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The Sins of Our Kin: from Genomic Imprinting to Ancient
Signaling Systems

ABSTRACT

The bond between parents and their offspring is often regarded as something loving
and supportive. But, this bond is more of a battle. Genomic imprinting is the result
of the evolutionary struggle between mothers and fathers for reproductive success.
The first part of the thesis describes the 3’- untranslated region (3’-UTR) of the
insulin-like growth factor type 1 receptor (IGF1R) as an ancient long noncoding
RNA. The 3-UTR of the mouse Igfir mRNA is targeted by miR-675-3p derived
from the imprinted H19 long noncoding RNA. We undertook a comparative analysis
of vertebrate IGFIR 3-UTRs to determine the evolutionary history of miR-675
target sequences and to identify conserved features that are likely to be involved
in post-transcriptional regulation of IGF1R translation. The conserved structures
we identify emphasize the central importance of IGF signaling pathways in the
mediation of intragenomic conflicts over embryonic growth.

The second part is aimed at investigating the Retrotransposon Gag-like 1 (RTL1)
and the molecular evolution of self-targeting imprinted microRNAs. Transcription
of the sense strand of the RTLI gene produces a protein-coding mRNA that is
targeted for degradation by microRNAs transcribed from the antisense strand of
the protein-coding sequence. The sense and antisense transcripts are oppositely
imprinted. We present an evolutionary model for the establishment of a new self-
targeting microRNA derived from within a tandem repeat that inhibits production
of RTL1 protein when maternally-derived in heterozygotes but not when paternally-

derived.
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Lastly, oxytocin has commonly been viewed as a molecule that can melt away
malevolence and increase bonding. Its effects, however, are involved in the pro-
cess of smooth muscle contraction. Oxytocin is a member of a nonapeptide family
constituting an evolutionarily conserved signaling system found in vertebrates and
invertebrates. We postulate that there is an evolutionary connection among the vari-
ous functions attributed to these peptides. We believe that the acute anorexic effects
of oxytocin, and its orthologs, released during egg-laying inhibits the consumption
of a female’s own eggs and that the first evolutionary use of oxytocin peptides in so-

cial bonding was in the promotion of nurturing feelings towards clutches of fertilized

eggs.
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Introduction

Hanging in the Museo del Prado in Madrid are two paintings by Spanish baroque
artist Juan Carreno de Miranda of a child entitled ‘La Monstrua vestida’ and ‘La
Monstrua desnuda’: the monster clothed and the monster naked. The girl was
6 when she was brought to the court of Charles II of Spain as an object to be
seen as she was excessively obese with a small triangular mouth, small hands and
feet, and almond-shaped eyes. While her exact medical diagnosis is unknown, Dr.

Andrea Prader immediately recognized her features consistent with Prader-Willi



Syndrome (PWS), in which children feed poorly in infancy followed by hyperplasia,
have underdeveloped sex organs, severe learning disabilities, as well as a short stature
[33]. PWS was first identified as a rare genetic disease by Swiss doctors in 1956,
but years later doctors noticed that the same cytological deletion was observed in a
complementary disease; Angelman’s syndrome (AS).

Dr. Harry Angelman was a pediatrician who treated three handicapped children
in the 1960s who showed similar forms of mental retardation, behavioral features,
and physical abnormalities. After visiting the Castelvecchio museum in Verona and
seeing the oil painting ‘Boy with a Puppet’ he was inspired to term these patients
“Puppet Children,” and later the name was changed to Angelman’s syndrome. In
the case of the painting, the subject appears to have a cheerful disposition with
a fixed smile. An unusually happy demeanor with frequent laughter and smiling
is one of the notable characteristics of AS, which occurs along with developmental
disabilities, seizures, and truncal hypotonia [5].

In both genetic disorders, the exact portion on the long arm of chromosome 15 at
region q11-q13 is missing [130]. However, PWS is due to the absence of a normally
active set of paternally derived genes at this locus, while AS is due to the absence of
the maternally derived alleles. Transmitted through the mother, the disease exhibits
itself as AS and transmitted through the father the disease exhibits itself as PWS.
The two syndromes are examples of genomic imprinting, a phenomena in which
genes are mono-allelically expressed in a parent-of-origin specific manner.

This manner of heritability appears to belie the nature of the law of equivalence
and imply that alleles carried on maternal and paternal chromosomes of diploid
organisms behave differently. An advantage of diploidy is the ability to hide recessive

mutations in one of the two copies of a gene. Complex organisms with a high



number of cell types are more likely to withstand mutations associated with DNA
replications that occur during development because of diploidy [184]. As such,
almost all mammalian genes are equally expressed from both their parental alleles.

However, the genomes of eutherian mammals contain a set of genes that are pref-
erentially expressed depending on whether they are inherited via an egg or sperm—
meaning either from the maternal or the paternal copy of the gene. These genes
carry parental imprints— most often in every cell where the gene is expressed, the
imprinted allele is active while the other allele is silent [192]. However, sometimes
imprinting is seen only in certain tissues or a bias in gene expression depending on
the parent-of-origin. Distinct from mere mono-allelic expression, genomic imprint-
ing is an epigenetically predetermined arrangement to express either parental allele
in a particular cell-lineage. Accordingly, these genes are an evolutionary paradox as
their form of regulation forgoes all advantages of diploidy. The cost of imprinting
is mirrored in its association with human disorders, including PWS, AS, Beckwith-
Wiedemann, and Silver-Russel syndromes [188]. However, the endurance of genomic
imprinting for over 160 million years of eutherian evolution suggests that despite the
disadvantages, imprinting must bestow some evolutionary advantages. Comparative
genomics allows us to explore the origins of genomic imprinting in mammals and
the selective forces important for its pervasiveness.

The first indication that the contribution of the maternal and paternal genomes
is not equal during mammal development came from a set of fundamental mouse
experiments in the early 1980s [166] [230]. Using refined nuclear transplantation
techniques, maternal or paternal pronuclei were extracted from and then reintro-
duced into zygotes, creating embryos with either maternal or paternal genomes.

Neither gynogenetic nor androgenetic zygotes were viable, but both differed both



morphologically and developmentally. Parthenogenetic embryos initially developed
normally but failed to live to term because of an absence of placental tissues. An-
drogenetic embryos were developmentally delayed and died early, but did contain
an abundance of placental tissues. The groups determined that successful embryo-
genesis only arises with a maternal and paternal pronucleus, but not when either
two maternal or two paternal pronuclei were transplanted. Thus, they hypothesized
that parental genomes bear different imprints created during gametogenesis, conse-
quently requiring both the maternal and paternal genomes for normal development.

An example of naturally occurring genomic imprinting in humans is seen in the
complete hydatidiform mole [137]. This abnormal conceptus lacks fetal tissue and
is made up completely of trophoblast tissue with an entirely paternal genotype.
Though the fetus does not survive, it still makes extra-embryonic tissue and is
reminiscent of mouse androgenotes. Similarly, triploid conceptuses with an extra
paternally derived chromosome set have large overgrown placenta and fetal growth
retardation, whereas those with two maternal chromosome sets fail to develop a

normal placenta [165].

1.1 EVOLUTIONARY ORIGINS OF GENOMIC IMPRINTING

Genomic imprinting is extensive among eutherian mammals and the vast majority
of these genes participate in the regulation of fetal growth and are expressed in
both fetal and placental tissues. In mammals, the ancestral form of placentation
evolved over 160 million years ago after the divergence of therians from monotremes
and about the same time that the first genes acquired imprinting [172]. Imprinting
has also been detected in some of the same gene clusters in marsupials, but a few

have different spatial and temporal expression patterns between the two groups. No



imprinted genes have been discovered in monotremes to date.

Early mammals evolved from a reptile-like ancestor around 300 million years ago
and Mammalia is divided into three extant lineages: eutherians, marsupials, and
monotremes. Eutherians shared a common ancestor with marsupials around 166
million years ago and monotremes 180 million years ago (Morison et al 2005). The
three groups differ in their modes of reproduction. Monotremes lay eggs after a short
intrauterine growth period supported by secretions transferred across the yolk sac.
Marsupials have brief gestations, a short-lived fully functional placenta, are born
altricial, but have developed a long lactation that supports young until they are fully
developed. Eutherians carry their young in-utero for an extended period of time and
deliver highly developed young at birth. Of the three, monotremes and marsupials
have an elaborate lactation whereas eutherians have elaborated placentation. Thus,
the mass of monotreme and marsupial neonates relative to their mothers is smaller
than that of eutherian neonates (less than 1% versus 15% respectively) [101].

Haig and Westoby[96] were the first to postulate that imprinting evolved because
what is beneficial for a gene inherited via one kind of gamete may be different from
what is beneficial for that gene when inherited via the other gamete. Paternally
and maternally derived alleles in offspring, referred to as padumnal and madumnal
respectively (in contradistinction to paternal and maternal alleles present in females
and males), have opposing interests during pregnancy. From a male’s selfish fitness
perspective, any padumnal genes in his offspring should be expressed in a way as to
benefit the health and survival of his progeny, even if this endangers the health of
the mother and her future off-spring, who might have different fathers. Conversely,
madumnal genes should be expressed as to limit the current offspring’s command

over her resources to a degree that is more suitable for her continued health and



reproduction. The kinship theory of genomic imprinting affirms that padumnal
genes boost the withdrawal of the mother’s resources for the benefit of the focal
father’s offspring but at the cost of offspring in future pregnancies. In comparison,
the maternal genome reduces its support for each embryo regardless of the paternal
genome. This ingenious reasoning also predicts that kin selection and genomic
imprinting are tightly linked [99].

During pregnancy, each female mammal alone is tasked with the strain of gesta-
tion and nursing, whereas the male may contribute little or no parental care beyond
his original genetic contribution. As such, generally padumnal genes are under selec-
tion to maximize extraction of maternal resources while madumnal genes are under
selection to give fewer resources. These quarrels over resources happen most often
in the placenta and endosperm—physical locations where females transfer nutrients
to the young.

The result of such evolutionary ‘tug-of-war’ is a compromise in which each off-
spring receives fewer resources than it might want and a female gives up more
resources than she ideally might wish [99]. But, any compromise between a mother
and her fetus during pregnancy is less of an amicable mutualism than an outcome
of conflict mediation [85]. It was Haig who saw the placenta as a fetal organ devised
to leech the maternal uterus instead of just an organ created to provide nutrients
to the fetus. As the placenta is of fetal origin, padumnal genes have extensive pos-
sibilities to withdraw maternal nutrients. Trophoblast cells penetrate deep into the
mother’s vessels, forcing them to dilate, and the placenta becomes directly respon-
sible for bringing maternal and fetal blood into contact, aiding nutrient exchange
and determining resource allocation. In many eutherian species, including humans

and mice, the remodeling of the mother’s blood vessels is so severe that the mother



is unable to regulate the volume of blood reaching the placenta versus other tissues.

1.2 TRANSFER OF NUTRIENTS

To date, at least 130 mammalian genes show differential parent-specific expression.
Those that have been characterized are disproportionately expressed in the placenta
and vital for fetal growth. This was first described with genetic experiments using
uniparental duplication of specific chromosomal segments which led to the discovery
of imprinted genes in the mouse genome, such as insulin-like growth factor 2 receptor
(Igf2r),insulin-like growth factor 2 (Igf2) and H19 [12] [15] [55]. The latter two genes
reside in an imprinted domain that includes INS, KCNQ1, KCNQ10T1, CDKN1C,
TSSC5, and TSSCS.

IGF2 is paternally expressed in therians and is a vital fetal and postnatal growth
factor that is highly conserved in all vertebrates. It is not expressed in almost all
adult tissues, save the choroid plexus and leptomeninges where it is biallelically
expressed. In contrast, in utero it is expressed in the placenta and embryo; but
only the paternal allele is expressed while the maternal allele is transcriptionally
silent. It is closely involved in growth of the fetus in eutherian mammals and has
been involved in numerous aspects of placental development, including blood vessel
formation, trophoblast invasion, and nutrient transfer.

The Igf2r gene encodes IGF2R and a mannose-6-phosphate receptor. Igf2r is
expressed from the maternally inherited chromosome in the mouse [12], but im-
printing in humans is polymorphic as it occurs only in a small proportion of the
population. It lies within an imprinted cluster expressed in the placenta and plays
an integral role in IGF2 signaling. IGF2R antagonistically controls IGF2 by bind-

ing to it and carrying it to a lysozyme for degradation. In mice, Igf2r imprinting is



governed by the reciprocally imprinted, paternally expressed IncRNA Airn, which
is an antisense transcript to Igf2 [222]. In marsupials, IGF2R is also imprinted and
maternally expressed despite missing distinct crucial characteristics that regulate its
imprinting in mice, like differential methylation and antisense IGF2R RNA produc-
tion [128]. IGF2R is biallelically expressed in the monotreme, but orthologs lack the
IGF2 binding domain and thus create proteins that only have mannose-6-phosphate
binding properties, perhaps nullifying the need to be imprinted in these species
[128]. Imprinting in this region most probably occurred in the therian ancestor, but
is preserved by different imprinting marks and mechanisms in various mammalian
lineages.

Lying 100 kb downstream of the IGF2 gene on chromosome 11 in humans is the
H19 gene, which is expressed from the maternal allele. H19 encodes a IncRNA that
contains a microRNA precursor that is involved in the post-transcriptional down
regulation, acts in cis to down-regulate IGF2 expression via shared insulator and
enhancer sequences, and may act as a miRNA scaffold. Deletion of the paternally
expressed IGF2 results in intrauterine growth restriction and small placenta de-
velopment whereas deletion of the maternally expressed H19 gene results in fetal
overgrowth [55].

These two genes compete for enhancer sequences downstream of the H19 locus
which regulate expression of both genes. A paternal region upstream of H19 is
methylated, surrounding a CTCF insulator binding site and spreads somatically
into the H19 gene. On the unmethylated maternal chromosome, the imprinting
control region (ICR) binds the insulator protein CTCF, blocking access of Igf2 to
shared downstream enhancers. CTCF is unable to bind the methylated insulator

elements on the paternal chromosome, allowing enhancers to drive the expression of



Igf2 gene [19]. H19 silencing on the paternal chromosome occurs by the methylation
of its promoter, which is established by a silencing element located in the H19 DMR
downstream of the boundary element [58].

Though the marsupial placenta has less intrauterine growth and an abridged pla-
cental attachment in comparison to eutherian placentas, IGF2 is both paternally
imprinted in marsupial species and demonstrates an equivalent biological function
stimulating vascular endothelial growth factor production and yolk sac vasculogen-
esis [3]. Marsupial H19 orthologs are conserved in the miRNA precursor structure
and exon structure, indicating functional selection on both features. Furthermore,
the mechanism controlling imprinting of IGF2-H19 is also conserved in therians,
which suggests a pivotal regulated role for these genes in mammalian development.
It also indicates that the intricacy of imprinting mechanisms is conserved across
mammalia and may have evolved in response to evolutionary pressures in the com-
mon therian ancestor. Imprinting is more common in eutherians— which is probably
due to increased selective pressure of parental conflict during the extended eutherian
gestation.

The expression pattern at the imprinted DIk-Dio3 domain is also consistent with
the kinship theory of genomic imprinting’s assumption of conflict between parentally
inherited genomes. In eutherians, this domain contains three paternally expressed
protein coding genes: Delta-like homolog 1 (DIk1), Retrotransposon-like 1(Rtl1), and
Type III iodothyronine deiodinase (Dio3). It also produces maternally expressed
RNA transcripts including an antisense Rtl! transcript and Meg3. The Rtll gene
is linked with a fully complementary maternally-expressed antisense Rtl1, which
serves as the primary transcript for six miRNAs: mir-127, mir-136, miR-431, miR-

433, miR-434, and miR-432. Due to their antisense genomic organization, they are



able to cleave Rtll mRNA through RNA interference [52]. During gestation, the
domain is expressed in fetal and placental tissues and is vital for successful prenatal
growth, placentation, muscular and skeletal development, and postnatal metabolism
[200].

Ablation of DIkI in mice results in significant growth retardation and, later in
life, increased adiposity associated with adipocyte hypertrophy [171]. Conversely,
overexpression of the gene leads to a reciprocal phenotype; reduced adiposity, hyper-
glycemia, and insulin resistance [146]. Accordingly, DIk1 is predicted to play a role
in controlling adipocyte differentiation and acts as a paternally expressed growth
enhancer.

A deletion of the paternally expressed Rtl! gene results in pre- and post-natal
growth retardation of the embryo and placenta and late fetal and neonatal lethality.
Reciprocally, deletion of the maternally-expressed anti-Rtll too results in neonatal
lethality, but with offspring displaying a 156% increase in placental weight [213].
Exploration of the parental deletions show reciprocal abnormalities, mostly seen in
the labyrinth zone of the placenta, where maternal-fetal interactions occur: ma-
ternal deletions reveal increased fetal capillaries and labyrinthine trophoblasts and
paternal deletions show an opposite phenotype. These data indicate a vital role of
the paternally expressed Rtl1 gene in the growth of fetal capillaries at the maternal-
fetal interface, whereas the maternally expressed antisense Rtll antagonizes these

growth promoting effects [213].

1.3 IMPRINTING IN THERIAN LINEAGE

Genomic imprints have evolved independently at least three times: in insects [127],

endosperms [73], and mammals [194]. Most imprinted genes are clustered together
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in a handful of domains dispersed throughout the genome; often comprised of both
maternally and paternally expressed imprinted genes, non-coding RNAs (ncRNAs),
and also non-imprinted genes. From the many protein-coding genes and ncRNAs
regulated by genomic imprints in eutherians, only eight of those are also imprinted
in marsupials and no imprinted genes have been identified in monotremes|128].

