paternal allele-dependent
down-regulated genes (p < 0.05, >2-fold) (Fig. 2). In addition, we identified 226 B6 maternal allele-dependent
up-regulated genes and 188 B6 maternal allele-dependent down-regulated genes (Fig. 2). In PWK mice, only a
few genes differed between HFD and Con (Fig. 1); therefore, in subsequent analysis, we focused on B6 parental
allele-dependent up- or down-regulated genes.

Next, we investigated the biological characteristics of these parental allele-dependent genes using DAVID
(http://david.abce.ncifcrf.gov/), a functional classification tool>!. B6 paternal allele-dependent up-regulated
genes were significantly associated with Gene Ontology (GO) biological process (BP) annotation terms related
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Figure 2. Number of genes with paternal or maternal-dependent expression changes in WAT. The upper
panel shows up-regulated genes, and the lower panel shows down-regulated genes. For example, a total of 271
genes were significantly up-regulated (p < 0.05, >2.0-fold) in both B6 and (PWK x B6) F1, but not in PWK

or (B6 x PWK) F1; these were defined as B6 paternal allele-dependent up-regulated genes. By contrast, 226
genes were significantly up-regulated (p < 0.05, >2.0-fold) in both B6 and (B6 x PWK) F1, but not in PWK and
(PWK x B6) F1; these were defined as B6 maternal allele-dependent up-regulated genes.

to immune responses, such as leukocyte activation, myeloid leukocyte activation, and mast cell activation
(Table 1a and Table S3). These genes were also significantly associated with KEGG pathways such as “natural
killer cell mediated cytotoxicity” and “chemokine signaling pathway” (Table S3). The B6 paternal allele-dependent
down-regulated genes were significantly associated with GO BP terms related to ion transport and GO cellular
component (CC) terms related to cell projection (cilia) (Table 1b, Table S4). Cilia may be involved in adipocyte
differentiation, as described in the Discussion. By contrast, the B6 maternal allele-dependent up-regulated genes
were significantly associated with GO terms related to the cell cycle (Table 2 and Table S5), whereas the B6 mater-
nal allele-dependent down-regulated genes were not specifically associated with any GO term (Table S6).

Correlation between body weight and the expression of PEGs and MEGs.  We previously demon-
strated a negative correlation between paternal transmission of HFD-induced obesity and expression of two
PEGs, Igf2 and Peg3, suggesting that these genes might contribute to fat accumulation, or the symptoms asso-
ciated with obesity®. To systematically elucidate the connection between HFD-induced obesity and genomic
imprinting, we analyzed the relationship between obesity and the expression of known imprinted genes (93 genes,
including 40 PEGs and 53 MEGs) in WAT transcriptome data. Among the 93 imprinted genes, 60 (27 PEGs and
32 MEGs) were expressed in WAT. We calculated the correlation coefficient between body weight and the expres-
sion of each imprinted gene in WAT of each strain of mice (n = 3 for each strain/diet combination). Surprisingly,
expression of PEGs tended to be negatively correlated with body weight, whereas expression of MEGs tended to
be positively-correlated (Fig. 3a), suggesting that PEGs exert anti-obesity effects whereas MEGs promote obesity.
Fig. 3b shows examples of correlations between body weight and expression of PEGs or MEGs. We also system-
atically analyzed HFD-induced expression changes of imprinted genes in obesity-prone B6 mice. If PEGs exert
anti-obesity effects, they should be down-regulated in HFD-fed B6 mice. Consistent with this prediction, expres-
sion of PEGs was down-regulated by an HFD, whereas expression of MEGs was up-regulated (Fig. 3c).

