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Abstract: The two LTR retrotransposon-derived genes
PEG10 and PEG11/RTL1 play essential roles in placental
formation and its maintenance in the current mammalian
developmental system. The former is a therian-specific
and the latter is a eutherian-specific gene, suggesting
that once they had been acquired in common ancestors
of the therian and eutherian mammals, respectively, they
have underwent positive selection during the course of
mammalian evolution due to developmental advantages
they conferred. Thus, their exaptation had a profound
impact on the evolution of mammalian viviparity as well
as the emergence of the therians and eutherians, the
infraclass and subclass of mammals, respectively. How
the exaptation of PEG10 and PEG11/RTL1 come to take
place in the mammalian lineage? We propose that the
exaptaion mechanism comprises two subsequent steps.
The first follows the pattern of nearly neutral theory of
molecular evolution, where the retrotransposons were
neutralized by DNA methylation and genetic drift fixed
them in the population. At the next step, Darwinian evo-
lution propagated these genes into all the therian and
eutherian population by natural selection. In the course
of these processes, the placenta, a mammalian-specific
extraembyonic tissue, may have been of special impor-
tance as a sort of “natural laboratory” for mammalian
evolution.
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Introduction

Brosius and Gould coined the term “exaptation” to
describe the evolutionary mechanism by which novel
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genes are produced from other genetic materials that
have different roles in other organisms [1]. A recent com-
prehensive survey of the mammalian genomes revealed
the presence of 12 newly acquired genes that are de-
rived from a sushi-ichi-related LTR retrotransposon in
eutherians and marsupials, the SIRH(sushi-ichi-related
retrotransposon homologues) [2, 3], MART(mammalian-
specific retrotransposon transcripts) [4] or SUSHI fami-
lies of genes [5]. We previously demonstrated that the
Peg10(Sirh1) and Peg11/RtI1(Sirh2) genes play essential
roles in the formation and maintenance of the placenta
in mice [2, 6]. PEG10 and PEG11 are therian- and eu-
therian-specific genes, respectively, indicating they have
been positively selected due to their advantageous func-
tions in mammalian development once they were exa-
pted as newly acquired genes in therian and eutherian
ancestors, respectively. Thus, PEG10 and PEG11/RTL1
are very good examples of the exaptation as well as mac-
roevolution that takes place in Darwinian evolution [7, 8].

In this article, we will discuss what Peg10 and Peg11/
Rtl1 tell us about mammalian evolution and how they
were most probably exapted. We would like to present
one likely scenario of how their exaptation occurred in
the course of mammalian evolution and consider the role
of nearly neutral theory of evolution in the functional ad-
aptation of mammals in the Darwinian theory of evolu-
tion. We emphasize the placenta as a site in which exap-
tation occurred [7, 8].

Two LTR Retrotransposon-derived Genes,
PEG10 and PEG11/RTL1, Play an Essential
Role in Mammalian Development

It is well known that parthenogenetic mouse embryos
having two maternally-derived genomes die around day
9.5 because of poor placental development [9-11]. This
suggests paternally expressed gene (s) plays an impor-
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Essential placental function of Peg/0 and Pegli/Rtl].

Pegl0 is responsible for formation of spongiotrophoblast and labyrinth layers that are
essential for placental function in mice. In the latter, fetal capillaries are bathed in ma-
ternal blood, and exchange of gases and nutrients occurs between fetal and maternal
blood. Pegll/Rtl] is essential for maintenance of the fetal capillaries, the feto-maternal
interface. la; a labyrinth layer, sp: a spongiotrophoblast layer, gi: a giant trophoblast

layer, de: maternal decidua.

tant role in mammalian development and help determine
the fate of the embryos. Mouse proximal chromosome
6 is the only reported imprinted region in which mater-
nal duplication results in early embryonic lethality [12].
In 2001, we identified human PEG10 on human chromo-
some 7921, an orthologous region of mouse proximal
chromosome 6, as a candidate gene for this parthenoge-
netic death [13]. We finally demonstrated that Peg70 KO
mice exhibit early embryonic lethality with severe placen-
tal defects similar to the parthenogenetic embryos, and
concluded that Peg10is one of the major imprinted genes
responsible for the early embryonic lethality caused by
the maternal duplication of proximal chromosome 6 [2].
Peg10 KO embryos exhibited development to at most 9.5
days of postcoitum (dpc) and their placenta lacked two
essential functional parts that support embryonic growth
and development, the labyrinth and spongiotrophoblast
layers, almost completely (Fig. 1).