The epigenetic mechanisms controlling mono-allelic expression of imprinted genes
involve differential DNA methylation marks. Within an imprinted cluster, the ex-
pression of imprinted genes is coordinately established by a cis-regulatory element,
the ICR. De novo DNA methylation is initiated at the ICR by members of the DNA
methyltransferase 3 family in a parent-specific manner. ICRs are CpG-rich and dif-
ferential DNA methylation is seen between the two—this means one parental allele
is methylated on the majority of CpG island regions of DNA with a high frequency
of CpG dinucleotides relative to the bulk of the genome [72], while the other allele
is either not methylated or methylated on a fewer number of CpG islands.

Epigenetic marks are stable in somatic cells, however, the genome undergoes ex-
tensive reprogramming during gametogenesis and early embryogenesis[192]. As the
fetus develops its own germ cells, the imprint that was inherited from the parental
germ cell is first removed and then DNA is methylated de novo relevant to the sex
of the individual [173]. Upon fertilization, the egg cytoplasm contains two pronuclei
that are epigenetically distinct. Both the maternal and paternal pronuclei undergo
a genome-wide demethylation. However, the parent-specific DNA methylation im-
prints are retained, in spite of total demethylation. Around the time of implantation,
a genome-wide re-methylation takes place [192] where imprint marks are retained
and persist throughout development and adulthood.

ICRs, which contain the paramount epigenetic differences between parental alle-

11



les, are the hallmarks of imprinted genes. However, the exact factors that recruit
the epigenetic machineries to create differential marks is still elusive. Intriguingly,
retrotransposed elements and tandem repeats located within or close to ICRs are
good candidates for this role. These sequences are similar to transposable elements,
mobile stretches of DNA that have had the ability to colonize new chromosomal
locations by hopping from one genomic position to another within a lineage of cells.
During the process, a copy of the element is usually maintained at the original site.
Thus, a family of transposable elements can build up inside a genome, often to
staggering numbers [164]. Retrotransposition produces new genes by reverse tran-
scribing mRNA and incorporating the resulting cDNA into the genome at a new
site. This process is mediated by long terminal repeats (LTRs) that flank transpos-
able elements and are recognized by retroviral transposes. Essentially, these gene
duplication events enabled the evolution of novel functions and expression profiles.

Transposons are responsible for many mammalian-specific traits and have played
a key role in therian evolution, including genomic imprinting of the placenta. Some
of the first imprinted genes are believed to have evolved from the domestication of
retrotransposons|[121] including Pegl0, Mcts2, Nnat, Rtll, and Dlkl. The DLKI-
DIO3 domain, which contains the Rtll protein coding gene and antiRtl1 non-coding
RNA transcript, is only imprinted in eutherian mammals. The paternally expressed
Rtll gene derives from Ty3/Gypsy type retrotransposon that has evolved a con-
served open reading frame missing LTRs[121]. Interestingly, a comprehensive anal-
ysis of this domain shows that Rtll retrotransposed into the domain region prior
to the eutherian-marsupial split, but it only became imprinted in eutherians [120].
In marsupials, the domain has amassed a number of LINE repeats— the marsupial

locus is double that of eutherians. Therefore, this suggests that eutherians have
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resisted expansion by repetitive elements in this region while gaining noncoding
miRNAs[59].

Orthologs of every imprinted gene found in eutherians and marsupials have been
examined in monotremes. The majority of imprinted gene cluster orthologs map to
similar clusters with similar gene arrangements in the platypus. Comparisons of the
imprinted cluster sequences, the collection of neighboring genes whose expression
is controlled from an ICR, show an accumulation of LTRs and repetitive elements
concurring with the gain of genomic imprinting. Thus, it appears that imprinting
arose coincident with repeat invasion and expansion in the eutherian genome. This is
consistent with the host defense hypothesis that postulates that imprinting evolved
from mechanisms within the cell that silenced foreign invading DNA sequences|[10].
Host defense-mediated silencing may have occurred all over the genome to hinder
the accelerated augmentation of repeat elements in therians. However, silencing was
retained where it led to a selective advantage.

Each imprinted gene cluster expresses at least one IncRNA gene that is recipro-
cally imprinted relative to the neighboring protein-coding genes. Moreover, some
of these ncRNA genes are transcribed in an antisense orientation relative to the
protein coding gene. These clusters also contain many small RNAs belonging to
families of small regulatory RNA genes which mainly act through sequence-specific
recognition of other cellular RNAs; the C/D small RNAs and miRNAs. miRNAs are
19-21 nt long ncRNAs that are processed from stem-loop structures nested within
larger primary transcripts. They function as antisense RNAs by forming short base-
pairing to partially complementary sequences, most often within the 3’-untranslated
region (UTR) of mRNAs [13]. The binding of the complex formed between a miRNA

and its correlated Argonaute proteins on the 3’-UTR elicits translation repression of
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mRNA degradation through RNA interference mechanisms. Though we do not fully
grasp all the features that control the specificity of the short interactions between
a miRNA and its target, perfect base-pairing of the seed sequence (nt 2-7 from the
5’-end of the miRNA) is necessary for post-transcriptional gene silencing [143]).
Mammalian miRNAs wield regulatory roles during placental development, from
trophoblast invasion to angiogenesis[57]. The vast majority of imprinted miRNA
genes are produced from 3 chromosomal domains: C19MC, C2MC, and C14MC. The
first two are paternally expressed while the latter is maternally expressed. The three
clusters also represent evolutionary novelties as C14MC is found in all eutherians,
while C19MC is confined to primates and C2MC is restricted to rodents. antiRtll
resides within the C14MC domain and contributes significantly in the silencing
of Rtll mRNA. Imprinted miRNA clusters may have assisted in the phenotypic
variability of the placenta by probably improving nutrient exchange between the
mother and fetus within each species. The maternally expressed trans-inhibition
of Rtll by miRNAs processed from antiRtll bears a resemblance with the trans-
inhibition of Igf2 by the maternally expressed Igf2r. It implies that perhaps the
same evolutionary forces at the root of the kinship theory of genomic imprinting
have enlisted RNA interference to regulate fetal and placental growth by selecting
for mutations that create strand specific miRNAs in antiRtll while leaving Rtll

unchanged.

1.4 CONCLUSIONS

Genomic imprinting in mammals is primarily a conserved process, but has expanded
in eutherian mammals. Both imprinting and viviparity first emerged after the di-

vergence of therians and monotremes. In therians, paternally expressed genes are
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growth enhancing, whereas maternally expressed genes are growth limiting, sug-
gesting that conflict and kinship are leading drivers of imprinting evolution. The
imprinted genes observed in mammals today are the result of evolutionary pressures
that drove the selection of this mechanism in a common ancestor, and this process
is continuing to evolve. Remarkably, imprinted genes are stable and display high
levels of conversation in both their coding and non-coding sequences across different

therian species.

15



Lost in translation: The 3-UTR of IGF1R as

an ancient long noncoding RNA

2.1 ABSTRACT

The insulin-like growth factor (IGF) signaling system is a major arena of intrage-
nomic conflict over embryonic growth between imprinted genes of maternal and pa-
ternal origin and the IGF type 1 receptor (IGF1R) promotes proliferation of many

human cancers. The 3’-untranslated region (3’-UTR) of the mouse IgfIr mRNA is
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targeted by miR-675-3p derived from the imprinted H19 long noncoding RNA. We
undertook a comparative sequence analysis of vertebrate IGFIR 3’-UTRs to deter-
mine the evolutionary history of miR-675 target sequences and to identify conserved
features that are likely to be involved in post-transcriptional regulation of IGF1R
translation. Sequences of IGF1R 3’-UTRs were obtained from public databases and
analyzed using publicly available algorithms. A very long 3’-UTR is a conserved
feature of vertebrate /IGF1R mRNAs. We found that some ancient microRNAs,
such as let-7 and mir-182, have predicted binding sites that are conserved between
cartilaginous fish and mammals. One very conserved region is targeted by multi-
ple, maternally expressed imprinted microRNAs that appear to have evolved more
recently than the targeted sequences. The conserved structures we identify in the
IGF1R 3’-UTR are strong candidates for regulating cell proliferation during develop-
ment and carcinogenesis. These conserved structures are now targeted by multiple
imprinted microRNAs. These observations emphasize the central importance of
IGF signaling pathways in the mediation of intragenomic conflicts over embryonic

growth and identify possible targets for therapeutic interventions in cancer.

2.2 INTRODUCTION

Parent-specific gene expression (genomic imprinting) is proposed to be an outcome
of evolutionary conflict between genes of maternal and paternal origin [95]. Soon
after the first presentation of this hypothesis, three imprinted loci were identified in
mice: Igf2 was a paternally expressed gene (PEG) that encoded insulin-like growth
factor IT (IGF-II) [54]; Igf2r was a maternally expressed gene (MEG) that encoded a
receptor for IGF-II [11]; and H19 was a MEG that encoded a long noncoding RNA

[14, 26]. Igf2 promoted fetal growth whereas Igf2r inhibited fetal growth [198].
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These phenotypic effects were broadly consistent with the theoretical prediction
that PEGs should enhance prenatal growth and MEGs inhibit prenatal growth [93]
with unimprinted genes favoring an intermediate level of growth [84].

H19 and Igf2 were each other’s closest chromosomal neighbors and shared com-
mon regulatory elements [139, 261]. Therefore, the intuitive prediction was that H19
(a MEG) should act antagonistically to Igf2 (a PEG) and function as a fetal growth
inhibitor. However, despite more than two decades of study, the functions of H19
remain poorly understood. Comparisons among H19 genes from several eutherian
species identified conserved secondary structures [115]. One conserved hairpin was
shown to be processed as the pre-miRNA for miR-675 [34]. The 3’-untranslated
region (3-UTR) of the murine Insulin-like growth factor 1 receptor (Igfir) gene was
subsequently found to possess two target sites for miR-675-3p [2]. IGF1R mediates
the fetal growth-promoting effects of IGF-II [198] and binding of miR~-675-3p to the
3-UTR of Igfir mRNA inhibits translation of the receptor [125]. Therefore, miR-
675-3p is predicted to function as a maternally expressed inhibitor of fetal growth.

The initial impetus for the present study was to examine the evolutionary his-
tory of the miR-675-3p target sequences reported for mouse Igflr mRNA[125]. We
soon found that one of these targets was absent from the IGFIR genes of rats and
humans, but the second target was conserved in the IGFI1R gene of a cartilaginous
fish (Callorhinchus milii) where it was located in one of the most highly conserved
regions of the entire 7-kb 3’-UTR. This discovery prompted us to undertake an evo-
lutionary analysis of the full length of the IGF1R 3’-UTR to complement an earlier
evolutionary analysis of the IGF1R coding sequence [103].

Our principal objectives were 2-fold. First, we wished to understand better the

evolution of genomic imprinting in mammalian development and the interplay be-
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tween PEGs, MEGs and unimprinted genes in the IGF signaling system. Second,
we wished to contribute to an understanding of the control of IGF1R expression
because of the receptor’s important role in cancer biology. IGF1R mediates growth-
promoting effects of both IGF-I and IGF-II [198] and is highly expressed in many
cancers. Furthermore, cells with inactivated IGFIR are resistant to oncogenic trans-
formation [214]. For these reasons, IGF1R was promoted as the Achilles’ heel of
most, if not all, cancers [17]. Such high hopes were dashed by disappointing results
of clinical trials of therapies targeting IGF1R [16] [189]. These expensive failures
may partly reflect imperfect understanding of the regulation of /GF1R expression.
Highly conserved structures within the 3’-UTR deserve consideration as targets for

more effective therapeutic interventions.

2.3 METHODS

Sequences were aligned using BLAST with default settings. miRanda [19], Tar-
getScan [20] and reports in the literature were used to identify putative target se-
quences of microRNAs. Polyadenylation sites of human IGF1R mRNAs were iden-
tified in APASdb [21] and APAdb [22] databases. Potential secondary structures of
IGF1R 3-UTRs were explored using mFold [23].

2.4 RESULTS

The most abundant human IGFIR transcript exceeds 12 kb in length of which 1
kb is 5-UTR, 4 kb is coding sequence and 7 kb is 3’-UTR. We will call this the
‘long transcript’. A number of shorter transcripts with alternative polyadenylation
sites are reported in APASdb and APAdb databases. The second most common

transcript in these databases is 6.4 kb in length with a 1.3 kb 3’-UTR. We will call
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this the ‘short transcript’. The short transcript possesses an atypical polyadenylation
site (upstream sequences do not contain canonical polyadenylation signals).

Putative 3-UTRs of the long transcript were obtained from genomic sequences
of Homo sapiens (human), Monodelphis domesticus (opossum), Pelodiscus sinensis
(turtle) and C. milii(ghostshark). The stop codon of IGF1R mRNAs was easy to
identify. Significant similarity was also apparent between the 3’ end of a human
IGF1R c¢DNA and sequences from the other species (Fig 2.4.1). All nucleotides
from the end of the stop codon to the end of UCUGUAUGCA were considered to
constitute 3'-UTRs of lengths 7087 (Homo), 7517 (Monodelphis), 7135 (Pelodiscus)
and 9136 ( Callorhinchus) nucleotides.

Comparisons among the four focal sequences allowed ‘excavation’ of the deep his-
tory of the IGF1R 3’-UTR. Features shared by Homo and Callorhinchus can be
inferred to have been present in the last common ancestor of extant jawed verte-
brates (stratum 1); features shared by Homo and Pelodiscus to have been present
in the last common ancestor of extant amniotes (stratum 2); and features shared
by Homo and Monodelphis to have been present in the last common ancestor of
therian mammals (stratum 3). Stratum 3 also corresponds to the conjectured origin
of genomic imprinting and microRNA-675 (Fig 2.4.2a). If a feature is not shared
between two sequences, it may have been present in the ancestor but lost in one of
the descendent lineages or have been absent in the ancestor but gained in one of the
descendent lineages. Data from IGF1R 3’-UTRs of other species will be reported
where these provide more precise timing for particular evolutionary events.

In comparisons of Homo and Callorhinchus 3’-UTRs, BLAST detected a few small
islands of conservation in a sea of otherwise unalignable sequence. The roughly 10%

of alignable sequence constitutes stratum 1. By contrast, BLAST aligned the Homo
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C)

UUUAAGUUAAAUAAAAUAAUUCUGUAUGCA-Homo
UUUAAGUUAARAUAAAAGAAUUCUGUAUGCA-Monodelphis
UUUAAGUUARAUAAAAUAAUUCUGUAUGCA- Pelodiscus
UUUAAGUUARAUAAAA- - - -UCUGUAUGCA-Callorhinchus

(b)

(d)

miR-379-3p
CAAUGUA
LTI
GCCAAUUUGUUACAUAAARA - Homo
GCCAAUUUGUUACAUAAAA-Monodelphis
GCCAAUUUagUACAUUARA-Pelodiscus
GCCAAUUUGUUACAUuUAgG-Xenopus
GaCAAUUUGUUARggUAcAA-Callorhinchus
FITTTT
UAAACARA
miR-7-3p

miR-525
GAGACCU
AUACUCUGGAUUCUUUACA-Homo
AUACUCUGGAUUCUUUACA-Monodelphis
AUACUCUGGAUUCUUUACA-Pelodiscus
AUACUCUGaAUUCUUUACA-Xenopus
AUAUUaUGGAUUCUUUACA-Callorhinchus
UAAGAAA
miR-186

(c) miR-335-3p let-7-3p
UACUUUU AACAUAU
FITTTT [T
UAGAUGAAARARA.. 12-nt ..UUUUGUAUAUUC-Homo
AUGAUGAAARAA.. 12-nt ..UUUUGUAUAUUC-Monodelphis
AuGAUaAAAAAA.. 12-nt ..UUUUGUAUAUUC-Pelodiscus
gAUAUGARARRA.. 11-nt ..UUUUGUAUAUUC-Xenopus
AgagaaAAARAA.. 10-nt .UUUUGUAUAUUC-cCallorhinchus
(e) . ,
miR-376c miR-675-3p
AGAUACAA CGUAUGU
FITTTTT FITTIT
CAGUUCUAUGUUAGACCAUGAAaCAUUUGCAUACACAU... 70-nt
CAGUUCUcUGUUAGACCgUGgAUCAUUUGCAUACACAU... 68-nt
CAGUUCUAUGUUAGACCAUGYAUCAUUUGCAUACACAU... 64-nt
CAGUUCUAUGUUUGACCAUCAAUCCUUUGCAUACACcc... 60-nt

miR-16
CGACGAU

FITTT *

.AAAGCUGCUAUUUUUUUUGUUCUUg - Homo

..AAAGCUGCUAUUUUUUUUGUUCUUU-Monodelphis
.AAAGCUGCUAUUUUUUUUGUUCUUU- Pelodiscus
ARAGCUGCUAUaUaUUUUUWUUCUUa- Callorhinchus

Figure 2.4.1: (a) the 3" end of the long IGF1R transcript; (b) a miR-7-3p target site that has
been lost from the Pelodiscus sequence; (c) let-7-3p target site; (d) miR-186 target site; (e) The
VCR with predicted binding sites for miR-376¢c, miR-675 (derived from the imprinted H19 RNA)
and miR-16. The location of the start of the poly(A) tail of the ‘short’ (6.4 kb) human IGF1R
mRNA is marked with an asterisk
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and Pelodiscus sequences for roughly half their length (stratum 2) and the Homo
and Monodelphis sequences for most of their length (stratum 3). Our analysis will
focus on the deeply conserved structures of strata 1 and 2. Figure 2.4.2b provides

landmarks for orientation in the following discussions of the IGF1R 3’-UTR.