Screening for new imprinted genes in WAT.  To date, about 150 imprinted genes have been identified.
We tried to identify new imprinted genes expressed in WAT. Using single-nucleotide polymorphisms (SNPs) that
differ between B6 and PWK detected in our RNA-seq data, we determined whether genes were expressed from
the B6 or PWK allele in WAT of (B6 x PWK) F1 and (PWK x B6) F1 mice. Using the AVADIS NGS software, we
extracted 237,424 expressed SNPs that differ between B6 and PWK. After excluding SNPs on the Y chromosome,
SNPs not in identified exons, and SNPs with a small number of reads (average total number of reads <10, at least
one mouse with no read), we used the remaining SNPs to further screen imprinted genes. To screen for PEGs, we
initially selected SNPs for which the ratio of paternal allele expression was over 99% in both (B6 x PWK) F1 and
(PWK X B6) F1. This set of 145 SNPs, included eight known PEGs, but did not include any candidate imprinted
genes (strict selection, Fig. 4a). Therefore, we subsequently applied a milder selection criterion: (1) paternal allele
expression was significantly higher than maternal allele expression (Student’s t-test, p < 0.05), (2) paternal allele
expression was over 50% and maternal allele expression was under 50%, and (3) paternal allele expression was at
least 20% higher than maternal allele expression. We selected 1290 SNPs, and then selected genes that included
at least four of these SNPs. The resultant list of genes included 10 known and 22 candidate PEGs (mild selec-
tion, Fig. 4b, Table S7). We also screened for MEGs using the same criteria, yielding a list of 11 candidate MEGs
(Fig. 4c,d, Table S8). Table 3 lists the candidate imprinted genes. Figure 5a shows examples of PWK allele expres-
sion at several SNP loci of known imprinted genes (Igf2, a PEG, and H13, an MEG) and candidate imprinted
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Category ‘ Term p-value Benjamini

(a) Genes up-regulated (p < 0.05, >2.0-fold) in WAT of B6 and (PWKx B6) F1 (B6 paternal allele-dependent up-
regulated genes)

GOTERM_BP_FAT | GO:0001775 ~ cell activation 4.99E-08 6.22E-05
GOTERM_BP_FAT | GO:0045321 ~leukocyte activation 3.54E-07 2.21E-04
GOTERM_BP_FAT | GO:0006955 ~immune response 5.43E-07 2.25E-04
GOTERM_BP_FAT | GO:0002684 ~ positive regulation of immune system process | 5.43E-06 1.69E-03
GOTERM_BP_FAT | GO:0009611 ~ response to wounding 6.09E-06 1.52E-03
GOTERM_BP_FAT | GO:0002274 ~ myeloid leukocyte activation 7.30E-06 1.52E-03
GOTERM_BP_FAT | GO:0050865 ~ regulation of cell activation 1.03E-05 1.83E-03
GOTERM_BP_FAT | GO:0045576 ~ mast cell activation 4.21E-05 6.54E-03
GOTERM_BP_FAT | GO:0006952 ~ defense response 4.68E-05 6.45E-03
GOTERM_BP_FAT | GO:0002694 ~ regulation of leukocyte activation 5.30E-05 6.59E-03

(b) Genes down-regulated (p < 0.05, >2.0-fold) in WAT of B6 and (PWK x B6) F1 (B6 paternal allele- dependent down-
regulated genes)

GOTERM_BP_FAT | GO:0015672 ~ monovalent inorganic cation transport 3.43E-06 5.49E-03
GOTERM_BP_FAT | GO:0030001 ~ metal ion transport 1.06E-05 8.42E-03
GOTERM_BP_FAT | GO:0006811 ~ion transport 4.40E-05 2.32E-02
GOTERM_BP_FAT | GO:0006814 ~ sodium ion transport 4.45E-05 1.77E-02
GOTERM_BP_FAT | GO:0006812 ~ cation transport 4.54E-05 1.44E-02
GOTERM_BP_FAT | GO:0001501 ~ skeletal system development 6.85E-05 1.81E-02
GOTERM_BP_FAT | GO:0048562 ~ embryonic organ morphogenesis 1.03E-04 2.32E-02
GOTERM_BP_FAT | GO:0048568 ~ embryonic organ development 1.13E-04 2.24E-02
GOTERM_BP_FAT | GO:0060348 ~ bone development 1.36E-04 2.38E-02
GOTERM_BP_FAT | GO:0001503 ~ ossification 2.88E-04 4.51E-02
GOTERM_CC_FAT | GO:0042995 ~ cell projection 8.74E-08 2.23E-05
GOTERM_CC_FAT | GO:0005929 ~ cilium 3.89E-07 3.31E-05
GOTERM_CC_FAT | GO:0044463 ~ cell projection part 3.18E-05 1.62E-03
GOTERM_CC_FAT | GO:0044441 ~ cilium part 3.28E-05 1.39E-03