Mouse distal chromosome 12 and its orthologous
human distal chromosome 14 also harbor critically im-
portant imprinted regions in both mouse and human
development [12, 14, 15]. The maternal duplication of
chromosome 12 in mice causes late embryonic/neonatal
lethality associated with growth retardation, and its pa-
ternal duplication causes late embryonic lethality asso-
ciated with growth and morphological abnormalities. In
humans, similar abnormal phenotypes are observed in

patients with maternal and paternal disomies of human
chromosome 14 (upd (14) mat and upd (14) pat), respec-
tively [16, 17].

Ovine PEG11 was reported in the course of a study on
callipyge mutations responsible for the onset of muscle
hypertrophy related to this imprinted region [18]. In 2008,
we demonstrated that Peg71/Rt/1 KO mice display late
embryonic/neonatal lethality associated with growth re-
tardation due to placental malfunction [6]. In the placenta,
clogging was observed in fetal capillaries in the labyrinth
layer and in addition, phagocytosis of the fetal capillary
endothelial cells by surrounding trophoblast cells was
observed in these regions (Fig. 1). The resulting reduc-
tion of blood flow to the embryos seems to be the direct
cause of the evident late embryonic lethality and growth
retardation. We also reported that overexpression of
Peg11/Rtl1 causes a different type of alteration of fetal
capillaries that leads to neonatal lethality, like the case of
the mice with the paternal duplication of distal chromo-
some 12 [6]. Thus, it is concluded that Peg11/Rtl1 is a
one of the major imprinted genes responsible for the phe-
notypes caused by maternal and paternal duplications of
distal chromosome 12. Similarly, lack and overproduction
of PEG11/RTL1 are attributable to the human upd (14)
mat and upd (14) pat phenotypes, respectively [19].

Interestingly, PEG10 and PEG11/RTL1 have a high
degree of homology with a sushi-ichi retrotransposon.
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Fig. 2. PEGI0 and PEGI11/RTLI proteins display significant homology to Gag and Pol proteins of a

suchi-ichi retrotransposon.

Several features of LTR retrotransposons are retained in PEG10 and PEG11/RTL1 proteins, such
as a CCHC RNA binding motif in Gag, a DSG protease active site in Pol and a -1 frameshift
mechanism to produce a Gag-Pol fusion protein in the former and the DSG protease active site
in the latter. Overall amino acid sequence of both PEG10 and PEG11/RTLI proteins display

20-30% homology to Gag and Pol proteins.

PEG10 has two open reading frames (ORF1 and ORF2),
which display 20-30% homology to the Gag and Pol
proteins of the sushi-ichi retrotransposon, respectively
[13] (Fig. 2). The PEG10 ORF1 has a CCHC RNA bind-
ing motif in the Gag protein and the PEG10 ORF2 has a
DSG protease active site in the Pol protein. Importantly,
a -1 frameshift mechanism that produces a Gap-Pol
fusion protein unique to the LTR retrotransposons and
retroviruses is also conserved in PEG10, and a PEG10
ORF1-2 fusion protein has been demonstrated in the
placenta [2, 20, 21]. The ovine PEG11 protein was also
reported to show an overall homology with the sushi-
ichi retrotransposon Gag and Pol proteins [18, 22] (Fig.
2), and thus PEG11 subsequently came to be called
RTL1(retrotransposon-like 1). The DSG protease active
site is also conserved in the PEG11 protein. All of these
features together provide strong evidence that PEG10
and PEG11/RTL1 are derived from a sushi-ichi-related
LTR retrotransposon.

The Contributions of PEG10 and PEG11/RTL1
to the Evolution of Mammalian Viviparity as
Therian- and Eutherian-specific Genes,
Respectively

A comparative genome analysis of eutherians, mar-
supials, monotremes and non-mammalian vertebrates

revealed that PEG10 is only conserved in the therian
mammals. Its presence has been confirmed in more
than 20 eutherian species and 3 marsupial species, in-
cluding both Australian and South American marsupials,
while no PEG10 orthologue was found in the platypus,
an Australian monotreme species as well as birds, rep-
tiles, amphibians and fish [23] (unpublished data). There-
fore, it is evident that the insertion of the original PEG10
retrotransposon occurred in a common therian ances-
tor and its exaptation was completed before the spilt of
the marsupials and eutherians [7, 23] (Fig. 3). Both the
eutherians and marsupials are viviparous mammals us-
ing a placenta in support of embryonic development and
growth during the gestation period. Thus, it may be said,
as far as PEG10’s function is concerned, the exaptation
of PEG10 is a critical milestone in the history of mam-
malian viviparity.