2.4.1 STRATUM 1

Stratum 1 consists of features shared by Homo and Callorhinchus 3’-UTRs. BLAST
aligned two segments longer than 100 nucleotides. The longest alignment was a
stretch of 300 nucleotides (78% identity) at the 3’ end of the long (12 kb) hu-
man IGF1R mRNA. In addition to the polyadenylation site, this region contains a
miR-7-3p target site that has been lost from the Pelodiscus sequence (Fig.2.4.1b),
a conserved let-7-3p target site (Fig.2.4.1c) and a conserved miR-186 target site
(Fig.2.4.1d). All these sites were predicted for the human 3’-UTR by miRanda.

The second longest alignment was a stretch of 175 nucleotides (75% identity) a
kilobase from the start of the 3’-UTR that we will call the ‘very conserved region’
(VCR; Fig.2.4.1e). The VCR includes the polyadenylation site of the short (6.4 kb)
human IGFIR mRNA. The VCR contains a target site for miR-675 [125], a target
site for the miR-16 family of microRNAs [41] [82] and a target site for miR-376¢ [260)].
It is notable that miR-675 and miR-376 are both imprinted and maternally expressed
[34] [77]. The miR-675 and miR-16 target sites are proximal to the polyadenylation
site and thus included within the short transcript. The miR-376 binding site occurs
distal to the end of the short transcript.

Shorter alignments included other predicted target sequences for microRNAs.
The 3’-UTR of human IGF1R possesses three target sequences for let-7-5p microR-

NAs [262]. The proximal and central target sequences are conserved in the ghost-
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(a) stratum 3 Homo

Callithrix

stratum 2

Loxodonta

Monodelphis

Ornithorhynchus

Gallus

stratum 1

Pelodiscus

Xenopus

Latimeria

Danio

Callorhinchus

(b)
let-7  mir-182 VCR let-7
5 : —

L
) gigaloop

megaloop C I

MII_S Iet|—7
Figure 2.4.2: (a) Phylogenetic relationships of species whose IGF1R 3'-UTRs are used in this
study. The origin of genomic imprinting and the H19 long noncoding RNA is thought to coincide
with stratum 3 (in an ancestor of marsupial and eutherian mammals). (b) Landmarks on the 7-kb
3'-UTR of the human ‘long’ IGF1R mRNA including conserved let-7-5p and miR-182 target sites.
The 1.3 kb 3'-UTR of the ‘short’ transcript terminates within the VCR, which also includes a
conserved miR-675-3p-binding site. The 0.8-kb megaloop is formed by pairing of the megaloop
stems (MLS). The 4.8-kb gigaloop is a putative structure formed by pairing of VCR and a
complementary sequence (cVCR)
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(a) proximal let-7 miR-448
AUGGAGU UAUACGU
[ETTTT FETTT
CCUcCUGUACCUCAGUGG... 73-nt ..UUCAAUAUGCAAGCAG-Homo
CCUACUGUACCUCAGUGG... 80-nt ..UUCAAUAUGCAAGCAG-Monodelphis
CCUACUGUACCUCAGUGG... 69-nt .UUCAAUAUGCAAGCAG-Pelodiscus
CCUACUGUACCUCAGUGG... 61-nt ..UUUcCAUAUGCAAaCAG-Callorhinchus

(b) central let-7 miR-630

GAUGGAG UCUUAUG

[ETTTT [T
CAUUUAUCUACCUCACUC... 25-nt ..AAAAGAAUACAUCUCACCUU-Homo
CAUUUAUCUACCUCACUC... 26-nt ..AAAAGAAUACAUCUCACAUU-Monodelphis
CAUUUAUCUACCUCACUC... 28-nt ..UAUAaAAaACAUCUCACAUU-Pelodiscus
CAUUUAUCUACCUCACUC... 31-nt ..UAUAaAAUACAUCUCACAUU-Callorhinchus

GUAGAGU
miR-143
© (@
distal let-7 AACGCUGCCUAAUUUUGCCAAAAUC - Homo

GAUGGAG AACGCUGCCAAAUUUUGCCAARAUC-Callithrix

[T AAUGCUGCCAMAUUUUGCCAAAAAC-Monodelphis
GAGUUUG- -UCUACCUCUGGG- Homo AACGCUGCCAAAUUUUGCCAARAAC-Pelodiscus
GAGUUUG- -UCUACCUCUGGG-Monodelphis AACGCUGCCAAAUUUUGCCAAAMIUU-Callorhinchus
GAGUUUG- -UCUACCUCUGGG- Pelodiscus |||||‘| ||||H|
GAGaUUGcugCURaCUCUGGG-Callorhinchus ACGGUUU ACGEUUU

miR-182 miR-182

Figure 2.4.3: (a—c) let-7 target sequences; (d) tandem target sequences for miR-182. mi-
croRNAs are represented by their seed sequence. Nucleotides of candidate target sequences are
shown in red. Nucleotides that differ from the consensus in lower case.

shark sequence whereas the distal target sequence is recognizable, but imperfect,
in the ghostshark sequence (Fig.2.4.3a—c). The proximal let-7-5p target sequence
is close to a conserved miR-448 target sequence and the central let-7-5p target se-
quence close to a conserved miR-143 target sequence (Fig.2.4.3a-b) [29, 30]. Another
short region of conservation contains tandem target sequences for miR-182 that are
present in Callorhinchus, Pelodiscus, Monodelphis and Callithriz (marmoset) IGF1R
genes. Only one of these tandem targets is conserved in the human IGFIR gene

(Fig.2.4.3d) [248].
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Sequence conservation over such large evolutionary distances suggests that the
conserved sequences are deeply constrained by function. Postranscriptional regula-
tion of IGF1R by let-7, miR-7 and miR-182 are plausible candidates for such ancient
functions because these microRNA families are themselves ancient, conserved be-
tween protostomes and deuterostomes [39] [202] [51]. By contrast, miR-675 is known
only from marsupial and eutherian mammals [223] [56] and miR-376 only from eu-
therian mammals [77]. Either the miR-675 and miR-376 binding sites were targets
for unidentified ancient microRNAs, perhaps still present in Pelodiscus and Cal-
lorhinchus, or the more recent imprinted microRNAs evolved to target sequences
that were conserved for functions unrelated to binding by microRNAs. If the latter
scenario is correct, then the VCR is likely to have been an original target of miR-
675 and miR-376 which evolved to target its sequence. By contrast to the deeply
conserved target site for miR-675 in the VCR, the second reported target site for
miR-675 [125] is found only in the Igfir 3’-UTRs of house mice and their close
relatives.

The two longest regions of sequence conservation between ghostshark and human
IGF1R in our study corresponded to the 3’ ends of the human ‘short’ (6.4 kb)
and ‘long’ (12 kb) IGF1R transcripts. This hints that alternative polyadenylation
at these sites is anciently conserved. Other short regions of conservation between
Homo and Callorhinchus sequences corresponded to polyadenylation sites of less
common human IGF1R transcripts in APASdb and APAdb (data not shown). An
earlier comparison of the 3’-UTRs of eight human genes with orthologous sequences
in Squalus acanthias, another cartilaginous fish detected conservation of the 3’ end

of the 3"-UTR for six of eight genes [65].
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2.4.2 STRATUM 2

Stratum 2 consists of features shared by Homo and Pelodiscus IGF1R 3’-UTRs.
The strongest conservation was a 388-nt alignment that includes the VCR (85%
identity with 3% gaps) and a 497-nt alignment at the 3’ terminus (82% identity
with 8% gaps). This degree of conservation is similar, if not greater, than found for
the IGF1R coding sequence (79% identity with 1% gap).

Although the facile alignment of Homo and Callorhinchus 3’-UTRs ends shortly
after the miR-16 binding site of the VCR at the location of the polyadenylation site
for the short human transcript (Fig.2.4.1e), strong similarity continues beyond this
point for Homo, Monodelphis, Pelodiscus and Xenopus sequences. This ‘extended
VCR’ contains a remarkable concentration of predicted binding sites for microRNAs,
including miR-335-3p [104]], miR-376a [260] and miR-493 [180]. The Monodelphis
and Xenopus sequences also have a predicted binding site for miR-379-5p adjacent
to the miR-493 binding site (Fig.2.4.4a). miR-376a, miR-379 and miR-493 are en-
coded in a large cluster of maternally expressed imprinted microRNAs found only
in eutherian mammals [77]. miR-335 is a paternally expressed imprinted microRNA
located in the second intron of its MEST host gene [203] [105]. miR-335 is well
conserved in armadillo and elephant MEST genes but absent from the MEST genes
of opossum and platypus. Therefore, conservation of the extended VCR appears
to be more ancient than the imprinted miRNAs that currently target its sequence.
The simplest interpretation is that the extended VCR has important functions in-
dependent of binding of imprinted microRNAs and that these microRNAs evolved
to target the conserved sequence.

A notable feature of stratum 2 is a pair of complementary sequences, 800 nu-
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(a) mir-16
CGACGAU

AAAGCUGCUAUUU.. 15-nt ..
AAAGCUGCUAUUU.. 15-nt ..
AAAGCUGCUAUUU.. 15-nt ..
AAgGCUGCUAUUU... 14-nt ..

miR-376a miR-493
CACCUAAA. .AGAUACU UGGAAGU

UUUGUGGAUUUAAUCUAUGAAAACCUUCAGGUCCcACCCU-Homo

UUUGUGGAUUUAAUCUAUGAAAACCUUCAGGUCUACCCU-Monodelphis

.UUUGUGGAUUUAAUCUAUGAAAACCUUCAGGUCUgCCCU- Pelodiscus

UUUGUGGAUUUAAUCUAUGAA*ACCUUCAGGUCUACCUU-Xenopus

UACUUUU CAGAUGG
miR-335-3p miR-379

* aaugaaaaaaaaaaaaaaugaaaaacaaaaaacaaaaacaaaaa

(b) miR-320a miR-182
UCGARA ACGGUU
LETET AR
GCUAGCUUUACAAUAUGCCAAAAAA-Homo
GUUAGCUUUACARgUAUGCCAARRAAG-Monodelphis
GCUAGCUUUACAAUAUGCCARAAAG-Pelodiscus
CUgAGCUUUCuACaAUGCCAAAAAA-Xenopus

(e) miR-378 miR-99%a miR-30a

UUCAGGUCA AUGCCCA CAAAUGU

EERRRRRN LETTTT LTI
CUUAAGUCCAGUAGAUUACGGGUAGU... 14-nt ..CUGGUUUACAAGA-Homo
CUUAAGUCCAGUAGAUUACGGGUAGU... 14-nt ...CUGGUUUACAAGA-Monodelphis
UUUAAGUCCAGUAGAUUACGGGUAGU... 14-nt ..CUGGUUUACAAGA-Pelodiscus
gcUUAGUCCAGUAGAUUACGGGUAGU... 28-nt ..CcaGUUUACAACA-Xenopus
CUUCuGUaCAGUAGAUUACGGGUAGU... 14-nt ..CUaGUUUACAAUA-Latimeria

Figure 2.4.4: (a) miR-16 target site

(also shown in Fig. 2e) and nearby target sites for miR-

376a, miR-335-3p, miR-493 and miR-379 (the Xenopus sequence contains a 44-bp insertion at
the site of the asterisk that includes two target sites for miR-335-3p are shown in red); (b)
conserved pair of target sites for miR-320a and miR-182; (c) conserved triplet of target sites for
miR-378, miR-99a and miR-30a
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cleotides apart, that are predicted to form the stems of a strong double helix (18
bp, —32.3 kcal/mol). Similar complementary sequences are found in Xenopus and
Latimeria (coelacanth) 3-UTRs (Fig.2.4.5a), but neither in Danio (zebrafish) nor
Callorhinchus 3’-UTRs. The region between the 5’ and 3’ stems will be called the
‘megaloop’. The megaloop contains, among other features, a conserved pair of target
sites for miR-320a and miR-~182 (Fig.2.4.4b) and a conserved triplet of target sites
for miR-378, miR-99a and miR-30a (Fig.2.4.4c). All of these features are also found
in the 3’-UTR of Xenopus silurana and are therefore predicted to have been present
in the ancestor of all extant tetrapods. The miR-99a and miR-30a target sites are
found in the Latimeria sequence and can therefore be inferred to have been present

in the last common ancestor of tetrapods and lobe-finned fishes.

2.4.3 ALTERNATIVE SECONDARY STRUCTURES

IGF1R mRNAs were longer than the maximum size that could be submitted to
mFold. Therefore, we explored folding of the 7-kb 3’-UTR of the long human tran-
script without the 5’-UTR and coding sequence. The mFold algorithm makes many
simplifying assumptions and the predicted structures of such a long transcript are
unlikely to be accurate in all details. For example, the algorithm does not con-
sider the possibility of pseudo-knots, triplexes, G-quadruplexes and other complex
structures, nor does it take account of interactions between the RNA sequence and
RNA-binding proteins. Our purpose in this exploratory analysis was to search the
predicted structures for repeated stable features involving sequences that were al-
ready of interest from our evolutionary analysis.

The 5’ and 3’ stems of the megaloop (see above) formed a strong double helix in

many secondary structures predicted by mFold. By contrast, the miR-675 binding
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(a)

5’ -GCCAGAGAUGCUGAAGAUACAGACCUUGG...
5’ -GCCAGAGAUGCUGAAGAUACAGACCUGAG...
5’ -GCCAGAGGUGCUGAAGAUACAGAACUGUC...
5’ -GCCAGAGAUGAUAAAGAUACAGAACUGAA...

(b)

823-nt
810-nt
794-nt
969-nt

5’ -GAAACAUUUGCAUACACAUCGUC .. 4540 bp ..
5’ -GAAACAUUUGCAUACACAUCGUC .. 4534 bp ..
5’ -GGAUCAUUUGCAUACACAUCGUC .. 4882 bp ..
5/ -GGAUCAUUUGCAUACACAUUGUC .. 4770 bp ..
5’ -GGAUCAUUUGCAUACACAUUGUC .. 4777 bp ..
5’ -GGAUCAUUUGCAUACACAUUGUC .. 4814 bp ..

AAAAAGUAGUUCUGUAUCUUCAGUAUCUUGGU-3’ Homo
..AAGAAGUAGUUCUGUAUCUUCAGUAUCUUGGU -3’ Monodelphis
..GAGAAACUGUUCUGUAUCUUCAGUAUCCUGGU-3’ Pelodiscus
..AAGUUACAGUUCUGUAUCUUCAGUAUCCUGGU-3’ Latimeria

CUCUGUGUGUGCAAAUGUGUG-3 "
UUCUCUGUGUGCAAAUGUGUG-3 "
CUCUGUGUGUGCAAAUGUGUG-3"
GUGUGUGUAUGUAACGUAUGU-3"
GUGUGUGUGUGUGUAUGAUCA-3"’
GUCUGUGUGUGCGUGUGUCUG-3"

Homo

Loxodonta
Monodelphis
Ornithorhynchus
Pelodiscus
Gallus

Figure 2.4.5: Nucleotides predicted to form the stems of (a) megaloop and (b) gigaloop are

shaded
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site of the VCR was often located within a long single-stranded bulge or in weakly
bonded secondary structures. Thus, the VCR exhibits the intriguing combination of
highly conserved primary sequence (suggesting important conserved function) and
lack of clear secondary structure. Similarly, regions of high sequence conservation
between human and mouse 3’-UTRs of the MeCP2 gene do not form stable secondary
structures [45]. We suggest that the VCR is analogous to ‘intrinsically disordered’
domains of proteins that have important regulatory functions [251]. A flat energy
landscape in the vicinity of the VCR means that this region is intrinsically mobile
and potentially able to interact with proteins, microRNAs and other regions within
the IGFIR 3’-UTR.

Although the VCR was ‘disordered’ in many predicted structures, the miR-675
target site was sometimes recovered as part of a strong double helix (15 bp, —25.8
kcal/mol) formed with a complementary sequence (cVCR), 4.5 kb distant located be-
tween the stems of the megaloop (Fig.2.4.5b). We will refer to this putative pairing
of VCR and c¢VCR as the gigaloop. From the temporal perspective of transcrip-
tion, the 5’-stem of the gigaloop (VCR) is transcribed first, then the 5-stem of the
megaloop, then the 3’-stem of the gigaloop (¢cVCR), then the 3’-stem of the mega-
loop (Fig.2.4.2b). Therefore, the stems of the gigaloop have an opportunity to pair
before the 3’-stem of the megaloop is transcribed. One intriguing scenario is that
the VCR initially adopts an inactive conformation paired to the cVCR but acquires
its active, open conformation by formation of the megaloop. We are unable to tell
whether the megaloop and gigaloop could both exist in the same folded structure
because pseudo-knots (part of a loop forming a stem with another sequence outside
of its loop) are precluded by the mFold algorithm.