Table 1. GO analysis of B6 paternal allele-dependent up-regulated (a) or down-regulated (b) genes.

genes (Bmp3, a PEG, and CesIf, an MEG). We confirmed these results by RT-PCR followed by digestion with
restriction enzymes whose recognition sites contain SNPs between B6 and PWK (Fig. 5b). Thus, we were able to
identify candidate imprinted genes in WAT by screening using the mild selection criteria.

Comparison of gene expression in B6 and PWK. We previously showed that PWK mice are resistant
to obesity and exhibit drastic differences in glucose clearance relative to B6. To understand the mechanisms
underlying resistance to obesity in PWK, we compared WAT gene expression in B6 and PWK mice. Specifically,
we compared the WAT expression profile between PWK fed a control diet, PWK fed a HFD, and B6 fed a normal
diet. A total of 438 genes were up-regulated (p < 0.05, 5-fold) and 640 genes were down-regulated (p < 0.05,
5-fold) in WAT of PWK fed either diet relative to WAT of control-fed B6 (Fig. 6a,b). Functional annotation
clustering and GO analysis of the up-regulated genes revealed a significant association with the annotation term
“immunoglobulin-like” (Table S9), whereas down-regulated genes were significantly associated with terms such
as “extracellular region”, “plasma membrane” , and “MHC protein complex” (Table 4, Table S10).

Among the 438 up-regulated genes was Ucpl, which is mainly expressed in brown adipose tissue (BAT);
the UCP protein uncouples substrate oxidation from ATP production, resulting in thermogenesis'!. Ucpl was
dramatically up-regulated (378-fold) in WAT of PWK relative to WAT of B6. Recently, UCP1-expressing thermo-
genic adipocytes were identified in WAT; these cells are termed ‘brite’? or ‘beige’® adipocytes. Hence, we investi-
gated whether these novel adipocytes were present in WAT of PWK. To this end, we examined the expression of
well-established rodent brown and beige adipocyte markers'?!* in WAT of PWK and B6 mice (Fig. 6¢). The brown
marker Lhx8 was highly up-regulated (318-fold), and the beige markers CD137, Klh13, and Tmem26 were more
modestly up-regulated, in PWK relative to B6.

Discussion

Paternal alleles influence inflammation and adipocyte differentiation in diet-induced obesity.
In this study, we used next-generation sequencing to perform transcriptome analysis of WAT of B6, PWK,
(PWK x B6) F1, and (B6 x PWK) F1 fed a control or high-fat diet (HFD), and analyzed the paternal dependency
of gene expression changes in WAT of the F1 mice. Paternal transmission of diet-induced obesity was posi-
tively associated with genes involved in immune responses, and negatively associated with genes involved in ion
transport and cell projection (cilium). Recent work showed that obesity is associated with chronic low-grade
inflammation, which exerts profound effects on metabolic pathways and contributes to development of glucose
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GOTERM_BP_FAT | GO:0007049 ~ cell cycle 2.55E-14 3.45E-11
GOTERM_BP_FAT | GO:0000279 ~ M phase 1.42E-10 9.62E-08
GOTERM_BP_FAT | GO:0022403 ~ cell cycle phase 2.97E-10 1.34E-07
GOTERM_BP_FAT | GO:0000278 ~ mitotic cell cycle 6.32E-10 2.14E-07
GOTERM_BP_FAT | GO:0000087 ~ M phase of mitotic cell cycle | 1.18E-09 | 3.20E-07
GOTERM_BP_FAT | GO:0022402 ~ cell cycle process 1.38E-09 3.11E-07
GOTERM_BP_FAT | GO:0051301 ~ cell division 6.02E-09 | 1.16E-06
GOTERM_BP_FAT | GO:0007067 ~ mitosis 7.29E-09 1.23E-06
GOTERM_BP_FAT | GO:0000280 ~ nuclear division 7.29E-09 | 1.23E-06
GOTERM_BP_FAT | GO:0048285 ~ organelle fission 1.19E-08 1.79E-06