In contrast, PEG11/RTL1 is a eutherian-specific gene,
that is, it is conserved in only the eutherians and not the
marsupials (Fig. 3). Interestingly, the eutherians and mar-
supials have different types of placenta, a chorioallan-
toic placenta and choriovitellin placenta (i.e. a yolk sac
placenta), respectively, and adopt different reproductive
strategies. The marsupials give birth to relatively tiny and
altricial young after a short gestation and the pups keep
developing in the mother’s pouch for long time by means
of lactation, while the eutherians give birth to more ma-
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Exaptation of PEGI0 and PEGI1/RTLI in mammalian evolution.

PEGI0 is conserved only in the therian mammals and PEG11/RTL] is a eutherian-specific gene.
Thus, their exaptation must have occurred in ancestors of the therian and eutherian mammals,

respectively. MYA: million years ago.

ture, precocial young after a long gestation [24]. Itis high-
ly likely that the placental type was one important factors
in the reproductive strategy followed. It should be noted
that PEG11/RTL1’s function is essential for the long ges-
tation that takes place in the eutherians, suggesting that
PEG11/RTL is also a key contributor to the establishment
of the eutherian reproductive system [6].

A Possible Scenario for Retrotransposon
Exaptation in Mammals

As described, PEG10 and PEG11/RTL1 are instances
of exaptation from an LTR retrotransposon as well as
positively selected genes in Darwinian evolution after
their exaptation [7]. It is in accord with evolutionary theo-
ry to think that they propagated in the therian and euthe-
rian population under natural selection due to the devel-
opmental advantages they conferred. A question arises:
what happened to the inserted original retrotransposons
in the ancestors’ genomes before exaptation? Given that
inserted retrotransposons and retroviruses are totally in-
activated by heavy DNA methylation on their promoter
regions in the host mammalian species because they are

harmful, it is highly likely that the inserted retrotranspo-
sons in the common therian ancestor would also have
been repressed by such DNA methylation. In such con-
ditions they would have been neutral genes. According
to the neutral theory of molecular evolution proposed by
Kimura [25], such neutral genes be transmitted to the
next generations and became fixed in a given popula-
tion by chance, a process known as “genetic drift”. In the
case of PEG10, the exaptaion must have occurred within
a period of approximately 26 million years, from the diver-
sification of the therians from the monotremes which took
place 186 million years ago (MYA) to the split of the two
therian groups in 160 MYA (Fig. 3). Because, the amino
acid homology of PEG10 and the sushi-ichi retrotrans-
poson is only 20-30%, the inserted original sushi-ichi
related retrotransposon must have been subjected to a
number of mutations in this period that finally resulted
in the PEG10 prototype that conferred some slight ad-
vantage. Then, Darwin evolution took over and PEG10
became more advantageous by positive selection and,
after that, came to be conserved in all of the therian spe-
cies as a result of purifying selection [4, 22] (Fig. 4).
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Fig. 4. Two subsequent steps in exaptation from LTR retrotransposons in placenta.

In this scenario, both nearly neutral evolution and Darwinian evolution contribute to the
exaptation mechanism from LTR retrotransposons. We assume that placenta has been
providing an unusually suitable place for exaptation due to its lower DNA methylation
level, and served as a sort of natural laboratory for mammalian evolution in which a

numbers of new genes were acquired for certain mammalian-specific traits.