The age of the VCR-cVCR double helix is unclear. A strong double helix is
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predicted for the 3'-UTRs of Lozodonta (elephant, 13 bp, —21.5 kcal/mol) and Mon-
odelphis (opossum, 12 bp, —19.4 kcal/mol), but the ¢cVCR is poorly conserved in
Ornithorhynchus, Pelodiscus and Gallus. The homologous sequences of the latter
species consist mostly of simple UG repeats, but when the VCR and repetitive se-
quences are induced to pair, mFold predicts a 12 bp double helix in Ornithorhynchus
(-18.9 kcal/mol), a 11 bp double helix in Pelodiscus (—16.7 kcal/mol) and a 10 bp
double helix in Gallus (~17.9 kcal/mol). Because of the simplicity of the UG repeats
and the general ‘stickiness’ of Us and Gs (G and U can form ‘wobble’ pairs with
each other as well as the standard Watson-Crick pairing of G with C and U with A),
we consider the evidence for functional pairing of VCR and ¢VCR to be equivocal in
Pelodiscus and Gallus. A sequence complementary to the VCR within the megaloop

was found in neither the Xenopus nor Latimeria sequences.

2.4.4 3’-UTRS AS BOOLEAN DEVICES

Individual microRNAs (in complex with Argonaute proteins) have been reported
to both inhibit and promote translation of mRNAs [44, 45]. The assemblage of
microRNAs within a cell can be considered a ‘news report’ of cellular conditions
that is ‘read’ by the 3’-UTRs of genes that have ‘subscriptions’ (target sites) to the
news service. As a result of adaptive natural selection, each 3’-UTR is expected to
respond adaptively to some microRNAs but not others. A notable feature of our
comparative analysis is the clustering of microRNA-binding sites (Figs 1-4). Close
proximity of binding sites could facilitate antagonistic or synergistic interactions
among Argonaute—microRNA complexes (for example by steric hindrance). This
could enable the 3’-UTR to perform the equivalent of simple logical calculations.

If an effect Z was achieved by the binding of both miR-X and miR-Y, then the
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interaction of the microRNAs would be formally equivalent to the Boolean operation
X AND Y = Z. If instead, miR-X and miR-Y had redundant effects, this would
be equivalent to X OR Y = Z. If binding of miR-Y prevented miR-X causing Z,
this would be equivalent to X NOT Y = Z. In a similar manner, combinations of
riboswitches have been proposed to perform Boolean computations [228] [169].
The long 3’-UTR of IGF1R (> 7000 nucleotides) may function as a ‘computa-
tional device’ that responds to information about cellular conditions provided by the
binding of miRNAs (among other factors). miRDB lists 185 microRNAs binding hu-
man IGF1R 3-UTR, many of them with multiple target sites [48]. A comparison to
other long transcripts with predicted target sites for miR-675-3p (KCNN3, TAOK1,
PYGO1, MRPL19, ANKH and ADAM22) suggests that 185 is a ‘middling’ num-
ber of predicted microRNAs for a transcript of this length. Even if many of these
predicted sites are nonfunctional, the potential for allosteric interactions within and
among clusters of binding sites could enable the 3’-UTR to perform complex, hierar-
chically organized computations to determine if and when the mRNA is translated.
Most research on the effects of microRNAs on expression of IGF1R investigates ef-
fects of individual microRNAs on protein or mRNA levels. If the ‘computational
model’ of 3-UTR function is correct, the investigation of one microRNA at a time
may give inconsistent results because the meaning of a microRNA ‘word” must be

understood in the context of the cellular ‘sentence’ of co-occurring microRNAs.

2.4.5 IMPRINTED MICRORNAS AND THE REGULATION OF IGF1R

Our comparative analysis of the IGFIR 3’-UTR has uncovered deeply conserved
sequences that are targeted by multiple maternally expressed imprinted microRNAs.

An evolutionary interpretation of this finding requires a digression about the co-
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evolution of microRNA seeds and their mRNA targets. A typical microRNA binds
to the 3-UTRs of many genes [49]. Therefore, mutations to the seed sequence of
ancient microRNAs are strongly selected against because each mutation affects the
expression of many genes. By contrast, a change to an mRNA’s target sequence
directly affects the expression of only that gene. For this reason, the mRNAs that
a microRNA targets are more evolutionarily labile than the seed sequence that
recognizes these targets [40].

Additional evolutionary complexities arise when an imprinted microRNA targets
an unimprinted mRNA because mutations in the seed sequence are subject to selec-
tion only when the microRNA is inherited from parents of one sex but mutations
in the target sequence are subject to selection when inherited from parents of both
sexes. Therefore, changes that promote the fitness of the targeted sequence need
not promote the fitness of the targeting sequence. For example, PEGs are pre-
dicted to favor more fetal growth than unimprinted genes (and MEGs favor less
fetal growth). A novel maternally expressed microRNA that targeted the bialleli-
cally expressed IGF1R 3-UTR would be favored by natural selection if it inhibited
expression of the protein because signaling via IGF1R, promotes fetal growth. Such
targeting would, in turn, favor mutations of the target site that eliminated binding
by the microRNA. For this reason, many interactions between imprinted microR-
NAs and unimprinted targets are expected to be evolutionarily short-lived. But
the simple expedient of eliminating the target is foreclosed if the targeted sequence
performs other essential functions.

These considerations suggest an evolutionary model for post-transcriptional reg-
ulation of unimprinted mRNAs by imprinted microRNAs. Maternally expressed

microRNAs target conserved regions of the IGF1R 3’-UTR both because these re-
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gions are functionally important and because natural selection favors maintenance
of the target sequence for reasons unconnected to targeting by the microRNAs. By
this process, multiple imprinted microRNAs have come to target the highly con-
served sequences of the extended VCR. Our analysis suggests that the VCR may
have been the original functional target of the imprinted microRNAs because the
targeted sequences are evolutionarily older than the imprinted microRNAs that bind
them (the microRNA seed sequences evolved to match the target sequences rather
than the other way round).

Because of the distinct selective forces acting on imprinted and unimprinted loci,
the unimprinted IGFI1R 3’-UTR is predicted to undergo evolutionary change at
other sites to compensate for inhibitory effects of imprinted microRNAs. Such
changes are predicted to stabilize the relationship between the 3’-UTR and ma-
ternally expressed microRNAs because mutations to a microRNA that eliminated
its interaction with IGF1R would be selected against because these would increase
expression of IGF1R and increase fetal growth. Once the seed sequence of an im-
printed microRNA is ‘evolutionarily tethered’ in this manner, other unimprinted
mRNAs will evolve binding sites for the microRNA if such binding enhances the
fitness of the genomic sequence encoding the unimprinted mRNA. As a result, some
of the interactions between an imprinted microRNA (or long noncoding RNA) and
unimprinted RNAs will promote the fitness of the ‘targeting’ sequence and others
the fitness of the ‘targeted’ sequences. These complexities may partly explain the
difficulty of assigning an unambiguous function to H19 and miR-~-675 in the regu-
lation of cell proliferation. H19 inhibits cell proliferation in some systems[247] but
promotes proliferation in other systems [151] [144] and has been interpreted as both

a tumor suppressor[256] [138]and oncogene [152].

34



IGF1R protein mediates the growth-promoting effects of IGF2. Therefore, evo-
lutionary theory would predict IGFIR to be paternally expressed if it were im-
printed. However, inactivating mutations of Igflr in mice provide no evidence of
imprinting[150] and effects of IGF1R mutations on human growth appear indepen-
dent of parental origin [241]. The absence of imprinting of IGF1R, despite its role in
promoting fetal growth, could be explained if the gene’s effects are not dosage sensi-
tive, because selection for imprinted expression is weak or nonexistent if one active
copy is functionally equivalent to two [88]. Data on haplosufficiency versus haploin-
sufficiency of effects of IGF1R on prenatal growth are ambiguous and differ between
mice and humans. Mice with one inactivated copy of Igfir do not exhibit growth
deficits at birth or before weaning[150] [106]. In one of these knockouts, inactiva-
tion of one copy of Igfir did not reduce steady-state levels of mRNA[150]whereas,
in another knockout, inactivation of one allele was associated with a 50% reduction
in the cell-surface expression of Igf1r protein [106]. On the other hand, some chil-
dren with heterozygous mutations of /IGF1R exhibit intrauterine growth retardation
although this phenotype has variable penetrance even for children with the same
mutation[244].

Although IGF1R transcripts are not known to exhibit parent-specific expression,
the IGF1R genomic locus contains a sequence within intron 2 that is more heavily
methylated when inherited from mothers than from fathers [216]. Moreover, the
first intron of human IGF1R contains the promoter of a long noncoding RNA TRAIN
that is antisense to the 5’-UTR of IGF1R, interacts with the /GF'1R promoter [229],
and is exclusively transcribed from the paternally derived allele [122]. If IRAIN
acts in cis, then a functional interaction with the IGF1R promoter could result in

differential expression of the maternal and paternal alleles of IGF1R. Clearly, there
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are complexities in the regulation of IGF1R expression yet to be explicated.

2.5 (CONCLUSIONS AND IMPLICATIONS

Evolutionary sequence analysis is not a substitute for experimental investigation of
mechanisms but evolutionary analysis can guide experiment by identifying struc-
tures of interest. The 7 kb 3-UTR of the major IGF1R transcript compares to
a median length of human 3’-UTRs of about 1.2 kb [162]. Our analysis suggests
that a very long 3’-UTR is an ancient feature of IGF1R genes and that the 3’-UTR
contains deeply conserved sequences. The sequence we call the VCR stands out
as deserving detailed investigation for three reasons. First, its primary sequence is
deeply conserved and must therefore be strongly constrained by function. Second,
the VCR is located immediately adjacent to the polyadenylation site of the short
(6.4 kb) human IGF1R mRNA. Third, the VCR is targeted by multiple imprinted
microRNAs (including miR-675-3p derived from the H19 RNA). IGF signaling has
been a focus of evolutionary conflict between genes of maternal and paternal origin
over relative proliferation of particular cell types as witnessed by the opposite im-
printing of IGF2 and IGF2R [89] [92]. For this reason, regions of the /GF'1R mRNA
targeted by imprinted microRNAs are strong candidates for effects on the control
of cell proliferation.

3’-UTRs play many important roles in the control of protein translation and
function [163]. The 3’-UTRs of IGF1R mRNAs have been little studied, beyond the
identification of microRNA target sites, perhaps because of the transcripts’ length
and complexity. Remarkably, we have found no articles that discuss polyadenylation
of mammalian IGF1R mRNAs, even though polyadenylation is considered a require-

ment for efficient translation. The only papers we found on IGFIR polyadenylation
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came from teleost fish. One study in turbot found that a 13-kb IGF1R transcript
was polyadenylated in oocytes and early embryos but not in larvae or adult somatic
tissues [25]. Our study found that sequences near the polyadenylation sites of the
human 6.4 and 12 kb mRNAs are conserved between mammals and cartilaginous
fish (and other small regions of ancient conservation included additional polyadeny-
lation sites). The polyadenylation of human IGFIR transcripts and the dynamics
of alternative polyadenylation deserve future study.

Our study investigated the 3-UTR of a single gene (IGF1R) with a focus on its
interaction with a single imprinted microRNA (miR~675-3p). We have undoubtedly
explored only the tip of the iceberg in understanding the role of noncoding RNAs in
intragenomic conflicts. The largest clusters of microRNAs in the human and mouse
genomes are imprinted. These include a cluster of maternally expressed microR-
NAs (C14MC) present in all eutherian mammals [77]and the paternally expressed
C19MC cluster of primates [25] [175] and Sfmbt2 cluster of muroid rodents [110].
The maternally expressed H19 long noncoding RNA is not only the substrate for the
production of miR-675 but also acts as a competing endogenous RNA (ceRNA) or
‘molecular sponge’ for absorbing other microRNAs [42] [187]. Similarly, Maternally
expressed gene 8 (MEGS), a close genomic neighbor of the C14MC microRNAs,
is an imprinted long noncoding RNA with ceRNA functions [78]. Conflict breeds
complexity. Untangling the web of interactions is a task for future experimental

and evolutionary studies.
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Retrotransposon Gag-like 1 (RTL1) and the
molecular evolution of self-targeting imprinted

microRNASs

3.1 ABSTRACT

Transcription of the sense strand of the RTL 1 gene produces a protein-coding mRNA

that is targeted for degradation by microRNAs transcribed from the antisense strand
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of the protein-coding sequence. The sense and antisense transcripts are oppositely
imprinted: sense mRNAs are expressed from the paternally-derived chromosome,
antisense microRNAs from the maternally-derived chromosome. Two microRNAs
at the RTLI locus, miR-431 and the rodent-specific miR-434, are derived from
within tandem repeats. We present an evolutionary model for the establishment
of a new self-targeting microRNA derived from within a tandem repeat that in-
hibits production of RTL1 protein when maternally-derived in heterozygotes but
not when paternally-derived. The interaction of sense and antisense transcripts
can be interpreted as a form of communication between maternally-derived and
paternally-derived RTL1I alleles that possesses many of the features of a greenbeard
effect. This interaction is evolutionary stable, unlike a typical greenbeard effect, be-
cause of the necessary complementarity between microRNAs and mRNA transcribed
from opposite strands of the same double helix. We conjecture that microRNAs and
mRNA cooperate to reduce demands on mothers when an allele is paired with itself

in homozygous offspring.

3.2 BACKGROUND

From his experiments on hybridization in peas, Gregor Mendel concluded that “it
is perfectly immaterial whether the dominant character belong to the seed-bearer
or to the pollen-bearer; the form of the hybrid remains identical in both cases”
[1]. This identity of reciprocal heterozygotes was a largely unquestioned assumption
of Mendelian genetics until the discovery of ‘imprinted’ loci at which alleles were
differentially expressed depending on whether they were inherited via an egg or a
sperm [188]. The callipyge (CLPG) phenotype of sheep (hypertrophied muscles of

the ovine rump) violates basic Mendelian presumptions. Sheep-breeders were un-
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able to fix this desirable trait within a herd (callipyge comes from the Greek for
beautiful buttocks) because the only animals to express the trait inherited the un-
derlying mutation from their father but not their mother (+/CLPG). The reciprocal
heterozygotes who inherited the mutation from their mother (CLPG/+) had rumps
of normal proportions as did sheep who inherited the mutation from both parents
(CLPG/CLPQG) or neither parent (+/+4) [44]. The difference between the heterozy-
gous genotypes could be explained by genomic imprinting but the normal phenotype
of both homozygous genotypes implied some unknown interaction between maternal
and paternal alleles.

The callipyge region of ovine chromosome 18 and orthologous regions of human
chromosome 14 and mouse chromosome 12 were subsequently found to be the home
of a major cluster of imprinted genes [231] [209] [253] including many non-coding
RNAs [170] [37] [212]. One gene from this cluster, Retrotransposon Gag like 1
(RTL1), is derived from a sushi-ishi-like retroelement [153] [32] that has retained a
protein-coding sequence in eutherian but not marsupial genomes [120]. RTL1 pro-
tein is encoded by a single exon, with conservation of the capsid and protease do-
mains of the ancestral retroelement, but with loss of critical residues in polymerase,
RNaseH and integrase domains [153]. The paternal copy of RTL1 is transcribed from
the antisense strand of the DNA double helix to produce a protein-coding ‘sense’
mRNA whereas the maternal copy is transcribed from the sense strand to produce
multiple ‘antisense’ microRNAs [38] [211]. In some cells, these microRNAs are co-
ordinately transcribed as part of a long antisense transcript [211]. In other cells,
individual microRNAs are transcribed from unique promoters [205][225]. These mi-
croRNAs are complementary to the RTL1 coding sequence and promote degradation

of RTL1 mRNA [112] [52] [224]. The RTLI sequence is thus constrained by dual
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roles as the progenitor of a paternally-expressed mRNA and of maternally-expressed
microRNAs.

Rtl1 mRNA is expressed in endothelial cells of the labyrinthine zone of the murine
placenta. Deletion of the coding sequence results in complete suppression of Rtl!
mRNA when inherited from fathers (paternal-knockout) but three-fold increased
Rtl1 mRNA when inherited from mothers (maternal-knockout). The latter effect
is a consequence of the absence of the maternally-expressed antisense microRNAs
that target paternally-expressed Rt/ mRNA [213]. Both knockouts are associated
with abnormal placental morphology. Mice with the paternal knockout suffer pre-
natal growth retardation associated with detachment of endothelial cells from the
basement membrane of placental capillaries [129]. Mice with the maternal knockout
have normal birth weight but suffer post-weaning growth retardation.

Overexpression of Rtll causes muscular hypertrophy in mice, suggesting a role of
the gene in the callipyge phenotype of sheep [254], induces hepatocellular carcinomas
in mice [197], and promotes cellular proliferation in human melanoma [63]. Non-
expression of Rtl1 is the major cause of post-implantation failure of cloned pigs
[258]. A critical evaluation of all the reported effects of RtlI-associated miRNAs,

both pro-oncogenic and anti-oncogenic, is beyond the scope of this paper.

3.3 GENOMIC IMPRINTING AND INTRAGENOMIC CONFLICT

The kinship theory of genomic imprinting was developed to explain the origin
and maintenance of imprinted gene expression both in prenatal and postnatal life
[87] [89]. Simple models predicted that incremental decreases in the expression of
paternally-expressed genes (PEGs) would reduce patrilineal fitness whereas incre-

mental decreases in the expression of maternally-expressed genes (MEGs) would
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reduce matrilineal fitness [87]. In these models, fitnesses were a function of the
level of gene product X = zm + zp, where xm was the level of expression of the
maternally-derived allele and xp the level of expression of the paternally-derived
allele, with an allele’s ‘strategy’ represented by the two-element vector xm, zp. The
models found the unbeatable strategy to be maternal silence 0, X if natural selection
favored higher values of X for paternally-derived alleles and paternal silence X, 0 if
natural selection favored higher values of X for maternally-derived alleles.