Table 2. GO analysis of B6 maternal allele-dependent up-regulated genes. Genes up-regulated (p < 0.05,
>2.0-fold) in WAT of B6 and (B6 x PWK) F1 (B6 maternal allele dependent up-regulated genes).
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Figure 3. Correlation between body weight and expression of PEGs and MEGs. (a) Correlation between
body weight and expression of 27 PEGs and 32 MEGs in WAT, presented as box plots. (b) Examples of
correlation between body weight and expression of PEGs or MEGs. Igf2, Plagll, Peg3, and Gprl are PEGs, and
Dhcr7, Gatm, Pon2, and Rian are MEGs. Expression were baselined to the median of each gene. (c) Differential
expression of 27 PEGs and 32 MEGs between HFD and control diet B6 mice (HFD - Con). (d) Examples of
differential expression of imprinted genes between HFD and control diet B6 mice. Expression of HFD and
control diet B6 mice were presented. Expression were baselined to the median of each gene. Dbc, Slc38a, Dik1,
and Igf2 are PEGs, and Asb4, Tnfrsf26, Tnfrsf23, and Gatm are MEGs.

tolerance and insulin resistance!*"'”. Adipose tissue in obese subjects is characterized by macrophage infiltra-
tion and the production of inflammatory mediators. In this study, expression levels of the macrophage marker
CD68, as well as TNF-alpha and CCL2 (MCP1), were up-regulated in B6 and (PWK x B6) F1, but not in PWK
or (B6 x PWK) F1 (data not shown). HFD feeding increases the amount and activity of many types of immune
cells, including macrophages as well as mast cells, neutrophils, and T and B lymphocytes!®. Our functional anno-
tation data revealed that genes associated with immune responses or activation of immune cells such as myeloid
and lymphoid cells (T-cell and B-cell activation) were up-regulated in B6 and (PWK x B6) F1, but not in PWK
or (B6 x PWK) F1, suggesting that immune responses or immune cell activation leading to chronic low-grade
inflammation are caused by paternal alleles.

We also showed that expression of genes associated with ion transport and cell projection (cilium) was neg-
atively correlated with paternal transmission of diet-induced obesity. Cilia, which function as sensory antennae,
are involved in the regulation of a number of key cellular signaling pathways, including hedgehog signaling!*2.
Hedgehog signaling reduces expression of PPARG and CEBPA in 3T3-L1 cells, and is thus anti-adipogenic??.
Therefore, reduced expression of cilia could inhibit hedgehog signaling, thereby increasing white fat mass.
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Figure 4. Screening for PEGs and MEGs in WAT. (a) Strict selection criteria for identification of new PEGs.
(b) Mild selection criteria for identification of new PEGs. (c) Strict selection criteria for identification of new
MEGs. (d) Mild selection criteria for identification of new MEGs.

Notably in this regard, clinical manifestations of cilia are associated with morbid obesity, such as Bardet-Biedl
syndrome®2° and Alstrém syndrome?. Thus, paternal transmission of diet-induced obesity could be attributed
to obesity-induced inflammation and activation of adipogenesis.

Maternal dependency of gene expression differed strikingly from paternal dependency. Maternally transmit-
ted B6 alleles were positively associated with the cell cycle, suggesting that maternal allele-dependent up-regulated
genes are involved in cell cycle progression. Many genes associated with the cell cycle influence metabolism and
obesity””. However, our results suggest that the paternal allele dependent up-regulation of inflammation genes
and down-regulation of cilia genes exerts a greater effect on diet-induced obesity than maternal allele-dependent
up-regulation of cell cycle genes.