The Placenta as a Laboratory for
Mammalian Evolution

Ohta extended Kimura’s neutral theory of molecular
evolution to her own “nearly neutral” theory, and predict-
ed that less harmful as well as strictly “neutral” mutations
could become fixed in a population provided the popu-
lation size were small enough [26]. It is known that the
DNA methylation levels in extraembryonic tissues, such
as the yolk sac and placenta, are lower than those in oth-
er embryonic and adult tissues, so the retrotransposons
and retroviruses in these tissues are not completely re-
pressed. In this situation, the integrated retrotransposons
would be less harmful in terms of leaky expression (Fig.
4). Importantly, placental cells would have retained the
function of retrotransposon-derived genes from the time
their integration and benefit when the function conferred
some slight advantage. At this point, a swift transition
from the state of nearly neutral evolution to that of Dar-
winian evolution would take place. Thus, we assume that
the placenta was an unusually suitable site for exapta-
tion, or, in other words, it served as a sort of natural labo-
ratory for mammalian evolution in which a number of new

genes were acquired that were of special importance for
certain mammalian-specific traits [7, 8].

Discussion

Dozens of newly acquired genes have been shown to
be derived from LTR retrotranspsons and retroviruses in
mammals. As described in this article, the SIRH family of
genes comprises 12 genes, and another LTR retrotrans-
poson-derived gene family, the PNMA(paraneoplastic
Ma antigen) family, comprises 19 and 15 genes in hu-
mans and mice, respectively [27, 28 and unpublished
data). The SASPase gene is a single mammalian-spe-
cific gene encoding skin aspartic protease (SASPase),
which is known to be a retroviral-like aspartic protease
that plays a key role in determining the texture of skin by
modulating the degree of hydration via the processing of
profilaggrin [29-31]. The SCAN-family is not a mamma-
lian-specific gene family, because its ancestral form ex-
ists in non-mammalian vertebrates, but its expansion has
been confirmed in the eutherians. Approximately 60 and
40 genes are known in humans and mice, respectively,
and some of them are involved, as transcription factors,



in development and differentiation [28]. The SYNCYT-
YIN genes were exapted independently in many euthe-
rian species and are derived from retroviral Env genes
[32—-34]. We propose that the placenta has been a site
of retrotransposon exaptation during the course of mam-
malian evolution, which is consistent with the fact that
Peg10 and Peg11/Rtl1, as well as the retrovirus-derived
Syncytin A and B genes [2, 6, 35, 36], play essential
roles in the normal, healthy placenta [7]. However, this
does not necessarily mean that independent exaptation
events have happened as for each occurrence of these
genes. Some might have been produced by the duplica-
tion of a single originally exapted gene, such as in the
case of the SCAN family genes. Approximately 8% of the
human genome is composed of some 450,000 copies
of LTR retrotransposons and endogenous retroviruses
(ERVs), although thus far none have been shown to have
transposable activity. Therefore, we can say that ret-
rotransposon exaptation is evidently quite a rare event,
but once it takes place, its impact is enormous. PEG10/
SIRH1 is common to both the marsupials and eutherians,
while PEG11/SIRH2 and SIRH3-11 are only found in the
eutherians, and SIRH12 was derived from a marsupial-
specific retrotransposition event [13]. Therefore, the eu-
therians and marsupials have completely different sets
of SIHR genes, except for PEG10. The same is also true
for the PNMA genes: most are eutherian-specific and a
few are marsupial-specific (in preparation). Therefore,
the functions of other SIRH genes and PNMA genes are
of special interest to elucidate mammalian evolution. It
is possible that each SIRH and PNMA gene plays some
mammalian-specific functional role in gestation, delivery
and maternal nursing behavior, including lactation, thus
contributing to the establishment and the diversification
of the marsupial and eutherian reproductive systems.

It is highly likely that DNA methylation played an es-
sential role in the exaptation of retrotransposons in the
evolution of the therian mammals. We assume that the
evidence indicates that nearly neutral evolution played
an essential background role in the exaptation mecha-
nism by both inactivating and neutralizing integrated ret-
rotransposons. Neutral evolution is widely accepted to
play an important role in the molecular evolution that is
related to changes at the DNA level. However, its contri-
bution to evolutionary changes at morphological, func-
tional and behavioral levels is still under debate. It seems
logical to think that the exaptation mechanism comprises
two subsequent steps: the first step is in accord with the
processes of nearly neutral evolution, while the second
step depends upon natural selection. Therefore, it ap-
pears there is good evidence that nearly neutral evo-
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lution makes a contribution to phenotypic (functional)
changes via the exaptation mechanism as well as by the
diversification of new genes occurring after gene dupli-
cation originally proposed by Kimura [37].