In the context of maternal-fetal relations and placental development, the kinship
theory predicts that PEGs will increase fetal demands on mothers and MEGs will
have opposing effects [97]. The classic example are the opposite effects on embryonic
growth in mice of Insulin-like growth factor 2 (Igf2), a paternally-expressed growth-
enhancer, and Insulin-like growth factor 2 receptor (Igf2r), a maternally-expressed
growth-inhibitor that targets IGF-II to lysosomes for degradation [94]. A single
amino-acid substitution in the IGF2-binding site of the IGF2R protein resulted in
embryonic and placental overgrowth in mice because it abolished clearance of IGF2
by the receptor [108]. Similar antagonistic effects on fetal growth are observed in
humans. Fetal overgrowth can be caused either by the mutational inactivation of
the maternal copy of CDKN1C, a paternally-silent growth-inhibitor [29] whereas in-
trauterine growth-restriction can be caused by inactivating mutations of the paternal
copy of IGF2, the aforementioned maternally-silent growth-enhancer [18].

The opposite effects on levels of RTL1 protein of paternally-expressed RTL1
mRNA and maternally-expressed microRNAs have been interpreted as consistent
with the kinship theory [142]. Moreover, the prenatal growth retardation observed
in paternal knockouts of Ritl1 is compatible with RTL1 protein functioning as a

fetal demand enhancer and the increase of Rt/ mRNA when the imprinted microR-
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NAs are knocked-out is compatible with the microRNAs acting as demand inhibitors
[213][129]. These hypotheses remain to be tested in experimental systems that cause
less severe perturbation in the level of Rtl1 mRNA.

The conclusion that the phenotypic effects of RTLI support the kinship theory
is premature because the details of this system violate a key assumption of early
models of the theory. This was the assumption that xm and xp were fixed prop-
erties of an allele and therefore independent of the identity of the other allele of
a diploid individual. An RTLI allele is transcribed both as a PEG (mRNA) and
as MEGs (microRNAs) that inhibit the PEG. Therefore, the level of expression of
the paternal allele depends on the identity of the maternal allele. At such a locus,
an allele’s strategy could be thought of as a three-element vector xm, xp, xq where
xm and xp are the levels of expression when maternally- and paternally-derived in
heterozygotes, and xq is the level of expression in homozygotes.

Haig [90][98] made a first attempt to address this theoretical puzzle in the context
of self-targeting microRNAs expressed during seed development. He argued that
imprinted noncoding RNAs are subject to distinctive selective forces when they reg-
ulate transcripts of the allele inherited from the other parent. If an mRNA possesses
a sequence complementary to the imprinted noncoding RNA, and the complemen-
tary sequences pair, then the mRNA can be considered to ‘recognize’ its similarity
to the allele from which the microRNA was transcribed and can evolve to respond
strategically to this information. By this means, the maternal and paternal alleles
at a locus could coordinate their activities with the noncoding RNA functioning as
a signal by which one allele ‘communicates’ its presence to the other. Such strategic
coordination between alleles would possess the formal properties of a ‘greenbeard ef-

fect” with possibilities for ‘altruistic’ behavior in homozygotes but ‘selfish’ behavior
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in heterozygotes [98].

Classic formulations of greenbeards invoked a triad of trait, recognition, and
response: an actor with the trait recognizes the trait in another individual and re-
sponds altruistically [196] [21]. Such effects were dismissed as implausible because
it was considered unlikely that the three aspects of the triad could be instantiated
at a single locus. Interest in greenbeards has revived because of the realization that
recognition of identity at the molecular level is simpler than recognition of related-
ness [86] and because theoretical models find that tight linkage of trait, recognition,
and response is not necessary to facilitate the evolution of cooperation [114].

A microRNA can be considered a trait that is recognized by the microRNA’s
targets and that informs the targeted sequences of the identity of the targeting
sequence. Regulation of the targeted sequence by the microRNA can be considered
the response of the target to this information. If the microRNA acts on an mRNA
transcribed from the other allele at its locus, then regulation of the mRNA by the
microRNA can be conceptualized as a response to self-recognition. ‘Self-targeting’
microRNAs thus combine all three aspects of the greenbeard triad in a single nucleic
acid sequence.

The mammalian RTL1 locus meets the above criteria for ‘self-recognition’ and
thus provides a test-case for disentangling the evolutionary complexities of such
systems. The current paper investigates the evolutionary history of microRNAs
at the RTL1I locus and then develops an evolutionary model of how this complex

system could have evolved.
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3.4 RESULTS

3.4.1 MRNAS PROCESSED FROM RTL1-ANTISENSE TRANSCRIPTS

Our sequence analysis builds upon prior analyses of the RTL1 sequence [153][52].
We obtained RTL1 sequences from the reference genomes of representative primates
(Homo, Callithriz), rodents (Mus, Rattus, Nannospalaz, Heterocephalus, Cavia),
afrotherians (Elephantulus, Orycteropus, Trichechus) and xenarthrans (Dasypus,
Choloepus). Fig 3.4.1 shows relative locations of features we will discuss in the hu-
man and mouse RTL1 genes and provides a phylogenetic overview of when particular
features arose.

Sequences highly similar to pre-miR-136, pre-miR-127, and pre-miR-433 were
found in all species. Sequences highly similar to pre-miR-431 were found in all
species except xenarthrans. We do not know whether this is a real or artifactual
absence because of gaps in xenarthran genome assemblies.We also found sequences
similar to pre-miR-432 in all species although these sequences had undergone sub-
stantial divergence in rats and mice with loss of functional miR-432. pre-miR-432
can be inferred to have been present in an ancestor of all extant eutherian mam-
mals but to have been lost within the rodent lineage where it has been replaced by
miR-434. Alignments of these sequences are provided in Fig S1 of Additional File
1.

Our analysis will distinguish between ‘autotargets’ and ‘allotargets’. An auto-
target is the sequence that is directly complementary to a microRNA because it
is transcribed from the opposite strand of the DNA double helix. Allotargets are
sequences that are complementary to the microRNA’s seed but are not the mi-

croRNA’s autotarget. The distinction between autotargets and allotargets is evo-
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Figure 3.4.1: The location of tandem repeats (A-D) within the protein-coding region of the
sense strand (above) and of microRNAs on the antisense strand (below) of (a) human RTL1
and (b) mouse Rtl1. (c) Phylogenetic ‘road-map’ of when particular features arose.
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lutionarily significant because changes to seed sequences are necessarily associated
with changes to autotargets (microRNA and autotarget are transcribed from oppo-
site strands of the RTL1 DNA double helix). By contrast, changes to seed sequences
are not associated with complementary changes to allotargets. (The seed is the 7-
nucleotide sequence principally responsible for functional binding of microRNAs to
their targets.)

Three of the antisense microRNAs have predicted allotargets on the sense RTL1
mRNA (Fig 3.4.2): miR-136-3p has a highly-conserved allotarget that overlaps the
autotarget of miR-127-3p; miR-431-5p has a conserved allotarget overlapping the
autotarget of miR-431-3p; miR-~432-5p has a conserved allotarget overlapping the
autotarget of miR-432-3p. In addition to targets on the sense mRNA, at least four
microRNAs (miR-~127-3p, miR-431-5p, miR-432-5p, miR~433-3p) have predicted al-
lotargets on the antisense pre-miRNA sequences from which they are processed.
Nucleotides 2-9 of miR-127-3p (CGGAUCCG) are self-complementary as are nu-
cleotides 1-8 of miR-433-3p (AUCAUGAU). These microRNAs possibly bind to
their own seed sequences (Fig S2 of Additional File 1).

Our in silico predictions of intralocus allotargets hint at hidden complexities of
RNA-RNA interactions (and possibly RNA-DNA interactions) at the RTLI lo-
cus. We acknowledge the limitations of non-experimental analyses but hope that
our analyses can provide some guidance for experiment. Experimental data on the
interaction between mRNA and microRNAs at the RTL1 locus are limited. The mi-
croRNAs are known to initiate cutting of RTLI mRNA but the specific sequences
targeted by each microRNA are unknown. We identified potential targets by the
criterion of perfect matches to seed sequences, but complementarity is not proof

that an interaction occurs in vivo and may miss targets that lack perfect comple-
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Figure 3.4.2: (a) an allotarget of miR-136-3p overlaps the autotarget of miR-127-3p; (b) an
allotarget of miR-431-5p overlaps the autotarget of miR-431-3p; (c) an allotarget of miR-432-5p
overlaps the autotarget of miR-432-3p.

mentarity to the seed sequence (so-called non-canonical targets). Canonical targets
of microRNAs are typically complementary to the seed sequence of a microRNA,

not to the entire length of the microRNA as occurs for autotargets.

3.4.2 TANDEM REPEATS AT THE RTL1 LOCUS

A notable feature of prior analyses of the RTL1 sequence [153] [52] was the presence
of tandem repeats within the protein-coding sequence. Davis et al. [52] recognized

four classes of tandem repeats which they named TRA, TRB, TRC, and TRD.

Thirty-three nucleotides separate the initial nucleotides of miR-432-5p’s allotarget
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and autotarget in the RTL1 mRNA. This 33-nucleotide periodicity corresponds to
one TRB unit. miR-432 is processed from within the TRB array. We detected seven
degenerate copies of TRB in the RTL1 genes of afrotherians, xenarthrans, humans
and non-muroid rodents (Fig S3 in Additional File 1). We therefore conclude that
these repeats originated before the divergence of all extant eutherian mammals and
that at least three TRBs were present at the origin of miR-432 because pre-miR-432
extends across more than two repeats. TRB repeats are older than the other re-
peats discussed below and the individual units have undergone greater evolutionary
divergence.

The rat and mouse Rtll genes contain 12-nucleotide TRA repeats located imme-
diately adjacent to the ancestral TRB repeats. We count ten TRA units in mouse
Rtll and at least twenty in rat Rtll. The rat and mouse Rtll genes also contain
24-nucleotide TRC repeats that expanded from within the TRB repeats. These re-
peats are located immediately 5’ of the sequence complementary to pre-miR-432 on
the sense strand (Fig S4 in Additional File 1). We count twelve TRC units in mouse
Rt11 and twenty-three TRC units in rat Rtl. The TRA and TRC repeats are absent
from the Rtll genes of non-muroid rodents. miR-434 is processed from within the
TRC arrays of rats and mice. Because of the duplication of TRC units, mouse Rtl1
possesses four perfect matches (GGUUCAA) to the miR-434-3p seed, three of them
allotargets, and three perfect matches (AGUCGAG) to the miR-434-5p seed, two
of them allotargets (Fig S5 in Additional File 1). miR-434-5p and miR-434-3p both
degrade Rtll mRNA in mice [52].

A 66-nucleotide sequence within the ancestral pre-miR-432 sequence has under-
gone six-fold tandem amplification in the Rtll gene of mice (we will call these TRB2

units because each contains two TRB units). As a consequence, the mouse Rtll
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mRNA (sense) contains seven perfect matches (CCAUCCA) to the seed of miR-
432-3p and two perfect matches (CUCCAAG) to the seed of miR-432-3p. However,
the TRB2 repeats disrupt formation of the pre-miR-432 hairpin preventing forma-
tion of the microRNA. The rat Rtll gene also cannot produce pre-miR-432 but, in
this case, because of deletions within the ancestral pre-miR-432 sequence. Deep-
sequencing reported in miRBase detects miR-432 in neither rats nor mice [40]. We
have not resolved the relative timing of the loss of miR-432 and gain of miR-434.

TRB and TRC repeats exhibit interesting parallels (Fig S6 in Additional File 1).
TRB and TRC units are ‘partial palindromes’ with internal self-complementarity.
Tandem duplications of the repeat units created larger palindromes that folded back
upon themselves to form the hairpins from which pre-mir-432 and pre-miR-434 are
processed. Both arrays contain more units than are required to generate the em-
bedded pre-miRNAs. One model of the origin of pre-miRNA hairpins derives them
from inverted duplications [4]. The tandem duplications that generated pre-mir-432
and pre-miR-434 do not fit this model but in some respects resemble the alternative
model in which partial self-complementarity of the ascending and descending arms of
pre-miRNA hairpins arises by ‘chance’ [64]. However, in the case of pre-mir-432 and
pre-miR-434, the length of self-complementarity that had to be generated by chance
was greatly reduced because of tandem duplication of already self-complementary
units.

Finally, the mouse RtlI sequence contains an AG-rich region of 33-nucleotide
repeats (TRDs) that is remarkable for a stretch of 442 nucleotides without a cytosine
(227 guanines, 192 adenines, 23 uracils). At the amino acid level, the AG-rich region
encodes 143 amino acid residues: 115 glutamic acids, 14 aspartic acids, and 14

glycines. TRD repeats are absent from the Rtl1 genes of rats and non-rodents.
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The lengths of the various repeat-units are all multiples of three—TRA (12), TRB
(33), TRB2 (66), TRC (24), TRD (33)—as required to preserve the open reading
frame of RTL1 mRNA. An intriguing question is whether the principal selective
forces in the fixation of these repeats acted on properties of the RNA sequence or
properties of the encoded amino acids. Many proteins contain internal repeats with
a variety of functions [116] but we conjecture that the complex repeated structures
associated with miR-432 and miR-434 (TRA, TRB, TRB2, TRC) were primarily
shaped by interactions between sense and antisense RNAs rather than by functional
properties of the RTL1 amino-acid sequence. The TRD repeats of mouse Rt are
not associated with a microRNA. It is possible that these repeats evolved because
of their contribution to the amino acid sequence of Rtll protein. Another possibility
is that TRD repeats are associated with formation of an R-loop, between the C-
rich template DNA and a G-rich RNA transcript, that blocks transcription of sense
Rtl1 mRNA. In this configuration, the G-rich non-template DNA would be single-

stranded but probably fold back on itself to form G-quartet structures [220].

3.4.3 c¢is AND trans EFFECTS

The establishment of imprints in mammalian genomes involves interactions between
trans-acting and cis-acting factors in parental germlines: an imprinting control re-
gion (ICR) is differentially marked in male and female germlines by trans-acting
factors, then the epigenetically-inherited state of the ICR determines expression of
imprinted genes in cis in the next generation [188]. The distinction between trans-
acting and cis-acting factors is crucial for understanding the evolution of genomic
imprinting in mammals. If there is heterozygosity at a trans-acting locus that acts

in the mother’s germline, an allele can influence gene expression in all of a mother’s
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offspring, not just the 50% that receive the trans-acting allele. By contrast, if there
is heterozygosity at a cis-acting locus, then the effect is experienced only by those
offspring that inherit the cis-acting allele. Therefore, a gene that acts in trans to
imprint an ICR is subject to different selective forces than the ICR that acts in cis
to determine gene expression in the next generation. This is a source of evolution-
ary conflict between maternal genes (in mothers) and maternally-derived genes (in
offspring) [84] and has been conceptualized as a conflict between imprinting genes
and imprinted genes [31].

Conflict between imprinting genes and imprinted genes occurs because of their
independent segregation at meiosis. Conflict is not predicted when trans-acting loci
modify cis-acting loci in the haploid phase because trans-acting and cis-acting alleles
are necessarily inherited together in products of syngamy. The establishment of
epigenetic marks in gametophytes (haploid phase of plants) rather than sporophytes
(diploid phase of plants) may explain why ‘imprinting’ genes are imprinted in plants,
but not mammals, and why clusters of imprinted genes under cis control of an ICR
have not been described in plants [98]. Conflict is also not predicted between trans-
acting and cis-acting loci whose effects are restricted to the diploid generation in

which the loci act.

3.4.4 A MODEL OF THE ORIGIN OF SELF-TARGETING MICRORNAS

The kinds of effects reported at the RTLI1 locus, in which one allele influences the
expression of its homolog have been labelled cum effects [98] or trans-homolog inter-
actions [112]. Such effects do not map neatly onto the cis versus trans distinction:
they occur at the same locus but not on the same chromosome. In this section,

we develop a model in which self-targeting microRNAs are derived from tandem
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repeats. The model illustrates how cum effects are subject to distinctive selective
forces from cis and trans effects. The model is based on the observation that miR-
432 and miR-434 are derived from tandemly-repeated sequences in the RTLI gene.
Consider an ancestral allele (A) of RTL1 that contains a single copy of a partially
palindromic sequence. In AA homozygotes, the maternal allele is expressed as an
antisense non-coding RNA and the paternal allele is expressed as a sense RTLI
mRNA (Fig a 3.4.3). Now consider the introduction into a population fixed for A of
a new allele A* with a tandem duplication of the palindromic sequence that forms a
hairpin from which an antisense microRNA is processed. In an outbred population,
A* is initially present only in A *A heterozygotes who inherit A * from their mother
or AA* heterozygotes who inherit A* from their father. In A*A heterozygotes,
the maternally-expressed microRNA targets the paternally-expressed mRNA (Fig b
3.4.3). In AA*heterozygotes, the maternally-expressed antisense transcript does not
produce a microRNA and therefore does not inhibit translation of RTL1 protein (Fig
¢ 3.4.3). Thus, A* reduces production of RTL1 protein when maternally-inherited,
via a cum effect, but not when paternally-inherited. If RTL1 protein reduces fetal
demand, then the microRNA acts as a maternally-expressed demand inhibitor.
Once A* becomes frequent in the gene pool, it encounters itself in A*A* ho-
mozygotes. Now, the maternally-expressed A* microRNA targets the paternally-
expressed A* mRNA reducing translation of RTL1 protein (Fig d 3.4.3). Thus,
paternal A* possesses the ‘neat trick’ of decreasing RTL1 protein, and demands
on the mother, when the maternal allele is A* but not when it is A. A* thereby
exploits A in AA* heterozygotes but exhibits ‘self-restraint’ in A *4* homozygotes.
If A* mRNA detects A* microRNA, then there is an ‘altruistic’ reduction in RTL1

translation. If the A* mRNA does not detect A* microRNA, then ‘selfish’ levels of
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RTL1 are produced.

