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Benomic imprinting

The term epigenetic ig uged to refer to mechanigmg that do not involve changes in the DNA gequence
and that are heritable from one cell generation to the next.

Unlike heritable changes due to mutation or directed gene rearrangement, epigenetic modifications are
revergible and can be removed from genes and chromogomeg without leaving behind any permanent
change to the genetic material

We congider a particular clase of epigenetic imprintg, thoge that mark the parental origin of genomeg,
chromogomeg, and geneg. Genes regulated by such “genomic imprinting™ are expressed depending on
whether they are on the maternally or on the paternally derived chromogome. Some imprinted genes are
expregged only from the paternal chromogome, whereag others are exclugively expressed from the
maternal chromogome.
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Epigenetic regulation of normal cellular processes ig typically driven in a cell type-dependent
manner, requiring a complex interplay between different layere of epigenetic information,
including ONA methylation, nucleosome positions, histone modifications, and expreagion of
noncoding RNA. Several epigenetic mechanigmg help establish and congolidate the correct
higher-order chromatin structures and gene-expregsion patterng during differentiation and
development. Of these, DNA methylation is the best-studied epigenetic modification in
mammalge. Precice DNA methylation patterng are establiched during embryonic development
and are mitotically inherited through multiple cellular divigione. DNA methylation i necegsary
for normal cell development, underpinning X chromogome inactivation, control of gome tiegue-
gpecific gene expregsion, and regulation of imprinted alleles, with widespread effecte on
cellular growth and genomic atability.

Epigenetic mechaniemg that govern the role of epigenetics in gene expression without
changing the underlying DNA gequence; include chromatin structure, higtone modificationg,
nucleogome pogitioning, and ONA methylation.

DNA | h‘b
methylation @

—3}% vo&f Histone modifications



DNA methylation
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The best studied epigenetic modification is DNA methylation. [n the genomeg of
mammalg, thie covalent modification occure at many of the cytogine regidues
that are folowed by a quanine residue. [n mogt cageg, the acquisition and
gomatic maintenance of such ‘Cp@ methylation’ induces gene repreggion.
Houwever, there are aleo examples where DNA methylation at gpecific gequence
elements permitg the expresgion of neighbouring genes



Histone modificationg
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Fig. 2 Post-translational histone modifications. (A) Core histones can be methylated, acetylated, phosphorylated,
ubiquitinated or SUMOylated, to modulate gene expression. (B) Known modifications on the amino-terminal tails of
core histones H3 and H4.



Histone modificationg

Type of Histone

modification H3K4 H3K9 H3K14 H3K27 H3K79 H3K122 H4K20 H2BK5
mono-methylation ' activation® activation!”] activation!”] activation!(”)(®] activation”) activation(’]
di-methylation | activation repression®! repression®] activation!®

_ _ e ) ) activation,/®! .
tri-methylation  activation®! repression!”] repressionl’] ) repression!®!

repression!’]
acetylation activation[®! ' activation[®! activation('®! activation('']

« H3K4me3 is enriched in transcriptionally active promoters.[12]
« H3K9me3 is found in constitutively repressed genes.

« H3K27me is found in facultatively repressed genes.[”]

« H3K36me3 is found in actively transcribed gene bodies.

» H3K9ac is found in actively transcribed promoters.

» H3K14ac is found in actively transcribed promoters.

» H3K27ac distinguishes active enhancers from poised enhancers.
» H3K122ac is enriched in poised promoters and also found in a different type of putative enhancer that lacks H3K27ac.



Benomic [mprinting

» Nonequivalence in expresgion of alleles at certain gene loci
dependent on the parent of origin.

* Only one parental allele is expressed.

» The current number of imprinted genes in the mouse ig
approximately 150  (http://www.mousebook.org/catalog.php?
catalog=imprinting).

» The imprinted genes are typically located in clugters of 312 (or
more) geneg (I-2Mb) that play esgential roleg in the growth and
development of the fetug, ag well ag in pogt-natal behavior and
metaboligm.



Benomic [mprinting

» Mogt imprinted clugters contain protein coding genes and noncoding
RNAg (neRNAg). The neRNAg are of different varietieg (mloroRNAg
enoRNAg, and IneRNAg), come of which are eggential to the mechaniem
that imprints these genes in ¢

» Thege clusters typically contain genes that are expressed exclusively
from the maternally or paternally inherited chromogomes

» While many imprinted geneg are ubiquitously imprinted, some exhibit
tisgue-gpecific or temporal-gpecitic imprinting pattern.

» Each well-studied clugter hag a digcrete imprinting control region (ICR)
that exhibite parent-of-origin-gpecific epigenetic modifications  (ONA
methylation and post-translational higtone modificationg) and governs the
imprinting of the locus. Although the mechanigm(g) that confer the allele-
gpecific epigenetic modifications ig poorly undergtood.



» The acquigition of methylation at ICRe oceurs in the germ line de novo by DNMT3A
and DNMT3L with a emall number of [CRe becoming methylated in eperm cellg, and
the majority acquiring methylation in oocytes—paternal and maternal [CRe,
regpectively. [t ig of interegt that paternal [CRe are always located in intergenic
regions while maternal (CRg are located at promoter sequences.