How did the mammalian viviparous reproductive sys-
tem originally start using the retrotransposon-derived
PEG10 gene? If the viviparous reproductive system in-
deed first happened in a single individual, it is very dif-
ficult to imagine that such an individual would survive and
propagate offspring. Kimura first advance the notion that
the neutral theory of molecular evolution helped explain
how new species originated from a population subset
[37]. Because preadaptive mutations were already dis-
tributed, albeit in a neutral manner, adaptive functions
could emerge in such a group at the same time when the
selective pressures came to be changed by the inhabita-
tion of a new environment. In this regards, it might be
useful to say that the neutral evolution process acts as a
“capacitor” for evolutionary changes at the morphologi-
cal, functional and behavioral levels [38, 39].

Acknowledgements

We thank all the collaborators and laboratory mem-
bers, especially Ryuichi Ono, Yoich Sekita and Shun-
suke Suzuki for analyzing Peg70 and Peg11 KO mice
and marsupial PEG10, respectively. The work has long
been supported by a number of grants, Grants-in-Aid for
Scientific Research (S) from the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) of Ja-
pan (Fl), Funding Program for Next Generation World-
Leading Researchers (NEXT Program)(TK-I) and Bilat-
eral Program on Joint Research Project (Fl), Creative
Science Research (FI and TK-I) from the Japan Society
for the Promotion of Science (JSPS), Asahi Glass Foun-
dation (TK-1), The Mitsubishi Foundation and the Uehara
Memorial Foundation (Fl).

References

1) Brosius, J. and Gould, S.J. (1992): On genomenclature: A
comprehensive (and respectful) taxonomy for pseudogenes
and other “junk DNA”. Proc. Natl. Acad. Sci. USA, 89,
10706-10710.

2) Ono, R., Nakamura, K., Inoue, K., Naruse, M., Usami, T,
Wakisaka-Saito, N., Hino, T., Suzuki-Migishima, R., Ogo-
nuki, N., Miki, H., Kohda, T., Ogura, A., Yokoyama, M.,
Kaneko-Ishino, T. and Ishino, F. (2006): Deletion of Pegl0),
an imprinted gene acquired from a retrotransposon, causes
early embryonic lethality. Nat. Genet., 38, 101-106.

3) Ono, R., Kuroki, Y., Naruse, M., Ishii, M., Iwasaki, S.,
Toyoda, A., Fujiyama, A., Shaw, G., Renfree, M.B., Kaneko-



22

4

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

J. Mamm. Ova Res. Vol. 30 (1), 2013

Ishino, T. and Ishino, F. (2011): Identification of SIRHI2, a
retrotransposon-derived gene specific to marsupial mam-
mals. DNA Res., 18, 211-219.

Brandt, J., Veith, A.M. and Volff, J.N. (2005): A family
of neofunctionalized Ty3/gypsy retrotransposon genes in
mammalian genomes. Cytogenet. Genome Res., 110, 307—
317.

Youngson, N.A., Kocialkowski, S., Peel, N. and Fergu-
son-Smith, A.C. (2005): A small family of sushi-class ret-
rotransposon-derived genes in mammals and their relation
to genomic imprinting. J. Mol. Evol., 61, 481-490.

Sekita, Y., Wagatsuma, H., Nakamura, K., Ono, R., Kagami,
M., Wakisaka-Saito, N., Hino, T., Suzuki-Migishima, R.,
Kohda, T., Ogura, A., Ogata, T., Yokoyama, M., Kaneko-
Ishino, T. and Ishino, F. (2008): Role of retrotransposon-
derived imprinted gene, R#//, in the feto-maternal interface
of mouse placenta. Nat. Genet., 40, 243-248.
Kaneko-Ishino, T. and Ishino, F. (2010): Retrotransposon
silencing by DNA methylation contributed to the evolution
of placentation and genomic imprinting in mammals. Dev.
Growth Differ., 52, 533-543.

Kaneko-Ishino, T. and Ishino, F. (2012): The role of genes
domesticated from LTR retrotransposons and retroviruses
in mammals. Frontiers Microbiol., 3, Article 262.

Surani, M.A., Barton, S.C. and Norri, M.L. (1984): Develop-
ment of reconstituted mouse eggs suggests imprinting of the
genome during gametogenesis. Nature, 308, 548-550.
McGrath, J. and Solter, D. (1984): Completion of mouse
embryogenesis requires both the maternal and paternal ge-
nomes. Cell, 37, 179-183.