Green-beard effects are generally considered to be evolutionary unstable because
of the threat of ‘false beards’: variants that enjoy the benefits of others’ altruism
but do not reciprocate. In terms of out model, a population fixed for A* could be
invaded by a variant A** that continues to inhibit paternal expression of A* in
A**A* heterozygotes but evades restraint (or partially evades restraint) in A *A4**
heterozygotes. Thus, maternal A** would enjoy the benefit of ‘altruistic’ restraint
by paternal A* but paternal A** would act ‘selfishly’ and not reciprocate (or in-
completely reciprocate) when the roles were reversed.

If one assumes that increased transcription increases the number of mRNAs that
escape degradation, then the simplest example of A ** would be an allele with a vari-
ant sense promoter that increased transcription of the paternally-expressed mRNA.
This would favor an allele (A***) with a variant antisense promoter that increased
transcription of the maternally-expressed microRNA. Such considerations predict
an escalation in the strength of antagonistic promoters. Another possibility would
be the acquisition, by the mRNA, of ‘decoy’ target sites for the microRNA that
absorb the microRNA but are resistant to cleavage.

The model presented above for the introduction of a single microRNA could po-
tentially explain the origin of multiple self-targeting microRNAs encoded by the
RTL1 sequence because the model is iterable. One could think of this process as
successive introductions of new traits for self-recognition: a green beard, followed
by a blue mustache, followed by red whiskers. Once a trait is introduced, it should
tend to be maintained by natural selection because changes to the target site on
paternally-expressed mRNA to evade repression would be associated with changes

to the maternally-expressed microRNAs which would thereby be less effective in-
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Figure 3.4.3: At the RTL1 locus an ancestral A allele has a single copy of a partially palindromic
sequence (indicated in red) and the derived A* allele has a tandem duplication of this sequence
which is processed as a microRNA from the maternal antisense transcript. a In AA homozygotes
the maternal allele (above) is expressed as RTL1-antisense noncoding RNA and the paternal
allele (below) is expressed as sense RTL mRNA. No microRNAs inhibit translation of RTL1
mRNA. b In A*A heterozygotes, the maternal A* allele produces a microRNA that binds to
the mRNA transcribed from the paternal A allele which possesses a single-copy of the partially
palindromic sequence. Translation of RTL1 protein is inhibited. ¢ In AA* heterozygotes, the A
maternal allele does not produce the microRNA and the paternal A* mRNA is translated. d In
A*A* homozygotes, the maternal A* allele is processed as a microRNA that binds to both copies
of the palindromic sequence of the mRNA transcribed from the paternal A* allele. Translation
of RTL1 protein is inhibited.
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hibitors of established alleles. This is a simple consequence of the complementarity
of targeting and targeted sequences transcribed from opposite strands of the same
double helix.

Maternal resources are predicted to be least efficiently distributed when allocation
is controlled by paternally-expressed genes in offspring, more efficiently distributed
when controlled by maternally-expressed genes in offspring, and most efficiently
distributed when controlled by genes expressed in mothers [84]. The level of RTL1
protein is jointly determined by products of the maternal and paternal allele at the
RTL1 locus. We conjecture that coordination between RTL1 alleles allows greater
reproductive efficiency relative to control by a simple paternally-expressed demand
enhancer. The cooperation posited here has some resemblances to the ‘coadaptation’
theory of genomic imprinting that posits an advantage from ‘matching’ of expressed
alleles between parents and offspring [250] [91], although in our model the relevant
‘matching’ is between the maternal and paternal alleles of offspring. We acknowledge
the limitations of this model. An ideal population-genetic model would describe the
dynamics of the system for all allele frequencies. We have found such models, of
fitness trade-offs within families mediated by offspring demand, to be analytically
intractable. Most previous models have avoided these complications by seeking an
evolutionary stable strategy (ESS) that cannot be invaded by alternative strategies
when an allele is near fixation in the population. We did not use an ESS approach

because greenbeard effects are not predicted to be evolutionarily stable.

3.4.5 SEQUENCE CONSERVATION AT THE RTL1 Locus

Greenbeard altruism has been predicted to be vulnerable to exploitation by muta-

tions that maintain the trait, and thus receive the benefits, but do not respond in
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kind (so-called ‘false beards’). As a consequence, evolutionary models of greenbeard
effects often predict periods of cooperation interspersed with periods of exploitation,
accompanied by turnover in the tags used in self-recognition [236]. Despite this pre-
diction, the antisense microRNAs associated with the RTL1 genomic sequence are,
for the most part, highly conserved: pre-miR-~136, pre-miR-127, and pre-miR-433
are highly similar in all eutherian RTL1 genes, as is pre-miR-432 (except in muroid
rodents) and pre-miR-433 (except in xenarthrans where the sequence has not been
found).

A number of factors may have stabilized cum interactions at the RTLI locus.
First, the greenbeard triad of trait, recognition and response are all instantiated by
the same short sequence and its antisense complement. ‘False beards’ may be diffi-
cult to evolve because mutational changes to autotargets that allow the paternally-
expressed mRNA to evade inhibition by unmutated maternally-expressed microR-
NAs would come at the cost of a failure of maternally-expressed microRNAs with
the mutated seed to inhibit paternally-expressed mRNAs with the unmutated tar-
get. Second, escalation in the strength of sense and antisense promoters increases
the cost of loss of inhibition. Third, the accumulation of trans allotargets creates a
selective force that opposes loss of the microRNA. Such allotargets can be consid-
ered to have ‘eavesdropped’ on the conversation between RTL1 sense and antisense
transcripts.

Despite evolutionary conservation of the RTL1 antisense microRNAs in most
eutherian mammals, we find evidence of two episodes of rapid evolutionary change
in the RTL1 sequence. First, we infer an early epoch of rapid change before the
divergence of the major clades of extant eutherian mammals. During this period, the

RTL1 gene originated from a retroelement, became subject to imprinted expression
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and antisense transcription, and gave rise to at least four self-targeting microRNAs.
We are unable to tell whether these changes comprised a single episode of rapid
change or multiple episodes. The details are lost in the fog of evolutionary time.

Second, we infer a relatively recent episode of rapid change in the Rtl1 genes of
muroid rodents. The neighborhood of the ancestral pre-miR-432 has undergone an
expansion of TRA and TRC repeats in an ancestor of rats and mice and of TRB2
repeats in the mouse lineage. Moreover, the number of TRA and TRC repeats
differs between the mouse and rat Rtll genes suggesting changes in one or both
lineages have continued after rats and mice diverged. A novel microRNA (miR-434)
is present in both rats and mice and miR-432 has been lost in both species. We
hypothesize that miR-434 functionally replaced miR-432 in self-targeting of Rtl!
mRNA. This replacement involved the loss of the miR-432 seed sequence and gain
of the miR-434 seed. Our analysis has not resolved whether the gain of miR-434
and loss of miR-432 were evolutionarily contemporaneous or whether there was an
extended period in which both microRNAs were produced. Thus, we do not know at
what stage in the process miR-432-related sequences were deleted in the rat lineage
and TRB2 repeats amplified in the mouse lineage. Some of these questions might
be resolved by comparative studies of Rtl! genes across rodent phylogeny.

The origins of miR-432 and miR-434 were both associated with tandem duplica-
tions of short repeats and, in both cases, more repeats are present than the number
required to generate the pre-miRNA hairpin. Furthermore, differences in the num-
ber of repeats between mouse and rat Rtl1 genes show change in the number of TRC
repeats continued after the origin of miR-434. One consequence of the amplification
of TRC repeats has been the generation of additional allotargets for miR-434-5p

and miR-434-3p. An unanswered question is whether these extra targets increase or
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decrease degradation of Rtlf mRNA. Does the possession of multiple binding sites
increase the probability that an mRNA will be degraded, or do the extra allotargets
function as ‘sponges’ [76] that increase the proportion of Rtll mRNAs that escape
degradation?

Our model of the origin of self-targeting miRNAs from tandem repeats applies
directly to the origins of miR-432 and miR-434, the two microRNAs at the RTL1
locus that are associated with obvious repeats. miR-127, miR-136, miR-431 and
miR-433 are not associated with obvious repeats. Future work could explore whether
these microRNAs also originated from tandem repeats, now highly degenerate, or

originated in some other way.

3.5 CONCLUSIONS

Studies of molecular evolution have focused, for the most part, on the coevolution
of DNA and proteins. For example, whether a DNA sequence is under selection is
inferred from the ratio of synonymous to nonsynonymous changes in protein-coding
sequences. Much of cellular biology has similarly focused on DNA and proteins.
Under the traditional model of cellular control, DNA is transcribed as messenger
RNAs that are translated as proteins which are the effective actors within cells. Some
of these proteins function as transcription factors that bind to DNA promoters and
determine where and when genes are expressed as protein-coding mRNAs.
Noncoding RNAs are increasingly recognized as performing important roles in
cellular control. Imprinted chromosomal regions, in particular, are the source of
many noncoding RNAs, including long noncoding RNAs (IncRNAs), microRNAs
(miRNAs), and small nucleolar RNAs (snoRNAs) [76]. The one-to-one nature of

pairing between complementary nucleic acid sequences gives these interactions both
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dosage-sensitivity and sequence-specificity. Imprinted gene products are predicted to
be dosage-sensitive in their effects because inactivation of one allele by imprinting
would have little effect on fitness at a dosage-insensitive locus [89]. Non-coding
RNAs may therefore be particularly predisposed to the origin and evolutionary
maintenance of imprinted expression.

The sequence-specificity of interactions between non-coding RNAs and their nu-
cleic acid targets promises a strategic richness of ‘clever tricks’ at imprinted loci.
These include opportunities for ‘self-recognition’ in which an RNA recognizes the
DNA sequence from which it was transcribed or recognizes RNAs transcribed from
the complementary strand of the DNA double helix. cum effects have been re-
ported at multiple imprinted loci in addition to RTL1 [112] [66] [237] [28] [27] but
the mechanisms have not been determined. This paper has investigated the evolu-
tion of self-targeting microRNAs at the RTL1 locus. The neighboring protein coding
locus to RTL1is DLK1. DLK]1 is a paternally-expressed gene (PEG) that, in mice,
is targeted in cum by multiple maternally-expressed microRNAs from the callipyge
region [71]. Mammalian genomes contain many other imprinted miRNAs but, to
our knowledge, none have been shown to act in cum. Other examples of antisense
miRNAs that target sense mRNAs in cum have been found in human and mouse
genomes [246] but none are known to be imprinted. An evolutionary understanding

of cum effects at imprinted loci is in its infancy.
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Yet mark’d I where the bolt of Cupid fell: It fell upon
a little western flower, Before, milk-white, now purple

with love’s wound, And maidens call it love in idleness

A Midsummer Night’s Dream

What's love got to do with it?

4.1 ABSTRACT

Oxytocin has commonly been viewed as a molecule that can melt away malevolence
and increase bonding. Its effects, however, are crucially involved in the process
of smooth muscle contraction. Synthesized almost exclusively in mammals, oxy-
tocin is a member of a nonapeptide family constituting one of the most ancient and
evolutionarily conserved signaling systems found in vertebrates and invertebrates.

We postulate that there is an evolutionary connection among the various functions
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attributed to these peptides and examine the molecules as examples of the funda-
mental evolutionary processes by which existing gene products are co-opted into
new functions. Oxytocin and its orthologs, which we are proposing be named oxy-
tokin, are involved in the birth process, including oviposition in non-mammalian
vertebrates and invertebrates while simultaneously reducing feeding behavior. We
believe that the acute anorexic effects of oxytokin released during egg-laying inhibits
the consumption of a female’s own eggs and that the first evolutionary use of oxy-
tokin peptides in social bonding was in the promotion of nurturing feelings towards

clutches of fertilized eggs.

4.2 INTRODUCTION

Our bodies respond to endogenous ‘potions’ that evoke strong feelings toward off-
spring, and sexual partners, that sometimes subvert our rational self-interest. In
recent years, oxytocin has gained notoriety as the ‘love hormone’, ‘trust hormone’,
or ‘cuddle hormone’ [259]. A related peptide, vasopressin, promotes affiliative be-
havior in rodents [111]. However, for more than a century, these peptides were asso-
ciated with diverse physiological functions not directly related to emotional bonding.
Henry Dale[50]detected an activity in pituitary extracts that caused contraction of
involuntary muscles. Similar extracts induced milk ejection from mammary glands
[207] and uterine contractions during labor[81]. All these effects are now ascribed
to oxytocin. A related pituitary extract, later named vasopressin, caused elevation
of blood pressure by the contraction of arteriolar smooth muscle [182][50]. What’s
love and trust got to do with the contraction of involuntary muscles? Is there an
evolutionary connection among the varied functions attributed to oxytocin and va-

sopressin, or, do we simply observe the repurposing of ancient signaling systems for
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diverse and unrelated functions? A discussion of these interesting evolutionary ques-
tions requires a preliminary diversion into the less captivating subject of chemical

names.

4.3 A NOMENCLATURAL PROPOSAL FOR OXYTOCIN-RELATED NEUROPEP-

TIDES

Oxytocin (“quick birth”) was the trade name given of a hypophyseal extract ( -
hypophamine) that caused contraction of uterine smooth muscle. Vasopressin (“ves-
sel constrictor”) was the trade name of a distinct hypophyseal extract ( -hypophamine)
that possessed both pressor and antidiuretic activities [118]. At the time of naming,
little was known about the active principles of these extracts. Subsequent chemical
analysis and synthesis revealed oxytocin and vasopressin to be cyclic nonapeptides
that differed at two amino-acid residues [239] [242]. Because of their structural sim-
plicity and analysis by chemical methods, the names oxytocin and vasopressin were
used to refer to specific chemical structures. When a related peptide was found that
differed at a single amino-acid residue, the peptide was given a new chemical name
(vasotocin, mesotocin, isotocin, conopressin, etc.). Such names represent structural
identity (chemical kinds) rather than orthology (historical kinds: [168]). This use
of chemical names can be contrasted with the evolutionary (or historical) names
of gonadotropin-releasing hormones (GnRHs). Whereas oxytocin-related nonapep-
tides acquire a new name with a change of a single amino acid residue, GnRH-related
decapeptides retain the same name despite differing for up to five out of ten amino
acid residues [123].

The chemical names of oxytocin-related peptides obscure evolutionary relation-

ships because readers need to remember that vasotocin is orthologous to vasopressin
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but mesotocin and isotocin are orthologous to oxytocin. A system of evolutionary
names for oxytocin-related peptides, similar to that employed for GnRH peptides,
would facilitate evolutionary discussion. Larhammar et al. [136]) proposed that all
members of the evolutionary lineage that contains mammalian oxytocin be called
oxytocin and all members of the lineage that contains mammalian vasopressin be
called vasopressin. This proposal unfortunately creates ambiguity about whether
‘oxytocin’ or ‘vasopressin’ is being used to refer to chemical or historical kinds. To
avoid this ambiguity, we will name peptides orthologous to human oxytocin as ‘oxy-
tokins’ and peptides orthologous to human vasopressin as ‘vasotokins’, with a hard
‘k’ indicating the evolutionary kind and reserving the soft ‘c’ of oxytocin (and re-
lated names) for chemical kinds. We will often use the older chemical names when
discussing the older literature but will use the new nomenclature when this sim-
plifies evolutionary arguments. The last common ancestor of jawless vertebrates
(cyclostomes) and jawed vertebrates (gnathostomes) produced a single peptide that
was ancestral to both oxytokin and vasotokin [83]. We will call this peptide ‘oxyva-
sotokin’ Oxytokins, vasotokins, oxyvasotokins, and homologous peptides of inverte-
brates (annetocin, octopressin, conopressin, cephalotocin, etc.) will be collectively
labelled ‘tokins’.

This nomenclatural proposal presupposes the existence of distinct lineages of oxy-
tokin and vasotokin genes since their origin by tandem duplication of an ancestral
oxyvasotokin gene. This presupposition is valid for the sequences encoding the non-
apeptides themselves but not for all parts of their precursor sequences. Oxytokin
and vasotokin genes are closely-linked and share a three-exon structure: the signal
sequence, nonapeptide hormone, and start of the neurophysin domain are encoded

by exon 1; the ‘core’ of the neurophysin domain is encoded by exon 2; and the
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remainder of the neurophysin domain is encoded by exon 3. Although exons 1 and
3 of oxytokin and vasotokin genes evolve independently, exons 2 evolve in concert
such that exon 2 sequences of oxytokin and vasotokin genes from the same species
are more similar to each other than to exon 2 sequences of either gene in distantly-
related species. For this central exon, vasotokin and oxytokin genes comprise a
single evolutionary lineage, most plausibly explained by an evolutionary history of
frequent gene conversions. This means that distinct evolutionary lineages can be
recognized for exons 1 and 3, but not for exon 2 [245].