« [n addition to the ICR; other differentially methylated regione (DMRe) are located at
some imprinted clusters, but a notable difference between (CRg and thege DMRg ig
that differential methylation of the latter ia not germline established, but rather ig
acquired poet-fertilization. [n all cageg, these go-called secondary DMRe—to
digtinguish them from regions such ag (CRe that acquire differential methylation in the
germline—require the (CR for their egtablishment.

» The mechanieme through which [CRe control gene exprescion in their respective
clugters are diverse and remain the gubject of active regearch, including analygie of
regulation by ncRNAg and of the relationghips between DNA methylation and higtone
and non-higtone proteing.

+ Little ig known about why certain UNA sequences become methylated

- Acquisition of methylation repregente the “active” process in establishing differential
methylation



» [n the germline, far more gequences are differentially methylated
between oocytee and eperm than the [CRg; recent genome-wide
studies suggest they are in the counte of thougands in oocytes and
hundreds in sperm. [n contragt to [CRe these sequences generally
looge methylation after fertilization, suggesting targeted maintenance
of DNA methylation at gpecific sequences ig esgential for the
germline-derived differential methylation of imprinted loci.

- ZEP57, zine finger proteing, hag been shown to be required to
maintain the ONA methylation memory at imprinte during post-
fertilization reprogramming when the bulk of the genome is changing
ite epigenetic state. ZFO57 binde methylated DNA and ig thought to
recruit methyltrangferages to imprinting control regiong hence
preventing them from logg of their imprinte.




Most Imprinted Genes are Found in Clusters and
Regulated by Imprinting Control Regions
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DNA methylation changeg during developmental epigenetic
reprogramming.

Primordial germ cells
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Following fertilieation, a new wave of DNA demethylation takes place that ig distinct on the parental
genomes.

In the zygote, ONA methylation of the paternal genome i rapidly eraged by an active mechaniam (blue
line).

Demethylation of the maternal genome ie glower (red line) and i dependent on ONA replication
(paggive demethylation).

Thege pogt-fertiliation demethylation evente do not include imprinted gOMRg (green dotted line),
reaulting in parental-allele-gpecific methylation of these elements in early embryos and congequent
parental-allele-gpecific expression of agsociated imprinted genes. Concomitant with blagtocyst
implantation and cell-lineage  defermination, new methylation landscapes become established,
aggociated with cellular differentiation.

ZFD57, hag been shown to be required to maintain the ONA methylation memory at imprinte during
post-fertilization reprogramming when the bulk of the genome ig changing ite epigenetic state. ZFP57
binds methylated DNA and is thought to recruit methyltrangferageg to imprinting control regiong hence
preventing them from losg of their imprints.



EVOLUTION OF IMPRINTING

Imprinting i not unique to mammals but is known to oceur in geed plants and invertebrate epecies ag
well.

Imprinting hag evolved from the initial obgervationg in mouge embryog to a rapidly expanding field with
importance for mammalian development and genetice, and human digeage.
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Imprinting evolved independently in flowering plante and in mammalg in regponge to similar selective
presaureg (many maternally and paternally expresged geneg digplay complementary dosage-dependent
effecte during embryogenesic)



EVOLUTION OF (MPRINTING: Darental conflict theory

Several hypotheses were introduced 1o
explain thig intriguing fact, but the “eex
conflict” wag one the most popular among
them.  According to thie  hypothegis,
maternal imprinted genes in mammalg are
regpongible for the suppresgion of foetal
growth in order to gave maternal regourceg
for subgequent pregnancies. [n contragt,
paternal imprinted genes are involved in the
promotion of foetal growth that provides
higher chances of eurvival for many
offspring.




IMPRINTED GENE FUNCTIONS in the embryo and the placenta

IGF2
H19
IGF2R
GRB10
GRB10

UBE3A

PEG3

NDN

NESP
GNAS

Expressed Allele

Paternal

Maternal
Maternal
Maternal

Paternal

Maternal

Paternal

Paternal

Maternal

Maternal

Function of Gene Product

Positive regulator of general growth
Negative regulator of general growth
Negative regulator of general growth
Negative regulator of general growth
Signal adaptor

Ubiquitin ligase & transcriptional co-
activator

Zinc finger protein; control of
apoptosis

Regulator of neuronal growth and
differentiation

Secretory pathway

Signal transduction

Role in Embryo
Growth

Suppression of growth
Suppression of growth
Suppression of growth
Aggression

Memory, learning,
motor function

Sex-specific behavior

Spatial learning;
socialization

Exploratory behavior

Cognition & sleep

PEG3

PEG1

MASH2

PHLDA2

CDKN1C

SLC22A3

Helix-loop-helix transcription factor

Pleckstrin homology domain protein

Expressed Allele Function of Gene Product
Zinc finger protein; control of

Paternal apoptosis

Paternal Hydrolase

Paternal

Maternal

Maternal Cell cycle regulator

Maternal Cation transporter

®
n
N\

Role in Placenta
Growth
Growth
Spongiotrophoblast
development
Spongiotrophoblast
restriction
Spongiotrophoblast
restriction

Nutrient transfer




IMPRINTING EVIDENCE

The first evidence of the parental genome’s memory in mammalg
came from experiments conducted by the Surani, MeGrath and Solter
groupe with pronuclei trangplantation in mouse zygotes in 1984
Thege studies were aimed at angwering the question about the
abgence of parthenogenegie in mammalian reproduction. Thege
pioneers” studieg established that diploidy alone ie not sufficient for
embryonic development, but that a balance of maternal and paternal
genomeg ig strongly required for normal embryogenesis.