Mann, J.R. and Lovell-Badge, R.H. (1984): Inviability of
parthenogenones is determined by pronuclei, not egg cyto-
plasm. Nature, 310, 66—67.

Genomic imprinting map: http:/www.har.mgu.ac.uk/re-
search/genomic_ imprinting/.

Ono, R., Kobayashi, S., Wagatsuma, H., Aisaka, K., Kohda,
T., Kaneko-Ishino, T. and Ishino, F. (2001): A retrotranspo-
son-derived gene, PEGI0, is a novel imprinted gene located
on human chromosome 7q21. Genomics, 73, 232-237.
Cattanach, B.M. and Rasberry, C. (1993): Evidence of im-
printing involving the distal region of Chr 12. Mouse Ge-
nome, 91, 858.

Georgiades, P., Watkins, M., Surani, M.A. and Ferguson-
Smith, A.C. (2000): Parental origin-specific developmental
defects in mice with uniparental disomy for chromosome
12. Development, 127, 4719—4728.

Kotzot, D. (2004): Maternal uniparental disomy 14 dissec-
tion of the phenotype with respect to rare autosomal reces-
sively inherited traits, trisomy mosaicism, and genomic im-
printing. Ann. Genet., 47, 251-260.

Kagami, M., Nishimura, G., Okuyama, T., Hayashidani,
M., Takeuchi, T., Tanaka, S., Ishino, F., Kurosawa, K. and
Ogata, T. (2005): Segmental and full paternal isodisomy for
chromosome 14 in three patients: narrowing the critical re-
gion and implication for the clinical features. Am. J. Med.
Genet., 138A, 127-132.

Charlier, C., Segers, K., Wagenaar, D., Karim, L.,
Berghmans, S., Jaillon, O., Shay, T., Weissenbach, J., Cock-

19)

20)

21)

22)

23)

24)
25)

26)

27)

28)

29)

30)

31)

ett, N., Gyapay, G. and Georges, M. (2001): Human-ovine
comparative sequencing of a 250-kb imprinted domain en-
compassing the callipyge (c/pg) locus and identification of
six imprinted transcripts: DLK1, DAT, GTL2, PEGII, anti-
PEGI1, and MEGS. Genome Res., 11, 850-862.

Kagami, M., Sekita, Y., Nishimura, G., Irie, M., Kato, F.,
Okada, M., Yamamori, S., Kishimoto, H., Nakayama, M.,
Tanaka, Y., Matsuoka, K., Takahashi, T., Noguchi, M.,
Tanaka, Y., Masumoto, K., Utsunomiya, T., Kouzan, H.,
Komatsu, Y., Ohashi, H., Kurosawa, K., Kosaka, K., Fergu-
son-Smith, A.C., Ishino, F. and Ogata, T. (2008): Deletions
and epimutations affecting the human chromosome 14q32.2
imprinted region in individuals with paternal and maternal
upd(14)-like phenotypes. Nat. Genet., 40, 237-242.
Shigemoto, K., Brennan, J., Walls, E., Watson, C.J., Stott,
D., Rigby, PW. and Reith, A.D. (2001): Identification and
characterisation of a developmentally regulated mammalian
gene that utilises -1 programmed ribosomal frameshifting.
Nucleic Acids Res., 29, 4079-4088.

Manktelow, E., Shigemoto, K. and Brierley, I. (2005): Char-
acterization of the frameshift signal of Edr, a mammalian
example of programmed -1 ribosomal frameshifting. Nucle-
ic Acids Res., 33, 1553-1563.

Lynch, C. and Tristem, M. (2003): A co-opted gypsy-type
LTR-retrotransposon is conserved in the genomes of hu-
mans, sheep, mice, and rats. Curr. Biol., 13, 1518—1523.
Suzuki, S., Ono, R., Narita, T., Pask, A.J., Shaw, G., Wang,
C., Kohda, T., Alsop, A.E., Graves, J.A.M., Kohara, Y.,
Ishino, F., Renfree, M.B. and Kaneko-Ishino, T. (2007):
Retrotransposon Silencing by DNA Methylation Can Drive
Mammalian Genomic Imprinting. PLoS Genet., 3, e55.
Renfree, M.B. (2010): Marsupials: placental mammals with
a difference. Placenta (Suppl), S21-S26.