Not only imprinted genes, but also non-imprinted genes can contribute to paternal transmission of
HFD-induced obesity. Mott et al.’* recently reported that a large proportion of quantitative traits in mice dis-
play parent-of-origin effects by interaction with imprinted loci and deduced that the importance of the number
of imprinted genes is secondary to their interactions. This study implies that non-imprinted genes influence
parent-of-origin effects by dysregulating the expression of imprinted genes.

Evolutionary significance of the effects of PEGs and MEGs on obesity. We previously demon-
strated a negative correlation between paternal transmission of HFD-induced obesity and expression of two
imprinted genes, Igf2 and Peg3 (paternal expressed gene, PEG). Hence, in this study we analyzed expression of
imprinted genes in WAT. The expression of PEGs was negatively correlated with body weight, whereas expression
of MEGs was positively correlated. David Haig proposed the kinship theory of genomic imprinting?-32, which
notes that maternally and paternally inherited alleles are differentially related to the kin of the fetus. Kinship the-
ory predicts that maternal alleles favor lower levels of maternal investment than paternal alleles, because maternal
alleles are necessarily present in the mother and reduced investment confers a strong advantage on the mother,
whereas the opposite is true for paternal alleles. This theory may also apply to obesity: if adiposity of children
reduces the requirement for maternal provisioning, the mother may benefit from having to allocate a lower pro-
portion of limited food to their offspring during times of famine; thus MEGs may favor greater fat-reserve devel-
opment in children®. By contrast, PEGs may favor lower fat-reserve development because offspring benefit from
receiving more food from the mother, and reducing maternal investment confers no advantage on the father.
Thus, MEGs tend to be pro-obesity genes whereas PEGs tend to be anti-obesity genes. The findings of this study
support the extension of Haig’s theory to obesity and help to explain the evolution of obesity in the mammals. In
obesity-prone B6 mice, the expression of PEGs is down-regulated by a HFD (Fig. 3c), suggesting that abnormally
low expression of PEGs contributes to HFD induced obesity in this strain.

Further functional studies of the roles of imprinted genes in the transmission of obesity should be conducted
in future.
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Aldh4al 4 139178809..139205606 aldehyde dehydrogenase 4 family, member A1
Ank2 3 126624525..126701370 ankyrin 2, brain
Rho guanine nucleotide exchange factor (GEF)
Arhgef37 18 61653448..61696190 37
Atp8bl 18 64688633..64820654 ATPase, class I, type 8B, member 1
Bid 6 120843137..120866838 BH3 interacting domain death agonist
Bmp3 5 99283458..99309979 bone morphogenetic protein 3
Cd44 2 102651298..102741822 CD44 antigen
Chst11 10 82448242..82658645 carbohydrate sulfotransferase 11
UDP-N-acetyl-alpha-D-
Galntll 12 81619977..81704883 galactosamine:polypeptide
N-acetylgalactosaminyltransferase 16
Lrrn4cl 19 8925275..8928399 LRRN4 C-terminal like
Mrc2 11 105153960..105212459 mannose receptor, C type 2
Nin 12 71112422..71212912 ninein
progestin and adipoQ receptor family member
Paqr7 4 134052893..134064725 VII
Prr51 2 101554442..101679137 proline rich 5 like
Slel6al2 19 34742896. 34821601 solute carrier family 16 (monocarboxylic acid
N transporters), member 12
solute carrier family 5 (inositol transporters),
Slc5a3 16 92058567..92087718 member 3
Slc7as 3 124405046..124431586 solute carrier family 7 (cationic amino acid
” transporter, y+ system), member 5
Tbcld8 1 39428340..39535592 TBC1 domain family, member 8
Tmem38b 4 53838917..53874890 transmembrane protein 38B
Trim16 11 62633755..62656450 tripartite motif-containing 16
Vps37b 5 124454650..124482269 vacuolar protein sorting 37B (yeast)
Zfp871 17 32902441..32925232 zinc finger protein 871
MEG candidates
acyl-CoA synthetase short-chain family member
Acssl 2 150443847..150493976 1
Ceslf 8 95780135..95803635 carboxylesterase 1F
Cobl 11 12136679..12364963 cordon-bleu WH2 repeat
Dennd1b 1 140860286..141072620 DENN/MADD domain containing 1B
Myolb 1 51806609..51972818 myosin IB
P2ry2 7 108145086..108160505 purinergic receptor P2Y, G-protein coupled 2
Parvg 15 84155150..84173408 parvin, gamma
Prkab2 3 97462135..97477006 protein kinase, AMP-activated, beta 2 non-
" catalytic subunit
solute carrier family 16 (monocarboxylic acid
Slc16a9 10 69708024..69748699 transporters), member 9
Sledad 5 89316285..89668681 solute carrier family 4 (anion exchanger),
- member 4
Vashl 12 88019650..88036631 vasohibin 1