Moreover, the impact of parental genomeg on embryo development ig
different. [t geemg that the maternal genome ig regpongible for the
development of the embryo body to a greater extent, whereag the
paternal one ig involved in the cupport of extraembryonic tissue
differentiation.



Embryological EVIDENCE
of imprinting

Completion of Mouse Embryogenesis Requires
Both the Maternal and Paternal Genomes

Summary

Transplantation of pronuclei between one-cell-stage
embryos was used to construct diploid mouse em-
bryos with two female pronuclei (biparental gyno-
genones) or two male pronuclei (biparental andro-

0092-8674/84/050179-05 $02.00/0

Removal of a single pronucleus, followed by
the introduction of a second pronucleus from
another embryo, was used to construct
biparental diploid gynogenetic and
androgenetic and control (one male and one
female pronucleus) nuclear-transplant
embryos.

Maternal and paternal genomic
contributions are not functionally
identlcal and both are essential to
complete embryogenesis.

Normal zygote Gynogenetic ‘zygoxd™  Androgenetx “zygod

genones). The ability of these embryos to develop
to term was compared with control nuclear-trans-
plant embryos in which the male or the female pro-
nucleus was replaced with an isoparental pronu-
cleus from another embryo. The results show that
diploid biparental gynogenetic and androgenetic
embryos do not complete normal embryogenesis,
whereas control nuclear transplant embryos do. We
conclude that the maternal and paternal contribu-
tions to the embryonic genome in mammals are not
equivalent and that a diploid genome derived from
only one of the two parental sexes is incapable of
supporting complete embryogenesis.
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Extraembryonic membranes at day 10 of
gestation: yolk sac (YS) and trophoblast (TB)

Surani, McGrath and Solter, 1984-1987
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Surani, Mg:Grath and Solter, 1984-1987
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Normal Too much! Not enought!

Many imprinted geneg influence fetal growth and development. [mprinted genee that enhance
growth are mogtly expressed from the paternal allele. Several other imprinted genes, which reduce
growth, are expresged from the maternal allele.



TRANSLOCATION AS EVIDENCE FOR IMPRINTING

UNIPARENTAL DISOMY FOR INDIVIDUAL CHROMOSOME

1. chromosomal fusion occurs 2. mouse's diploid gentoype is this 3. chromosomes can segregate many different ways in meiosis
chr11/13 ¢ N\ v N\ ¢ N\
chri1 chr13 metacentric
it = [H[TT] HTJ[ T] HT][ T]
R ——
metacentric
chromosome proper segregation nondisjunction nondisjunction
4. cross males and female mice 5. some combinations of gametes 6. maternal and paternal disomy have reciprocal effects
heterozygous for the fusion result in uniparental disomy
-ﬂ . d ooy ode ¢ s # 7 2
a1 E X |[x|x T
T-? Solo[x|x|x|x T T
females are oo X|x|x|u (x| x \ ¥ v ¥
homozygous for a
recessive marker o X|Xjup| X | X| X -
—_—
9| X|X| X/ X|Xu offspring with balanced offspring with balanced
-9 X | X | X| X |up| X maternal disomy are paternal disomy are
unusually small unusually large

Uniparental disomy refers to the gituation in which 2 copieg of a chromosome come from the game
parent, ingtead of | copy coming from the mother, and [ copy coming from the father.



Imprinted chromogomal domaing in the mouse with the agsociated developmental phenotypes in maternal
(indicated to the left) and paternal (to the right) digomies.

2 6 7 9
Phenotypes P M P g 8 3 8
. Q Q
in maternal Fetal viabviiity g Early Neonatal
Placental  embryonic .
. & growth th ) lethality
di somy retardation | 1| CVEr9rowin lethality Postnatal growth
Growth & viability
retardation [ Postnatal || |
Decreased lethality
cerebellar Postnatal
folding - growth
Hypokinetic Hyperkinetic Fetal Early embryonic
behavior | behavior & lethali 0 O jethality -
&lethality H | lethality ethality
L Opposite phenotypes
11 12 17 18
M P M P M P M P
Prenatal ﬂ ﬁPrenatal (e J0% ) Q B neconatal Fotal Q QFetaI
undergrowth overgrowth { lethality g?osv h arowth
retardation? retardation?
. | Ll Embryonic
E’t?]t;?t;”gc 1 [ lethality &
undergrowth overgrowth L1 L

In total, 12 chromogomal regions with imprinting phenotypeg have been identified on &8 different
autosomal chromogomeg. The large majority of the known imprinted geneg maps to thege
chromogomal regiong. Probably, the remainder of the genome compriseg few imprinted geneg or
containg imprinted genes that give rige to minor phenotypes only when pregent in two maternal or
two paternal copieg.