Oxytokin and vasotokin nonapeptides (encoded by exon 1) can thus be recognized
as distinct historical kinds. These lineages are now distinguished by the presence of
a neutral amino acid at position 8 of oxytokin but a basic amino acid at position
8 of vasotokin. This residue may partly explain differential effects of oxytokin and
vasotokin when interacting with shared receptors. The oxyvasotokin peptide of
lampreys has a basic amino acid at position 8 and thus resembles a vasotokin.
After tandem duplication of the oxyvasotokin gene in an ancestral gnathostome,
oxytokin and vasotokin peptides evolved divergent functions in their interactions
with a shared set of ancestral receptors.

Physiological responses to vertebrate tokins are mediated by a family of cell-
surface receptors with high sequence similarity, especially in the extracellular bind-
ing domain [75]. Distinct V1 and V2 tokin receptors existed before the whole-genome
duplications in early vertebrate ancestry that gave rise to three lineages of V1 recep-
tors (OTR, Vla, V1b) and three lineages of V2 (V2a, V2b, V2c¢) [240]. Signaling via
these receptors stimulates an increase in intracellular calcium ions except for signal-
ing via V2a receptors which signals via cAMP [161]. V2b and V2c receptors have

been lost from mammalian genomes [135]. Mammalian genomes thus possess three
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receptors of the V1 lineage—V1a, V1b and OTR—encoded by AVPR1A, AVPR1B,
OXTR genes respectively and a V2a receptor encoded by AVPR2. Our discussion
will focus on the V1-lineage receptors that are implicated in reproductive and social
functions. Vl1a and V1b receptors are known as vasopressin receptors and the OTR
receptor is known as the oxytocin receptor, but all three receptors can interact with

both peptides.

4.3.1 SYNTHESIS AND RELEASE OF TOKIN PEPTIDES

Oxytokin and vasotokin are synthesized in magnocellular neurons of the supraoptic
and paraventricular nuclei of the hypothalamus of tetrapod brains and secreted into
the bloodstream via the posterior pituitary. In vertebrates, oxytokin is also synthe-
sized peripherally in the corpus luteum, intrauterine tissues, ovary, and gastroin-
testinal tract. In amphibians and fish, these peptides are synthesized in the preoptic
nucleus of the hypothalamus and subsequently released to the periphery. Neurose-
cretory brain centers containing tokins are also present in tunicates, worms[243],
gastropods, and cephalopods [240].

Tokins have unique qualities that facilitate global coordination of complex be-
haviors. Unlike classic neurotransmitters which mediate rapid neuron-to-neuron
communication, oxytokin is dispersed throughout the brain to act on its receptors
as well as being released into the circulatory system to effect remote tissues. This
global, as opposed to local, coordinates whole brain networks in the control of be-
havior, rather than distinct individual areas of the brain. Also, compared to classic
neurotransmitters with half-lives of seconds, tokins have half-lives of minutes. This
longer time-frame allows tokins to coordinate sequences of actions rather than single

acts.

66



The hypothalamus contains many neuronal subpopulations — differentiated by
the signals they use to transmit and receive information. A few of these populations
are neuroendocrine neurons that release peptides which regulate the secretion of
hormones from the pituitary gland, which in turn, control the secretion of other
hormones released from the ovaries, testes, and adrenal glands [141]. Hypothalamic
neuropeptides regulate metabolism and are released during parturition and sexual
stimulation of genitals where they act not only on the body itself, but also on the
brain. These actions, like when to eat or mate, are governed by the location and

density of the peptides’ receptors in the hypothalamus.

4.4 SPASMODIC CONTRACTIONS: GAMETE RELEASE AND PARTURITION

Tokins have important roles in the reproductive physiology and behavior of inver-
tebrates. Tokin signaling in ascidians (sea squirts) regulates tissue contraction for
salt regulation. Though they lack sexual steroidogenesis, tokins directly act on
its receptor expressed in oocytes to induce oocyte maturation and ovulation [160].
Tokin peptides injected into leeches induce the stereotypic sequence of twisting be-
haviors associated with courtship and copulation][243]. Similar phenomena are seen
in nematodes and hermaphroditic gastropods with tokins involved in ejaculation
of sperm or egg-laying [240]. Octopressin, a tokin of octopuses, induces muscular
contractions of the penis and oviduct [234] [119]. These patterns suggest that tokins
play a vital biological role in invertebrate reproduction, though with diversification
of the molecular mechanisms in different evolutionary lineages.

We conjecture that an ancient function of vertebrate tokins was the coordination
of mating behaviors and gamete release in both sexes (similarly to effects reported

in invertebrates). In many taxa with external fertilization, tokins stimulate con-
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tractions of the male and female reproductive tracts at spawning (with males often
spawning soon after the release of eggs). In taxa with internal fertilization, sper-
matozoa are released into the female reproductive tract whose contractions extrude
zygotes or young embryos (males ‘spawn’ before females). Viviparity evolves via the
prolonged retention of embryos within the oviduct rather than the rapid extrusion of
the fertilized egg to the outside. This requires the suppression of contractions of the
oviduct or uterus until the time of birth. Akin to a delayed oviposition, contractions
that at one time caused spawning and the release of eggs, are now involved in the
birth process.

The process of female gamete release can be broken down into ovulation (release
of oocytes from the ovarian follicle) and oviposition (expulsion of oocytes from the
oviduct at spawning). Oxytocin has been reported to have roles in both processes.
In vertebrates, ovulation is induced by a surge of luteinizing hormone (LH), released
from the pituitary, that triggers the production of ovarian prostaglandins. The direct
release of a mature oocyte is a consequence of confined proteolysis at the apical area
of the follicle; a process mediated by prostaglandins, which degrade extracellular
matrices in mammals [178] and rearrange actin cytoskeleton in follicle cells in teleost
fishes ultimately leading to the release of oocytes [177]. In all species, oocytes must
first mature and be released from the ovary prior to being fertilized by a male’s
sperm. The ovary, which releases oocytes and synthesizes steroid hormones, limits
the speed of these cycles. Some of these cycles only last a few days, while others
span a whole year, often relying on seasonal or periodic maturation of the gonads.

The exact timing of ovulation varies in vertebrates. Ovulation in cats and camels
is triggered by coitus whereas ovulation in rats and humans is governed by cycli-

cal behavior of the suprachiasmatic nucleus of the hypothalamus. Other species
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are seasonal breeders where a long period of infertility is interrupted by environ-
mental cues, like day-length and temperature, so that young are born in favorable
conditions.

In oviparous female teleosts, spawning coincides with ovulation because oviducts
have been lost and eggs are released to the outside directly via a duct of the hollow
ovary. During the reproductive season of teleost fish, oxytokin is expressed in both
the brain and follicular envelope of the ovary and is the catalyst for smooth muscle
tissue contraction in the ovary [9]. Female catfish, goldfish, pupfish, masa salmon,
three-spined sticklebacks, and half-spotted goby show changes in oxytokin levels in
the preoptic area in relation to their reproductive phase, with a peak just before ovu-
lation and a significant decrease after [218][179] [140] [134] [158]. More specifically,
in vitro studies of catfish have suggested that oxytokin stimulates oocyte matura-
tion, ovulation, and prostaglandin secretion [218]. The peptide also indirectly affects
ovulation— peripheral injections of oxytokin in female goldfish increases circulating
levels of estradiol (a hormone that regulates folliculogenesis and peaks right before
ovulation)[167]. In the viviparous guppy, fertilization and pregnancy take place
within the ovarian follicle. Oxytokin is involved in the birth process which can be
considered delayed ovulation [133].

Actions of oxytocin on the ovulation and oviposition have been described in birds.
Oocyte maturation and ovulation are mediated primarily via vasotokin receptors
on follicular cells and following sexual steroidogenesis [219]. Oxytocin increases
in the paraventricular nucleus right before oviposition in hens [43]. Oviposition
involves relaxation of the abdominal muscles and sphincter between the shell gland
and vagina and the contraction of smooth muscles of the shell gland. Exogenous

oxytokin binds to receptors in the uterus and can induce premature oviposition in

69



laying hens. Oxytokin plasma levels, rapidly released from the posterior pituitary,
and Vla receptor expression in the uterus increase to reach a peak at oviposition
and drop rapidly afterwards [232]. The avian uterus also preferentially expresses
the oxytokin receptor, which is potently activated by both oxytokin and vasotokin.

Oxytokin has been implicated in events associated with mammalian ovulation.
Many species show some evidence of gonadal expression of oxytokin; in women, the
peptide and its receptors are expressed in cumulus cells around the oocytes [70])
and oxytokin is expressed in Sertoli cells of the bovine testis [181]. While, there
are considerable interspecies differences in the regulation of luteolysis, studies in
the mouse point to the peptide’s role in gonadal function. Here, oxytokin has a
capacity to stimulate ovulation and can advance the luteinizing hormone preovula-
tory surge in the rat[199]. In humans, there are cyclic changes in oxytokin levels:
oxytokin peaks at the time of ovulation and is significantly elevated in the follicular
phase as compared to the luteal phase [22]. Substantial evidence suggests that oxy-
tokin plays a role in regulating the preovulatory LH surge and stimulating sexual
behavior around ovulation [215]. In mammals, oxytokin peaks at ovulation and can
stimulate LH release both in vivo and in vitro and induces an earlier onset of the
preovulatory LH surge in women [61][109]. Though the precise mechanisms remain
unknown, oxytokin may increase stores of releasable LH in cells which would then be
available to be subsequently secreted. The appearance of oxytokin receptor mRNA
in granulosa cells before ovulation suggests that the peptide is involved in follicular
development [181]and progesterone secretion [20)].

Oxytokin has well-known effects of promoting uterine contractions during labor
and is used for this purpose in human obstetrics. However, mammals that lack

oxytokin still deliver their offspring normally. James Ferguson was the first to re-

70



port that stretching of the uterus and cervix of a pregnant rabbit induces oxytokin
secretion— a reflex that initiates a positive feedback loop as oxytokin stimulates
smooth muscle contraction of the uterus, which then stimulates more oxytokin se-
cretion [24]. However, without the peptide, other mechanisms allow for parturition,
which suggests that additional pathways to birth exist and may be compensating
for the functional loss of oxytokin. Pregnant guinea pigs give birth despite lesions
to the neural stalk that prevent secretion of oxytokin [208]oxytokin-deficient mice
have no obvious defects in parturition [233], and in humans circulating oxytokin is
not essential for the initiation and maintenance of labor [174].

The density of oxytokin receptors rise during pregnancy and just before the onset
of labor, their concentrations surge, reaching a peak during early labor. Conse-
quently, the uterus can be stimulated by low concentrations of maternal oxytokin
levels that previously had no effect. In humans, there is a 100-fold increase of oxy-
tokin receptors from the start to end of gestation [67]. The same heightened receptor
density and uterine responsiveness is seen in the rat [69], guinea pig [208], rabbit
[154], quokka [102], wallaby [193], and during oviposition in the chicken [131].

In general, the oxytocin and its receptor within the pregnancy uterus serves
two distinct physiological functions: stimulation of contractions and production
of prostaglandins. At some stage of the labor process, elevated plasma oxytokin is
seen in all placental mammals studied, including human, pig, cow, sheep, and rab-
bit. Oxytokin binding stimulates prostaglandin secretion, particularly PGF2a, in
mammals which causes the increased contractility of uterine smooth muscle tissue
[145] [235]. Contractions during labor increase in frequency and strength due to a
parallel rise in the density and sensitivity of oxytokin receptors. During parturition,

its secretion in pulsatile and peaks during fetal expulsion. For example in the rabbit
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[68], oxytokin peaks during delivery of the first kit, and large pulses of oxytokin
coincide with parturition in bats [48].

Vaginal examination in late pregnancy stimulates the Ferguson reflex so oxytokin
is released from the posterior pituitary, which stimulates uterine prostaglandin pro-
duction. Earlier in pregnancy, this response does not occur, presumably because
there are inadequate oxytokin receptors. Women who go into preterm labor seem to
have an increased expression of oxytokin receptors and higher myometrial sensitivity
to oxytokin [249]. Furthermore, failed induction of labor is associated with a reduced
number of oxytokin receptors. Thus, the initiation of labor appears to depend on
mechanisms that induce the expression of oxytokin receptors in the myometrium
rather affect the oxytokin level itself.

During the expulsive stage of labor, oxytokin levels in the blood increase, and a
greater fraction of oxytokin receptor sites are occupied. Myometrial contractions
are enhanced and delivery is facilitated. Following parturition, the concentration of
uterine oxytokin receptors falls off rapidly, dampening the response of the uterus to
elevated levels of oxytokin in the blood during lactation.

Activation of oxytokin and vasotokin (V1a) receptors located on smooth muscle
cells triggers the massive increase in Ca2+ needed for myometrium contraction dur-
ing labor. While oxytokin receptor antagonists only delay parturition in mice, total
vasotokin receptor deficiencies result in mice with fewer pups, delayed labor initi-
ation, and increased post-delivery hemorrhage [238]. Though vasotokin receptor’s
distribution pattern is different from the oxytokin receptor, it too is expressed in

the uterus and is vital for maximum contractile forces in the uterus.
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4.4.1 LACTATION

Oxytokin’s only fundamental role in mammals is to act as the mediator of the
milk let-down response by causing cells of the mammary gland to contract and
secrete milk into ducts. Although different species vary widely in their suckling
habits, mammals appear to be characterized by a common physiological mechanism
of milk letdown. In response to suckling, oxytokin cells release intermittently in
brief synchronized bursts that cause contraction of the myoepithelial cells around
the alveoli in the mammary glands. Mammals that lack oxytokin mate, conceive,
and give birth; the peptide is important, but not essential, for these phenomena.
The conspicuous lack of any substitute pathways for lactation is curious, given
the presence of an alternative mechanism for uterine contractions at parturition.
The two events are important for reproductive success in mammals. Contractions
of smooth muscle tissue related to parturition is an ancient phenomenon— although
evidence that lactation is an ancient phenomenon, parturition and oviposition, as

well as maternal behaviors are considerably older.

4.5 RECEPTORS

How can oxytokin, one hormone, be involved simultaneously in so many different
things? It is not hard to conceive that different sub-populations of oxytokin neurons
do different things, if they project to very different places that are far apart. Nor is it
hard to conceive how oxytokin produced at peripheral sites has specific, local actions
on adjacent cells— those cells might be indifferent to the oxytokin concentrations in
the plasma but might receive enough oxytokin from adjacent cells to be activated.
However, it is to understand how the magnocellular oxytokin neurons can do several

apparently different things simultaneously without conflict— they can regulate milk
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ejection, parturition, feeding, social and sexual behavior, and sodium excretion.

Even milk letdown isn’t simple. It is bizarre that in marsupials oxytokin secreted
from the pituitary can provide an appropriate supply of milk to newborns of different
ages, whose patterns of suckling and whose needs are different. The marsupial
mammary gland that is being suckled by the newborn is sensitive to oxytokin, and
this suckling leads to intermittent pulses of oxytokin which will trigger milk at this
gland, but not at the other gland, suckled by the older sibling, which is less sensitive
to oxytokin [147]. The older sibling sucks more vigorously, which leads to occasional
larger pulses of oxytokin— they cause milk ejection at both glands— but the glands
suckled by the younger offspring respond similarly to large pulses and small pulses.

In the case of sodium excretion through the kidneys— the kidney is very sensitive
to oxytokin, and at the kidney, this excretion is regulated by a graded, continual
release of oxytokin governed by the continual background activity of oxytokin neu-
rons. Sodium excretion is a slow process and pulses of oxytokin pulses are too brief
and intermittent. By contrast, the mammary glands are relatively insensitive to
oxytokin, all that matters is those large pulses. So by regulating their background
activity and generating intermittent pulses, magnocellular oxytokin neurons can
fulfill both functions without conflict.

These differences are probably achieved by changes in how oxytokin is interpreted
at the receptor or post-receptor level. The response of a tissue to oxytokin is defined
by the level of expression of oxytokin receptors in that tissue. Oxytokin can regulate
both uterine contractions and milk letdown because the uterus is only fully sensitive
to oxytokin at the time of birth, and the mammary gland, only during lactation.

In ascidians, the tokin receptor (CiVPR) mRNA was detected in various tissues:

the neural complex, alimentary tract, endostyle, heart, and ovary[124]. The distri-

74



bution of tokin receptors suggests that the tokin peptide serves as a multifunctional
neuropeptide and was transferred from the brain ganglion to target peripheral tis-
sues and the receptor evokes an intracellular calcium elevation in response to the
tokin[124].

The distribution pattern of the oxytokin receptor in teleost fish in the brain is
widespread with a pattern similar to those of oxytokin receptors in other taxa [107],
suggesting that the functions in teleost fish may be conserved as compared to those of
the oxytokin receptor. Peripherally in African cichlid fish, the V1a2 receptor mRNA
expressed in ovary, intestine, liver and oxytokin receptor in gill, mouth epithelium,
gall, and gas bladder [157]. Oxytocin receptor detected in testis, ovary, intestine,
and kidney of ricefield eels and teleost white sucker [255] [100].

These examinations in species separated by several hundred million years suggest
that there has been strong conservation not only of the genes but also of the main
functions of oxytokin and vasotokin. The duplication of the oxyvasotokin gene in
the jawless fish allowed subsequent neuroendocrine systems to diverge into refined

roles.