Table 3. Candidate imprinted genes.

Identification of candidate imprinted genes. To date, around 150 imprinted genes have been identified.
We screened for candidate imprinted genes using RNA-seq data from WAT of F1 male progeny obtained by recip-
rocal crosses between two parental strains. We did not discover any new completely imprinted genes, i.e., genes
that only express the paternal or maternal allele. However, we did find several partially imprinted genes that were
predominantly expressed from either the paternal or maternal allele, but were also expressed to a lesser extent
from the other allele (Figs 4 and 5). Indeed, several known imprinted genes are also partially imprinted, e.g., Igf2
and H13 (Fig. 5a). Therefore, our mild selection approach was suitable for identification of new imprinted genes.
None of the candidate imprinted genes were located near known imprinted genes, with the exception of Cobl,
a neighbor of a known MEG. Ank2, Arhgef37, and Slc16a12 are located in germline differentially methylated
regions®, which are CpG islands lying outside the known imprinting control regions that are differentially meth-
ylated in oocytes and sperm. Approximately half of these differentially methylated regions appear to be at least
partially resistant to the global DNA demethylation that occurs during preimplantation development®.
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Figure 5. PWK allele expression at SNP loci. (a) PWK allele expression at several SNP loci in known
imprinted genes (Igf2, H13) and candidate imprinted genes (Bmp3, Ces1f). The map of each locus is provided
beneath the graph. (b) Ratio of expression (B6 allele: PWK allele) of candidates. These results were confirmed
by RT-PCR followed by digestion with restriction enzymes whose recognition sites contained SNPs between B6
and PWK.

Functional significance of differentially expressed genes in B6 and PWK. PWK mice are more
resistant to obesity than B6 mice, and glucose clearance in PWK fed either a control diet or HFD is superior to
that in B6 mice. Furthermore, our results showed that the immune responses of PWK mice differed significantly
from those of B6 mice. In particular, genes associated with antigen processing and presentation, such as major
histocompatibility complex (MHC) I and MHC 11, were down-regulated in PWK. A previous report showed
that obesity is associated with elevated expression of MHC II, an important determinant of HFD-induced obe-
sity, in primary human and mouse adipocytes®. MHC II-deficient mice exhibit less adipose tissue inflamma-
tion and are more insulin-sensitive when they are fed a HFD. In WAT of PWK, both MHC I and MHC II were
down-regulated, suggesting that MHC I is also associated with HFD-induced obesity. In addition to MHC I and
MHC I, other factors may be involved; further studies are needed to elucidate the mechanisms underlying the
superior resistance to obesity and glucose clearance in PWK mice.

Among the 438 up-regulated genes, Ucpl expression in WAT was highly up-regulated (378-fold) in PWK
relative to B6. The UCP1 protein, which is mainly expressed in BAT, plays roles in thermogenesis, regulation
of energy expenditure, and protection against oxidative stress. However, UCP1-expressing cells are not strictly
limited to BAT, but are also interspersed in WAT. Like brown adipocytes, brite or beige adipocyte can also act
in thermogenesis and heat production, leading to obesity resistance®”. A previous report showed that transgenic
expression of UCP1 in fat increases oxygen consumption in BAT and WAT and reduces body weight gain®. In
WAT of PWK, several brown or beige markers, including Lhx8, CD137, Klh13, and Tmem26, were up-regulated
relative to WAT of B6, suggesting that WAT of PWK might have characteristics of brite adipocytes, resulting in
up-regulation of thermogenesis and increased energy expenditure. Consequently, PWK mice exhibit superior
resistance to obesity and glucose clearance relative to B6 mice.