PROXIMAL PORTION OF MOUSE CHROMOSOME I
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Two imprinted genes have been identified in this domain, UZafl-ral and GrblO. The latter could be
regpongible for the phenotypes of the maternal and paternal dicomies. [te main embryonic
trangeript ie expreged from the maternal allele only, and it encodes a protein with a negative
effect on the growth-requlating (GF/INS pathway.



How does a growing organiem requlate ite gize and body
proportiong?

GrblO le a Negative Regulator of Growth (negative regulator of ingulin gignaling and other growth-
related pathways )

Mother

GrblO hag functional roles in embryonic development,
cellular growth, and behavior.

Ouring  development, both  body cize and
proportione are influenced by the combined
actiong of GrblO in the mother, controlling nutrient
supply, and GrblO in the offepring, controlling
demand. When the cupply/demand balance ig
digrupted, body proportions during development
are perturbed, programming altered glucose

homeogfaglg lh [a.l.er [l{e Interactions between maternal and offspring Grb70 control
) body size and proportions. From Cowley et al (2014), PLoS Biol.

supply/demand
balance controls
offspring size
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GrblO hag a role in modulating cocial behaviour. Thig ig particularly intriguing because it is the
paternally-inherited allele of Grb/0 which performe this role, whilst the growth control functions of
BrblO are mediated by the maternally-inherited allele.

Thig ig the firet example of a gene demongtrating different functiong for ite parental alleles.



GrblO’e role

GrblO’e role in ingulin ignaling ie the most well undergtood, where it acte ag an
inhibitor. When (R bindg ingulin, a cagcade of phosphorylation evente ultimately
activates the PISK/AKT and MAPIK pathways. Activation of thege two pathways
leads to a variety of metabolic congequences affecting the storage and synthesis of
glucoge and fatty acids, in addition to promoting cellular growth through requlating
proteing important for the cell cycle and other mitogenic factors.

Additionally, both pathways can activate mTORCI, a protein complex that integrates
growth gignals and acte positively upon cell proliferation.

GrblO inhibits ineulin signaling by interacting with R in regponge to ingulin
atimulation. Once bound, GrblO inhibite the catalytic activity of [R. Additionally,
GrblO hag recently been described ag a phogphorylation substrate of the mTORSI
complex. Phogphorylation and etabilization of GrblO by mTORCI leads to the
feedback inhibition of PISK/AKT and MALK pathwayg, downstream of R,

Ineulin-like growth factor (IGF) cignaling ig inhibited by GrblO directly binding and
degrading (GFIR through ite interaction with NEDD4, a ubiquitin protein ligage.
GrblO hag algo been implicated ag a negative requlator of growth-hormone signaling
through direct interaction with GRH



A minority of imprinted geneg are not part of an imprinted
gene clugter

A minority of imprinted genes are not part of an imprinted gene
clugter. One of thege ig the U2afl-related cequence- | gene (U2afl-ral)
on proximal mouge chromogome I Thig intronlegg gene is repregged on
the maternal chromogome and encodes a brain-gpecitic RNA gplicing
factor homologoug to the splicing factor UZAF. The imprinted U2afl-
rel gene hag arigen via a retrotrangpogition event in rodents, and in
humang there is no equivalent imprinted gene.
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DISTAL PORTION OF MOUSE CHROMOSOME 2
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Such behavioral phenotypes emphagize that imprinted genes can affect behavior. A emall number of
imprinted ?eneg were digcovered on distal mouse chromogome 2. Two of these have neuroendocrine

functiong
paternal digomy mice.

Gnag and Gnag-x) and are involved in the behavioral phenotypes of the maternal and



DISTAL PORTION OF MOUSE CHROMOSOME 7
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O imprinted genes have been mapped to the DISTAL PORTION OF MOUSE CHROMOSOME 7.
Several of thege are part of the ingulin-like growth factor/ineulin gignaling pathway (IGF/INS pathway)
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Fig.4 The imprinted domain on distal mouse chromosome 7 (human chromosome 11q15). Shown are the imprinted genes and their known functions.
Lollypops indicate the allele-specific DNA methylation at the two imprinting-control regions.



The corregponding chromogomal region in humang, chromosome
pl5.5, ig involved in the Beckwith — Wiedemann syndrome
(BWS), a human growth digorder that can be cauged by paternal
disomy of thig imprinted region.

Growth
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Benomic [mprinting

Two mechanismg have been degeribed for mediating imprinting in clusterg:

. Silencing through # eie neRNA (macro-neRNA) trangeription
2. Silencing through the ingulator

[t ie pogible that both mechanisms are uged, but in a tiseue-gpecific manner.