Kimura, M. (1968): Evolutionary rate at the molecular level.
Nature, 217, 624—-626.

Ohta, T. (2002): Near-neutrality in evolution of genes and
gene regulation. Proc. Natl. Acad. Sci. USA, 99, 16134—
16137.

Schiiller, M., Jenne, D. and Voltz, R. (2005): The human
PNMA family: Novel neuronal proteins implicated in para-
neoplastic neurological disease. J. Neuroimmunol., 169,
172-176.

Campillos, M., Doerks, T., Shah, P.K. and Bork, P. (2006):
Computational characterization of multiple Gag-like human
proteins. Trends Genet., 22, 585-5809.

Matsui, T., Kinoshita-Ida, Y., Hayashi-Kisumi, F., Hata, M.,
Matsubara, K., Chiba, M., Katahira-Tayama, S., Morita, K.,
Miyachi, Y. and Tsukita, S. (2006): Mouse homologue of
skin-specific retroviral-like aspartic protease involved in
wrinkle formation. J. Biol. Chem., 281, 27512-27525.
Matsui, T., Miyamoto, K., Kubo, A., Kawasaki, H., Ebihara,
T., Hata, K., Tanahashi, S., Ichinose, S., Imoto, I., Inazawa,
J., Kudoh, J. and Amagai, M. (2011): SASPase regulates
stratum corneum hydration through profilaggrin-to-filag-
grin processing. EMBO Mol. Med., 3, 320-333.

Barker, J.N., Palmer, C.N., Zhao, Y., Liao, H., Hull, P.R.,
Lee, S.P.,, Allen, M.H., Meggitt, S.J., Reynolds, N.J., Trem-
bath, R.C. and McLean, W.H. (2007): Null mutations in



32)

33)

34)

the filaggrin gene (FLG) determine major susceptibility to
carly-onset atopic dermatitis that persists into adulthood. J.
Invest. Dermatol., 127, 564-567.

Blond, J.L., Lavillette, D., Cheynet, V., Bouton, O., Oriol,
G., Chapel-Fernandes, S., Mandrand, B., Mallet, F. and
Cosset, F.L. (2000): An envelope glycoprotein of the human
endogenous retrovirus HERV-W is expressed in the human
placenta and fuses cells expressing the type D mammalian
retrovirus receptor. J. Virol., 74, 3321-3329.

Mi, S., Lee, X., Li, X.P., Veldman, G.M., Finnerty, H., Ra-
cie, L., LaVallie, E., Tang, X.Y., Edouard, P., Howes, S.,
Keith, J.C. Jr. and McCoy, J.M. (2000): Syncytin is a cap-
tive retroviral envelope protein involved in human placental
morphogenesis. Nature, 403, 785-789.

Dupressoir, A., Marceau, G., Vernochet, C., Bénit, L.,
Kanellopoulos, C., Sapin, V. and Heidmann, T. (2005):
Syncytin-A and syncytin-B, two fusogenic placenta-specif-
ic murine envelope genes of retroviral origin conserved in

35)

36)

37)
38)

39)

Kaneko-Ishino, etal. 23

Muridae. Proc. Natl. Acad. Sci. USA, 102, 725-730.
Dupressoir, A., Vernochet, C., Bawa, O., Harper, F., Pierron,
G., Opolon, P. and Heidmann, T. (2009): Syncytin-A knock-
out mice demonstrate the critical role in placentation of a
fusogenic, endogenous retrovirus-derived, envelope gene.
Proc. Natl. Acad. Sci. USA, 106, 12127-12132.

Dupressoir, A., Vernochet, C., Harper, F., Guégan, J., Des-
sen, P., Pierron, G. and Heidmann, T. (2011): A pair of co-
opted retroviral envelope syncytin genes is required for
formation of the two-layered murine placental syncytiotro-
phoblast. Proc. Natl. Acad. Sci. USA, 108, E1164-1173.
Kimura, M. (1983): The neutral theory of molecular evolu-
tion, pp.305-327, Cambridge University Press, Cambridge.
Rutherford, S.L. and Lindquist, S. (1998): Hsp90 as a ca-
pacitor for morphological evolution. Nature, 396, 336-342.
Bergman, A. and Siegel, M.L. (2003): Evolutionary capaci-
tance as a general feature of complex gene networks. Na-
ture, 424, 549-552.