Materials and Methods

Ethics statement. All animal experiments were approved by the Animal Care and Experimentation
Committee, Gunma University, Showa Campus, Japan, and were conducted according to the guidelines of this
committee.

Animals and diets. C57BL/6] (B6) mice were purchased from Charles River Japan. PWK mice were pur-
chased from RIKEN BioResource Center, Tsukuba, Japan. Mice were housed in box cages and maintained on a
12-h light/12-h dark cycle. B6 and PWK male mice and F1 male progeny obtained by reciprocal crosses between
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Figure 6. Venn diagram of differentially expressed genes (>5.0-fold) in WAT of PWK fed a control diet or
HEFD, relative to WAT of B6 mice fed a control diet. (a) Yellow circle indicates genes up-regulated in WAT of
PWK fed a control diet relative to WAT of B6 fed a control diet (p < 0.05, >5.0-fold). Pink circle indicates genes
up-regulated in WAT of PWK fed a HFD relative to WAT of B6 fed a control diet (p < 0.05, >5.0-fold). (b) Blue
circle indicate genes down-regulated in WAT of PWK fed control diet relative to WAT of B6 with control diet

(p < 0.05, >5.0-fold). Purple circle indicates genes down-regulated in WAT of PWK fed a HFD relative to WAT
of B6 fed a control diet (p < 0.05, >5.0-fold). (c) Assessment of mouse brown and beige adipocyte markers in
WAT of PWK and B6 mice. Numbers indicate fold change in expression in WAT of PWK relative to WAT of B6.
(—) indicates no significant difference in expression between PWK and B6.

GOTERM_CC_FAT | GO:0005576 ~ extracellular region 8.10E-10 | 1.80E-07
GOTERM_CC_FAT | GO:0005886 ~ plasma membrane 4.03E-06 | 4.47E-04
GOTERM_CC_FAT | GO:0044459 ~ plasma membrane part 2.10E-05 | 1.55E-03

GOTERM_CC_FAT | GO:0031226 ~ intrinsic to plasma membrane 3.99E-04 | 2.19E-02
GOTERM_CC_FAT | GO:0009897 ~ external side of plasma membrane | 7.93E-04 | 3.46E-02
GOTERM_CC_FAT | GO:0005887 ~ integral to plasma membrane 1.07E-03 | 3.35E-02

Table 4. GO analysis of down-regulated genes in WAT of PWK fed HFD or control diet relative to B6 fed a
control diet.

them were placed in single cages and fed either a normal diet (Research Diets, New Brunswick, NJ, USA, catalog
[cat.] #D06072701) or a HFD (Research Diets, #D07012601) for 15 weeks, starting at the age of 6 weeks.

RNA preparation. Total RNA was prepared from isolated whole gonadal adipose tissues using the AllPrep
DNA/RNA mini kit (Qiagen, Hilden, Germany).

Library preparation, sequencing, and data analysis. RNA quality was assessed using an Agilent RNA
6000 Nano Kit (Agilent, Palo Alto, CA, USA, cat. #5067-1511) on an Agilent 2100 Bioanalyzer. The RNA was
prepared for sequencing using the TruSeq RNA sample preparation kit v2 Set B (Illumina, San Diego, CA, USA,
cat. #RS-122-2002). Each sample was prepared using 1 pg of total RNA. The resulting cDNA libraries were quan-
tified using the KAPA Library Quantification kit (KAPA Biosynthesis, Woburn, MA, USA, cat. #KK4835), and
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quality and size were checked using the Agilent High Sensitivity DNA Kit (Agilent, cat. #5067-4626). The average
fragment length of the cDNA libraries was 280 bp. The samples were loaded onto a cBot (Illumina) for clustering
in a flow cell, and the flow cell was then sequenced on a HiSeq 1000 (Illumina). A paired-end (2 x 101) run was
performed using the SBS kit (Illumina, cat. #FC-401-3001). Real-time analysis and base calling were performed
using the HiSeq Control Software Version 1.5 (Illumina). A summary of the reads in each sample is shown in
Table S1. Alignment to the mouse genome (mm9) was performed using TopHat (http://tophat.cbcb.umd.edu/).
All aligned reads were exported in BAM format, and subsequent data analysis was performed using Avadis NGS
(Strand Scientific Intelligence, San Francisco, CA, USA). RNA expression analysis was performed at the exon
level, and expression data were normalized with trimmed mean of M values (TMM)*. The normalized counts
were log-transformed and baselined to median of all samples. The expression levels of 15825 genes were analyzed
to identify differentially expressed genes (moderate t-test, p < 0.05, >2-fold). Functional annotation of differen-
tially expressed genes was performed with DAVID (http://david.abcc.ncifcrf.gov/)>°.