Silencing through in cig neRNA

| n Ingulator model of Imprinting
trangceription
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Ingulator model of [mprinting

The ingulator model ie exemplified by the HI9/lgf2 locus. Here, the intergenic ICR ig
paternally methylated. On ﬁwe unmethylated maternal allele, CTCF binding prevente
enhancers from interacting with the (gf2 promoter. [nstead, the enhancere activate HIO
IneRNA expresgion, which inhibite paternal allele expression by recruiting MBD! and
KMT. On the paternal allele, methylation of the ICR gpreads to the HI9 promoter,
silencing ite  expresgion, and prevents CTCF from binding the [CR, " allowing  the
enhancerg to activate [gf2 expresgion.

A Insulator model of imprinting: the H19/Igf2 dzomain

Maternal allele CT CF

. Active maternal allele
?99 ii
_u’_ . Active paternal allele | @\
Igf2 Enhancers
ICR

Paternal allele T Unmethylated DMR

/—\ pan‘a"y
111 methylated DMR
T .l{ f_ e G T
Methylated DMR

Igf2 H19 Enhancers Slc38a4 or Pegl locus

[t remaing to be determined how DNA methylation ig recruited to gpecific CpGs. Recently,
a link hag been found between higtone methylation and DNA methylation suggesting that
patterng of histone methylation could dictate patterns of DNA methylation, which could
then be stably inherited.




Chromatin loop formation
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In the HI9-1gf2 imprinted locug CTCF (red pentagon) binds to regiong flanking lgf2 and
dimerizes, looping the gene and phygically inhibiting itg interaction with digtal enhancers. On
the paternally inherited allele, CTCF doeg not bind and enhancers are in contact with lgf2
and the gene ig expregsed; right: Model; Looping of DNA gequences through the action of
CTCF (red pentagon) can geparate regiong or bring them into contact;

The model uggeste that on the unmethylated maternally inherited chromogome, CTCF
binds to the (CR and algo to an upetream comatic OMR located 5' of /72



Ingulator model of [mprinting

GrblO ie expressed maternally from mogt adult tissuee and paternally in neuronal tigsues.

Grb10 (chr11:11930499-12037420; mm10) 1A (Major)
A.S.

----H—H—HH—H 4IR—I i

CTCF

1B2 (Neuronal)

1B1 (Neuronal)
1C (Neuronal/Embryonic)

GrblO ig exrregged from the maternal chromogome in mogt tigsueg in the mouge but ig expressed from
the paternal allele in a subget of neurong. Maternal expreggion occurs from the GrblO major promoter
whereag GrblO paternal expresgion comeg from three downgtream alternative promoterg. The region
surrounding one of thege alternative promoters hag been identified ag an [CR, which exhibite DNA
methylation only on the maternal allele in all examined tissues. On the paternal allele, the unmethylated
GrblO ICR ie bound by CCCTC-binding factor (CTCF), a multifunctional transeription factor, which ig
recruited in a DNA methylation-gensitive manner

In motor neurong there ig a switch of GrblO promoter uged. Specifically, the maternally expressed

major promoter i reprecsed whereag the paternally expressed neuron-gpecific promoter ig activated,
concordant with neuronal maturation.



ncRNA model of Imprinting (Kengl)

For Kengl domain, the [CR containg the promoter of the Kenglot IneRNA.
On the paternal allele, the [CR ig unmethylated, allowing Kenglotl
expresgion. Kenglot! expreggion silences the paternal allele of the linked
geneg in cig. On the maternal allele, Kenglotl i not expressed due to
methylation of the (CR; and the adjacent imprinted genes are expresged.

B ncRNA model of imprinting: the Kcng1 domain
Kengiotl

Paternal allele
Bl Active maternal allele T _H_E,E : EH_E.i— C

- Active paternal allele -rn”s,22 Ph‘daz Cdknfc Kcan rssc4 Cd&’ ASsz
ICR Osbpls Nap14 Sic22a18 Kenglot1
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T Methylsted MR Maternal allele
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Tnfrsf22  Phida2 Caknic Kengl Tsscd Cd81 Asci2
Osbpls Nap1ld Sic22a18 Kcnglotl

Mechanieme that control imprinting in the placenta differ from thoge
mechaniemg that regulate imprinting in somatic lineages.



Mechanigme for IncRNA-mediated imprinting

Daternally expressed Aenglot/ RNA interacte with chromatin in cie and
recruite higtone modifying complexes, euch ag PRC2, PRC! and B9, to
the promoters of imprinted genes. Thie promotes the egtablishment of
represgive heterochromatin and silencing of placental-gpecific imprinted
genee. Kenglotl RNA establishee the repregcive chromatin of imprinted
geneg in the Kengl locus via a multilayered silencing pathway involving both
repreggive higtone modifications and ONA methylation.