4.6 APPETITE

Time spent feeding is time not spent on reproduction, but an animal must feed
to reproduce. Thus, these fitness-enhancing behaviors are expected to be regulated
coordinately and often to be mutually exclusive activities: feeding is the first priority
of a starving animal but reproduction becomes a stronger motivation in an animal
replete with food. An early indication that feeding and mating are coordinated was
found in C. elegans where mate seeking behavior is responsive to nutritional status

and regulated by an insulin-like signaling pathway [148]. There is extensive evidence
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that tokin peptides reduce appetite at the same time as they enhance reproductive
activities.

Oxytokin neurons in the paraventricular nucleus extend into the spinal cord and
affect thermogenesis, pain processing, and erectile function. Other neurons innervate
the dorsal vagal complex in the brainstem, which affects the regulation of digestive
functions of the stomach and esophagus, and sends a message back to the hypotha-
lamus to stop eating when the stomach is full. Oxytokin neurons also project to the
nucleus accumbens where the peptide halts reward-driven food consumption while
heightening the reward linked with social interactions. Physiology is at its finest
here because oxytokin’s varying actions can be explained by different neuronal sub-
populations projecting to different brain sites: oxytokin release can act locally at
specialized brain sites. But much more interesting is how the magnocellular oxy-
tokin neurons, involved in milk let-down and parturition in mammals, also have a
role in appetite.

Oxytokin’s importance in appetite regulation as a satiety peptide was recognized
first by Olson and her colleagues[183]who found that ingestion of food and adminis-
tration of cholecystokinin (CCK) elevated plasma oxytokin levels. This led them to
propose that satiety might involve stimulation of hypothalamic oxytokinergic path-
ways that control the inhibition of ingestion. Later, Arletti et al. [8]noted that
central administration of oxytocin reduces both food intake and time spent eating
in a dose-dependent manner, and increases the latency to the first meal in fasted
rats[8].

Food in the stomach stimulates the release of gastric juices and digestive hor-
mones, including insulin, leptin and CCK. As food is digested, leptin and CCK

signal magnocellular neurons in the hypothalamus. Not only do these neurons re-
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lease oxytokin into plasma, but also release the peptide locally near the amygdala
and ventromedial nucleus, helping to produce that feeling of satiety. The satiety
effect may be the result of oxytokin sensitizing the brain to CCK’s effects[23], as well
as to oxytokin causing the smooth muscles of the digestive tract to contract[149].
Both of these sites are dense with oxytokin receptors and are important in regulating
glucose homeostasis, sexual behavior, and feeding.

Oxytocin’s ability to reduce food intake was first reported in 1989 in rats[8] and
since then a plethora of studies support the involvement of oxytocin in reducing
feeding. The peptide reduces consumption of food, regardless of whether the sub-
ject is offered sugar or tasteless laboratory chow[252]. All the evidence so far has
linked oxytokin with stopping feeding due to increased satiation or in response to
uncomfortable physiological changes, like stomach distention.

In rodents, central oxytokin administration inhibits eating in fasted rats and sup-
presses voluntary intake of carbohydrates[183]. In mice, a mutated oxytokin receptor
increases meal sizes [233]and if given at high doses, inhibits food intake[113]. More-
over, while oxytokin suppresses feeding in rodents, it concurrently intensifies sexual
behaviors, such as facilitating lordosis[8]. V1a receptor deficient mice eat 20% less
a day as compared to wild-type mice[6]. In non-human primates, administration of
oxytokin reduces intake of sweet beverages. In humans, oxytokin secretion is stim-
ulated by gastric distention or administration of CCK. Intravenous and intranasal
oxytokin in dogs and goats increases their glucagon and insulin secretion, both of
which reduce the feeling of hunger. In humans, oxytokin administration reduces
food intake and improves gastric motility[23], an effect that is most likely driven
by oxytokin receptors on gut smooth muscle[190]. In mammals, both oxytokin and

its receptor are expressed in the gut where they suppress intestinal motility, reg-
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ulate the permeability of the mucosal lining of the intestine, and protect against
inflammation.

Oxytokin functions in the regulation of energy intake in non-mammalian ver-
tebrates. In birds, goldfish, chicks, and gilthead sea breams, central injections of
oxytokin has an anorexigenic effect[159] [167][221]. Injections of oxytokin caused a
significant reduction in food intake by 43% in goldfish, while simultaneously prompt-
ing ovulation (Mennigen et al 2017). In goldfish, administration of vasotokin too
significantly reduces food consumption and this action is attenuated by treatment
with a Vla receptor antagonist|[7]. This suggests that the anorexigenic actions of
oxytokin and vasotokin are partially mediated via Vla receptors.

Tokin peptides have half-lives of a few minutes. Therefore, their effects on ap-
petite are predicted to be acute, but short-lived. Eggs contain a rich source of
nutrients for the support of offspring development and are an attractive food source
for adults of many species, but consuming your own eggs seems an exercise in re-
productive futility. Therefore, a mechanism that inhibited the consumption of one’s
own offspring would be highly adaptive. I conjecture that the surge of tokin pep-
tides associated with the contraction of involuntary muscles during spawning in both
sexes was coupled, early in animal evolution, to an immediate inhibition of appetite
to prevent the consumption of an animal’s own offspring.

Most marine teleosts release large numbers of small, buoyant eggs that con-
tain relatively small amounts of yolk. Some sturgeons lay more than 5 million
eggs[30]and mackerel may deposit as many as 6 million eggs during each yearly
breeding cycle[60]. The eggs are fertilized externally and develop and hatch while
floating in the water. This mode of reproduction, which provides for wide dispersal

of the juveniles, may have evolved as a way of reducing predation and adverse effects
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of local environmental changes[156]. Freshwater fishes lay fewer eggs than marine
species—these eggs are significantly larger than those of marine species because of
a greater amount of yolk. Eggs hatch into juveniles with adult-like body forms. In
addition, nest-building and parental care are more common in freshwater species
than in marine species. Clutch size in both freshwater and marine fishes is corre-
lated positively with fish length[60]: larger fishes tend to lay a greater number of
relatively small eggs.

Filial cannibalism has often been reported in teleost fish[155]. Rohwer[201]was
the first to recognize the prospect that filial cannibalism might be an adaptive
strategy to maximize a parent’s lifetime reproductive success. His assertion is based
on the assumption that it pays to kill your offspring if the costs associated with
care exceed the benefits, and that parents can use their young as an alternative
food source. Males and females should display differences in the frequency of filial
cannibalism because they invest differently in gamete production; a female cannot
fully recoup the energy she invested in a clutch by eating her eggs, but a male
can gain energy by eating his partner’s eggs. Filial cannibalism is notably well-
documented in fishes with male parental care and rarely seen in females. Many fish
will eat eggs as a rich source of nutrients, but males and females do not eat their own
recently fertilized eggs immediately after spawning. Moreover, the female medaka
fish carries her brood in her pelvic fin for several hours after giving birth. This time
also coincides with when she has maximal oxytokin receptors in the preoptic area
of her hypothalamus, beginning right before laying her eggs[179].

Captive loggerhead turtles have decreased appetite before and during their breed-
ing period, compared to the rest of the year[117]. Cannibalism, of either related or

unrelated clutches, in female poison frogs is suppressed after oviposition[226]and
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in female cichlid fish after spawning[47], emphasizing the prominent role of ovipo-
sition in mediating aggressive and affiliative behaviors. The disposition for filial
cannibalism ends suddenly when oviposition occurs, initiating parental care. The
same relation between filial cannibalism and oviposition is also found in microhylid
frogs— females only cannibalize clutches when they are not spawning[217]. Simi-
larly in mammals, female rodents are aggressive towards unrelated pups, but shift
to affiliative behaviors after mating [185].

It is reasonable that oxytokin’s inhibitory effects on appetite are directly linked
to its stimulatory effects on sexual behavior and this link reflects an evolutionar-
ily conserved regulation of the two motivational drives. The peptides are created
and released just before oviposition and ovulation, while also inhibiting feeding in
the female. Oxytokin’s primary effect originated as inducing muscular contrac-
tion of reproductive ducts and regulating oviposition and spawning behaviors, all
accompanied with a decrease in appetite. This suggests that the complex mam-
malian caregiving system may have grown out of the avoidance of filial cannibalism.
Though oxytokin is central in egg-laying and avoiding noxious behavior, the peptide

has evolved to have other functions for nurturance.

4.6.1 WHAT’S LOVE GOT TO DO WITH IT?

In the previous section, we argued that the acute anorexic effects of tokin peptides
released during spawning inhibits the consumption of a female’s own eggs (and in
males inhibits the consumption of eggs fertilized by a male’s sperm). This is perhaps
the simplest form of parental care and is all that is required in species in which
parents and offspring do not maintain contact after spawning. However, in species

in which one or both parents remains with the eggs, the parental guardian needs
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to become ‘attached’ to the eggs as things to be nurtured rather than eaten. (In
many egg-guarding species, appetite continues to be suppressed and the caretaking
parent does not feed during the extended period of brood care.) We conjecture that
the first evolutionary use of tokin peptides in social bonding was in the promotion
of nurturing feelings towards clutches of fertilized eggs.

We are not postulating that the world is full of hedonistic amphibians or ecstatic
sponges, as a lizard never trusts other lizards. Oxytokin in an iguana is only released
during mating and egg laying and cobras bolt the moment they are born. Instead
of relying on maternal care, a young lizard sprints away from the nest the moment
they hatch. Most fish mothers do not even wait for their offspring to hatch— she
swims away the moment her eggs are fertilized.

Though parental care is widespread, our understanding of its underlying mech-
anisms remains rudimentary. Though evidence is sparse, oxytokin may affect ma-
ternal behavior in some avian species, like promoting nest-building in zebra finches
and rearing chicks in Thai hens[79] [43]. After oxytokin injection, virgin female
rats display all essential aspects of maternal behavior, including nest building and
assuming a nursing posture[62] [186]. Similar to rats, sheep show maternal behav-
ior only after parturition, or, alternatively, with experimentally increased oxytokin
levels[126].

In the highly social world of moles, voles, and prairie dogs, oxytokin can regulate
all forms of attachment, including bonding to a mate, tolerance of neighbors in
the cage or colony, even tolerance of one’s own offspring. By inhibiting oxytokin,
researchers have induced mothers to shun their offspring; with administration, it
causes mothers to nurture offspring not their own.

Though a large amount of experimental evidence substantiates oxytokin’s role in
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regulating the onset of maternal behavior, we still do not fully understand what bol-
sters nurturance in females. Pedersen and Prange[186] were the first to discover that
oxytokin has a central effect on motherhood, with central (intracerebroventricular)
infusion of oxytokin into both gonadally intact or ovariectomized (but estrogen-
primed) female rats showing maternal behavior hours after treatment. Oxytokin
is only one of many maternal chemicals, but perhaps is not even that critically
important. A current broad view posits that the peptide advances positive bond-
ing behavior, but this view is challenged by a growing number of studies; the link
between hormones and behaviors cannot be accurately summarized by basic prox-
imate mechanisms. Two groups in the 1990’s concurrently concluded that female
mice with an oxytokin knockout were able to reproduce, give birth, and care for
their offspring[174] [257], though not able to lactate. In addition, a recent recon-
sideration of oxytokin’s involvement suggests that once maternal behaviors have
been established, the peptide is not critical for maternal behavior. If oxytokin’s
receptors are blocked in a mother rat’s brain three days after birth, her maternal
care is not affected[195]— oxytokin has a greater relevance for the onset rather than
maintenance of care.

Rats display an intricate collection of maternal behaviors immediately after giving
birth. She will find soft materials to build a nest and groom her pups. Before she was
pregnant, she would have avoided newborn pups but now as a mother she collects
her offspring into a nest, allows them to suckle, and keeps a watchful eye so they
don’t wander away. She even forcefully attacks and defends her nest from outsiders.
These behaviors are all seen after a vaginal birth, but are absent if her pups are
birthed by a caesarean section or her oxytokin release is impaired. Her maternal

behaviors can be rescued with a central injection of oxytokin.
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Mother sheep are more discerning than rats. During birth, the ewe’s vagina and
cervix is stretched, which excites neurons and triggers oxytokin release from the
hypothalamus. Some of the peptide reaches the olfactory bulb, which immediately
alters her behavior— fixed to her lamb’s smell[49]. Without oxytokin in the olfactory
bulb, dams are disgusted by the smell of amniotic fluid.

Moreover, the peptide might not even be necessary for cooperative breeding in
non-mammalian vertebrates. Adam Reddon and his colleagues[191] showed recently
that there is a negative correlation between brain oxytokin expression and coopera-
tive breeding in cichlid fishes, which suggests that the peptide may reduce affiliative
nature. But other groups have argued that the peptide is vital for parental care
in teleost fish as an antagonist inhibits behaviors like digging nest sites or fanning
oxygen-rich water over growing brood[176].

Sexual pleasure in humans is connected to eating because it signals the brain via
the vagus nerve. Leptin and CCK produced during digestion signal the brain via the
vagus nerve. In response, the hypothalamus releases oxytokin. Barry Komisaruk
and Beverly Whipple[132] were the first to discover that women with spinal cord
injuries experience sexual stimulation via the vagus nerve. Bypassing the spinal
cord, nerves from the clitoris, mammary glands, uterus, and skin connect to the
vagus nerve, causing the release of oxytokin. Evidently, the vagus is the conduit for
sensations that accompany arousal as well as for satiety.

When it comes to behavior, oxytokin is released two ways in the brain: di-
rect transport from oxytokin-producing cells to specific regions and broad diffusion
throughout the brain for action on its receptors. The location of these receptors
are associated with mental states that can be broadly categorized as anticipatory,

appetitive, and aversive.
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Consider the lobster— outside of mating both sexes are highly aggressive, territo-
rial, and often tend to be cannibalistic. But during their courtship ritual, a female
must exit her protective exoskeleton, leaving herself vulnerable, before mating. Cen-
trally released tokin prompts her to suspend all wariness just long enough for the
tryst. Oxytokin has been called the love hormone[259]. It is a wishful phrase, so
patently reductionist that it hardly deserves being challenged. Still, the peptide
is a player in the sensation of love. It shows up in circumstances where affiliative
behaviors are called for. During childbirth, it is released from the brain and into the
bloodstream. It stimulates the milk letdown reflex and stimulates smooth muscle
tissue contractions. It gets the baby born, it gets the baby fed, and it might as well
help get the baby loved. Vasotokin is also a good candidate for bonding as it, like
oxytokin, is needed for lactation. It enables the body to retain water, and if you can-
not retain fluids, lactation is impossible. Vasotokin also enhances memory[206], and
it is a good idea to remember individuals who are significant— children for example.

We still lack conclusive evidence whether oxytokin systems reliably evolve in
connection with bonding behavior. Though the prevalent thought is that these
peptides promote positive behavior, this relationship may not be ancestrally rooted
as parental care is not pervasive in the animal kingdom.

In mammals, oxytokin is a key mediator of bonding of mother to offspring as
well as, perhaps, attachment of offspring to mother, forged during parturition[36],
lactation, and emotionally ‘warm’ touch [210]. One possible evolutionary scenario
is that, given its role in parturition, oviposition, and lactation, oxytokin was co-
opted to possess specific neuromodulatory effects that support mothering in an
early mammal[36] [46]. Then again, as oxytokin supports mothering in some avian

species and even promotes elaborate nesting behavior in turtles[35], perhaps a more
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plausible scenario is that oxytokin’s physiological role in reproduction set the stage
for its neuromodulatory influence on maternal behavior in vertebrates — it may have
a deeper evolutionary origin predating the evolution of mammals. Once oxytokin
also came to play a critical physiological role in lactation in mammals, its regulation
of maternal behavior may have evolved to become more elaborate. Have oxytokin’s
social effects evolved to support energy regulation, which includes the most efficient

feeding strategy for the given environment?

4.7 SYNTHESIS

Evolution does not take large leaps. Rather than create new systems, most changes
use the differentiation of a pre-existing characteristic to garner a new outcome.
These new systems are not exaptations in the sense that they do not replace exist-
ing systems, but expand as overlapping systems. The advent of each new function
increases the complexity of the organism[53]. The oxytokin behavioral system differ-
entiated out of an old system that still exists even though it added newer capabilities.
Therefore, the oxytokin network evolved as a continuity of systems.

The expression of tokin in early invertebrate development points to the use of
peptide signaling in the early ontogenesis of this ancient group of organisms. The
central nervous system of sea squirt larvae, which is made up of around 100 neurons
express tokin genes[204]. Tokins are also expressed in roundworm larvae[74] and red
flour beetles[227]. Oxytokin neuron developed is conserved in vertebrates as they are
created early in embryonic development in both mammals and non-mammals[80].
In humans, oxytokin is first generated prenatally, which indicates that the peptide
plays a role in fetal physiology because unlike receptor expression in the brain (which

vary across lifespan) the number of oxytokin neurons is similar between gestation
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to adulthood [80].

Examinations into when this system made its appearance in evolutionary history
and how it evolved over time can offer valuable constraints on functional interpre-
tation. A peptide system that exists today most likely did not originally appear
with strictly the same suite of organized effects or activating circumstances. The
oxytokin system has been shaped over time among lineages in ways sensitive to new
demands on species in the lineage. Oxytokin, in mammals, now has functions that
are redundant. While natural selection is efficient at removing behaviors that are
counter adaptive, oxytokin’s function on the uterus during parturition is not essen-
tial but also not deleterious. Any mechanism that favors a successful birth will be

preserved as long as maintaining the repetitive function is not costly.
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