A list of imprinted mouse genes can be downloaded from the Geneimprint web site (http://www.geneimprint.
com/site/genes-by-species.Mus+musculus). The p-value of the difference in expression (HFD - Con) was calcu-
lated using Student’s t-test (p < 0.05). Imprinted genes with significantly different expression levels were identified
using Student’s ¢-test (p < 0.05). The p-values of down-regulated PEGs or up-regulated MEGs were calculated
using the chi-square test.

Screening for new imprinted genes in WAT.  Allelic expression was examined using SNPs that differ
between B6 and PWK detected in our RNA-seq data. Both F1 mice of reciprocal cross between B6 and PWK,
(B6 x PWK) F1 and (PWK x B6) F1, were used to avoid any effects of allelic bias. Using the AVADIS NGS soft-
ware, SNPs that differ between B6 and PWK were extracted. After excluding SNPs on the Y chromosome, SNPs
not in identified exons, and SNPs with a small number of reads (average total number of reads <10, at least
one mouse with no reads), the remaining SNPs were used for further screening of imprinted genes. For strict
screening of PEGs (MEGs), genes with at least one SNP for which the percentage of paternal (maternal) allele
expression was over 99% in both (B6 x PWK) F1 and (PWK x B6) F1 were selected. For mild screening of PEGs,
genes with at least four SNPs for which the percentage of the allelic expression satisfied the following conditions
were selected: (1) PWK allele expression in (B6 x PWK) F1 was significantly higher than that in (PWK x B6) F1
(Student’s t-test, p < 0.05), (2) PWK allele expression in (B6 x PWK) F1 was over 50% and that in (PWK x B6)
F1 was under 50%, and (3) PWK allele expression in (B6 x PWK) F1 was at least 20% higher than that in
(PWK x B6) F1. For mild screening of MEGs, genes with at least four SNPs for which the percentage of allelic
expression satisfied the following conditions were selected: (1) B6 allele expression in (B6 x PWK) F1 was signif-
icantly higher than that in (PWK x B6) F1 (Student’s t-test, p < 0.05), (2) B6 allele expression in (B6 x PWK) F1
was over 50% and that in (PWK x B6) F1 was under 50%, and (3) B6 allele expression in (B6 x PWK) F1 was at
least 20% higher than that in (PWK x B6) F1.

SNP detection by RT-PCR analysis. SNP detection by RT-PCR analysis was performed on WAT from
(B6 x PWK) F1 and (PWK x B6) F1 (n= 6 for each strain/diet combination). RT-PCR was performed followed
by digestion with restriction enzymes whose recognition sites contain SNPs between B6 and PWK.

The primer sequences were as follows:

Bmp3: 5’- ACT GTA TTT CTA CGT TGG AGA ATT AGT GA -3/, 5'- ATC GTT GGC GTA TAC CAA GAT
ATA A -3';and

Ceslf: 5'- GAC GGG CTC TCT CTG CAT AC-3',5'- ACCTCC TGC TGA CTC TCC AA -3’

The PCR products were digested with MboI (Bmp3) and BtsMutI (Cesl1f) to discriminate between B6 and
PWK alleles.
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