B ubiquitously imprinted genes [  Placental specificimprinted genes [ Non-imprinted genes

Ascl2  Tspan32 Cd81 Tssc4 Kcnql Cdknic Slc22a18 Phida2 Napi4  Carsi Osbpl5



ncRNA model of (mprinting (lgfr2)

For the [gf2r locus, trangeription of the Airn IneRNA is governed by a promoter within the
ICR and ig expregged from the unmethylated paternal allele. [n somatic celle, transeription
of Airn over the [gf2r promoter precludes lgf2r expresaion, in part by kicking RNA
Folgmerage [l (OOL-l) off of the fpromo’rer In extraembryonic lineages Eﬁplacemfa) Airn
ncRNA recruite enzymes that confer represgive higtone modificationg to silence genes in

cig (Scl224l/a2).
C ncRNA model of imprinting: the /gf2r domain
-----
. Active maternal allele Paternal allele . = T ~
- - ~
[l Active paternal allele s MY NAARIUL
ICR C —l—-h__h_!—i.—% POL i T
? Unmethylated DMR Sic22a3 Slc22a2 Sic22al lgfer
; Maternal allele
Partially S
methylated DMR POL-Il
c— - o —
1 Methylated DMR
Sic22a3 Slc22a2 Sikc22a7 Igfar

[nterestingly, mechaniemg that control imprinting in the placenta—a ghort-lived organ—may differ
from those mechanismg that regulate imprinting in the much longer-lived gomatic lineages.



Silencing through i cie neRNA trangeription

In the lgf2r locus, the gilencing of the overlapping lgf2r gene is mediated by the Airn
trangeription teelf whereag Airn RNA mediates the gilencing of the non-overlapping
placentally imprinted geneg through the recruitment of 9a -> H3K9me.

Slc22a3 Slc22a2 Slic22a1 Igf2r Mas1

RNAP Il occlusion l

B ubiquitously imprinted genes BB  Placental specific imprinted genes [ Non-imprinted genes



Airn can worke by trangeriptional overlap

lgf2r silencing doeg not require any part of the A IneRNA, but only trangeription through
the /pf2r promoter. To test the role of Airn trangeription versug product in lgf2r gilencing,
they uged homologoug recombination in embryonic etem (ES) celle to insert polyadenylation
(polyA) caggettes on the paternal chromogome that truncate Airn to different lengthe.

Early differentiation Late differentiation

Truncaﬁon O{ A/'/‘/’) ﬁ‘om -l-hg 8’ silencing by Airn DNA methylation is Airn can silence
transcriptional overlap sufficient for maintenance at any time
end (3" trunc) after but not

before the  [pf2r promoter w  —EFEA- | e——g |
maintaing Airn-mediated A A T oVYa | T T
silencing  (middle). The Aim T
romoter wag aleo moved close _O_ﬁ v ¢
E‘)o the 9/ 2r promoter (5 trunc): = | AA A
l9f2r wag silenced in thie cage D @

too (bottom).  Airn only needs to

turn Airn turn Airn

5’ trunc

overlap the /g2 promoter to ook

. . 4——— low (silent) Igf2r < transcriptional stop
QIlQﬂCQ “', 3’ aﬂd 5’ Qequeﬂceg G Medium Igf2r @ promoter - closed chromatin
are ﬂOf ngcgggary « high Igfer O promoter - open chromatin

Airn transcription  <M> DNA methylation



Imprinted macro neRNAs might uge different modes of silencing in embryonic
and placental tigeueg

[n embryonic tiseues, only a few genes are silenced by the neRNA in the Aeng/ and lpr2r
clugters. No localigation of the ncRNA to chromatin hag been reported in the embryo. The
+rangcrif)ﬁon of the ncRNA ig eufficient to gilence all geneg by interfering with the binding of
ecential trangeription factors (black ellipge), thereby inducing gene silencing by interrupting
enhancer interactiong (dached arrows).

B Embryo: promoter-specific/regulator transcription interference
Sic22a18

Kcnqt1 cluster Kenq1 Kcengqlotl Cdkn1c Phida2
Igf2r cluster ‘
Igfer Y . Alm
Key:
‘ Transcription factor ';Transcription factor binding site == 3D interaction

V Blocked enhancer interaction N ncRNA Silent imprinted allele




Imprinted macro neRNAs might uge different modes of silencing in embryonic
and placental tigeueg

In the placenta, Aenglof/in the Keng/ cluster ig trangeribed from the paternal allele and localises
to the whole imprinted domain, inducing the recruitment of represgive higtones, which leads to
gene gilencing. [n the /p72r cluster, Airn locates to the silent S222a3 promoter recruiting
represgive higtone modifications that gilence Sl22a3. In both caseg, the neRNA iteelf ig
involved in the silencing process.

A Placenta: large silent domain, RNA-directed silencing
Kcng1 cluster

Tspan32 Tssc4 Slc22a18 Nap1/4 Tnfrsf23
Ascl2 Cd8t Keng1l Kenglot1  Cdknic  Phida2 Osbpl‘
d MA,AJDMQ,_Q,MM
Igfer cluster LooE?
Slc22a3 Slc22a2 lgfer Airn
Key:
‘ Transcription factor ~  :Transcription factor binding site == 3D interaction

V Blocked enhancer interaction N ncRNA Silent imprinted allele




X Chromosome Inactivation (XCl)

Inactivation of the paternally inherited X is
initiated in cleavage-stage embryos. Imprinted
inactivation ( ) of the paternally
inherited X is maintained in the developing
extra-embryonic lineages. In the inner cell
mass of blastocysts, reactivation of the
inactive X (Xi) occurs specifically in cells that
will form the embryo (blue). Subsequently,
both X chromosomes are active in the cells of
the developing epiblast between embryonic
day 3.5 (E3.5) and E5.5 (blue). Random XCI
(red) of either the paternally or maternally
inherited X chromosome is initiated around
E5.5. Once established, the XCl pattern is
maintained in the somatic lineages of female
mice. In the developing germ line, the Xi is
reactivated such that both X chromosomes are
active in oogenesis.

o~

Sperm £

/‘rJ QOocyte /‘ ’\% :

Zygote
E0.5
) Imprinted
Reactivation inactivation
of’the Xl.m of the paternal
primordial X chromosome
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Stable maintenance of the
Xi in somatic mouse cells «
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X Chromosome Inactivation Center (Xic)

« XCI is regulated by cis-acting master control regions the X Chromosome

Inativation Center (Xic) that has been mapped to a 100-500 kb region. Genetic
analyses based on knockouts, gain-of-function mutations, and transgenic
overexpression have shown that the Xic is necessary and sufficient to regulate XCI.

XIC controls expression of the XIST gene (X-inactive-specific transcript) that
produces a 17-20 kb ncRNA molecule. Xist ncRNA “coats” the entire local X-
chromosome — cis-acting.

Deleting the noncoding locus Xist results in loss of
silencing capability (1996) and female-specific
lethality.

Xist localization to the X
chromosome



X Chromosome Inactivation-mechanisms
Initial XIST RNA expression and coating

Association of chromatin modifying proteins (HDACs, PRCs and other proteins)
DNA methylation of X-chromosome genes

Modification of histones by HMTs (H3K27me3 and H3K9me3) and hypoacetylation
Recruitment of the histone variant macroH2A

DNA methylation within the CpG island

Formation of condensed chromatin

ATRX - Ati7ip

7 ™ MBDi )
PRC2 GQ&J Cyl SmcHD1
PRC1 \ , (seTost)
\ Xist } ? ( \ J

-, yarid2 s '& | N
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PRC1 recruitment PRC2 recruitment H3K27 and H3K9me3 H3KS9me2 propagation DNA methylation
(H3K27me3-independent) deposition

< interaction — catalyses H3K27me3 (' H3K9me2 DNA methylation © H2A Ub



RAD-MS identifies direct Xist-interacting proteing

RAD-MS ugeg ultraviolet (UV) erogglinking
to create covalent bondg between directly
interacting RNA and protein and purifies
IneRNAg in denaturing conditions to digrupt
non-covalent interactions. LnRNA  are
purified ~ with  antigenge  biotinylated
oligonucleotideg and the interacting proteing
are identified by quantitative masg
gpectrometry.

Thie  UV-crosglinking and  denaturing
approach ig known to identify only direct
RNA-protein interactiong and to geparate
interactiong that are crosglinked in the cell
from thoge that merely aggociate in golution.
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A model for Xier-mediated trangeriptional gilencing

Xigt can localize to siteg on the X chromogome by binding to the SAF-A protein, which ig known to
interact directly with chromatin. Xie# interacte directly with SHARD 1o recruit SMRT to thege DNA
siteg acrose the inactive X chromogome. This Xie-SHARD-SMRT complex recruite/activates
HDAC3 acrose the X chromogome. Through HOAC3, Xigf can direct the removal of activating
higtone acetylation marks on chromatin, thereby compacting chromatin and gilencing trangeription.
Upon initiating the silenced state, Xief recruite ORCZ acrose the X chromogome in an HOAC3-
dependent manner, either through a direct interaction between PRC2 and HOACS or indirectly

through HOAC3-induced transeriptional silencing or chromatin compaction (OPRCZ2 ig regponible for
H3K27me3 an higtone represgive modification).

HNRNPU/ PN
SAF-A

HNRNPU/
SAF-A

SAF-A




Xie IneRNAg

The X-inactivation center containg multiple genee encoding
IneRNAg, including Xiet, Teix, Xite, Jpx/Enox, Fix, and Tex.
Many of these loci requlated Xist expresgion, some acting
negatively (e.q., Taix), others poaitively (e.q., Jpx)

However, whether these loci act through their trangeription,
RNA product or DNA elements, and at which of thege levele Xist
i requlated, remain open quegtions.

X-Inactivation Center (Xic)

5 kb

Xist - RepA

E ) ‘—_ I: . I Jpx/Enox
nf12 ' '




Taix RNA represced Xiet expreagion

[aix ig trangeribed antigenge acrogg Xist, and repregses Xief
by preventing its upregulation / cre. Current evidence pointg
fo the act of trangeription, rather than Teix RNA, acting
represgively on Xigt expreggion.

Taix algo participates in mediating the choice of the future
inactive X chromogome. hel?ing mediate choice during
random XCl. Teix hag been also proposed to prevent Xist
activation on the maternal X during imprinted XCl.

Xist
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Jpx RNA activates Xist

I pre-XCl cell, CTCF (CCCTC-binding factor) represses Xist
trangeription. At the onget of XCl, Jpx RNA s upregulated,
binde CICF, and extricateg CTCF from one Xigt allele. CTCF ig
aleo an RNA-binding protein and ig titrated away from the Xist
promoter by Jox RNA. Thug, Jpx activates Xist in #rane by
evicting CTCF.

However, a deletion on one X encompagsing the Jpx locug
showed a reduced XCl phenotype that wag not rescued by a
second Jpx copy introduced ag a BAC tranggene indicating only
3 cig-effect i~ O

l
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DOSAGE IS IMPORTANT:

Role of imprinting in human disease
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Role of imprinting in human digeage

In humans, gix imprinted regions have been congistently
asgociated with digeage. Many of these imprinting digorderg
cannot be explained by abgence of a single gene product. In fact,
the phenotypic divercity agcociated with each eyndrome ig
congigtent with absence of expreggion or mig-expregsion of
multiple genes in the relevant region. Mig-expresgion can be due
to:

- mutationg in imprinted geneg

- methylation defecte at [CRe or other regulatory regiong

- uniparental disomy (UOD), where an imprinted chromogomal
region from one parent ig replaced by the game chromogomal
region from the other parent.



Two imprinting dicorders caused by genetic or epigenetic changes in the
same region can result in oppogite growth phenotypes
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Ruseell-Silver syndrome (RSS), an under-growth disorder, ig
due to overexpregsion of maternal alleles and logg of paternal
gene expresgion for chromogome ([pI5.5. For the game region
on [[pI5.5, overexpression of paternal alleles and lose of
maternal gene expression leads to Beckwith-Wiedemann
ayndrome ?BWQ), an overgrowth digorder. Of note, RSS can
aleo be due to maternal UPD for chromogome 7.

BWS incidence: [/13700 live birthe, characterized by both
fetal and extraembryonic overgrowth

RSS ig characterized by severe pre- and postnatal growth
retardation including chort stature with a normal head gize, a
triangular face with prominent forehead, and gkeletal/limb
agymmetry

Thege digorders demongtrate the oppoging effects of imprinted genes on fetal and extraembryonic
growth and development.



The chromosomal region 11p15.5

Silencing through in cis Insulator model of
NCRNA transcription Imprinting
A. Normal

cen Q CDKN1C (cNa1 ——I6F2  —Ia i te
CH,
cen " — CDKNIC — . Kcnal ICl  — H19 tel

L— kcnqioTI

The chromosomal region 11p15.5 encodes several growth- promoting and -inhibiting
factors and plays a key role in human growth and development. The region spans around 1
Mb and harbors two separate imprinting control regions (ICRs): The telomeric ICR1 (H19
DMR) is methylated on the paternal allele, whereas the centromeric ICR2 (KvDMR1;
KCNQ10T1 DMR) is maternally methylated



Beckwith-Wiedemann syndrome

A. Normal CH,
- e .

CH,
cen @' comnze — . kenaz E— C1 — H19 te

L— xcnaioT1

Normal imprinting and methylation at the 11p15 locus

B. BWS: Maternal IC2 LOM: 50%

* CDKN1C ! KCNQ1

KCNQl OoT1

Hypomethylation at the human
ICR (IC2) in the KCNQ1 locus
leads to BWS

‘ CDKN1C ! KCNQ1I LOM: loss of methylation

KCNQ10T1

CDKN1C is a cyclin-dependent kinase inhibitor of G1 cyclin complexes and acts to negatively
regulate cell growth and proliferation leading to BWS overgrowth disorder



Beckwith-Wiedemann syndrome

CH,
cen " T CDKNIC T . KCNQ1 E— ICL  — H19 ke

L— kcnqioT1

Normal imprinting and methylation at the 11p15 locus

C. BWS: Maternal IC1 GOM: 5-7%

CH
® o
Hypermethylation at IC1 in the H19/IGF2

locus leads to BWS.

CH,
. . |
GOM: gain of methylation ‘—i IC1 = H19

Overexpression of the growth factor IGF2 and downregulation of H19, which encodes a
ncRNA and microRNA (miR-675) implicated in growth suppression, with a developmental
consequence of overgrowth




Beckwith-Wiedemann syndrome

A. Normal

cH,
con @' coknic — . kenaz i 1~ H19 te

L— xcnaioT1

Normal imprinting and methylation at the 11p15 locus

D. BWS: Paternal 11p15 uniparental disomy: 20%

‘ ——— CDKNIC — . KCNQ1

L— «cnaioTI

‘ " CDKNIC . KCNQ1 i

L— «cnvaioTa

~ Hi19 o

Paternal uniparental disomy leads to BWS.



Russell-Silver syndrome

A. Normal CH,

cH,
cen @f'— coknzc — . kenaz i 1~ H19 te

L— kenvaiori
Normal imprinting and methylation at the 11p15 locus

F. RSS: Maternal 11p15 uniparental disomy

Q D i”; cer T

Maternal uniparental disomy leading to RSS (under-growth disorder the growth factor IGF2
is downregulated) CDKN1C, that negatively regulate cell growth and proliferation, is
overexpressed




Russell-Silver syndrome

A. Normal CH,

CH,
cen " ~ CDKNIC T . KcNa1 i ICL  — H19 bl

L— xcnaioT1

Normal imprinting and methylation at the 11p15 locus

E. RSS: Paternal IC1 LOM: 50%
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