





























contents

Course coordinators, course description and target audience

Programme

Introduction to ESHRE

Speakers’ contributions

Preparing embryonic development in male gametes — Bradley Cairns (USA)

What do we know about genes affecting embryo implantation? —
Nick Macklon (United Kingdom)

What is epigenetics and how can it affect embryo development? -
Jorn Walter (Germany)

Small RNAs and control of retrotransposons during gametogenesis and
early development - Martin Matzuk (USA)

Chorionic gonadotropin beta-gene variants as a risk factor for recurrent
miscarriages - Maris Laan (Estonia)

Genomic changes detected by array CGH in human embryos with
developmental defects — Evica Rajcan-Separovic (Canada)

Non invasive prenatal diagnosis using cell-free nucleic acids - Diana Bianchi
(USA)

Genetics of molar pregnancies — Rosemary Fisher (United Kingdom)

Gene therapy for the fetus: how far have we come? — Donald Peebles
(United Kingdom)

Upcoming ESHRE Campus Courses

Notes

Page 5

Page 7

Page 9

Page

Page

Page

Page

Page

Page

Page

Page

Page
Page

Page






Course coordinators

Ole B. Christiansen (Denmark, SIG Early Pregnancy) and Stephane Viville (France, SIG Reproductive
Genetics)

Course description

The course is basic to advanced.

The course will give an overview of which genes are known or believed to influence fertilization,
embryo implantation and early embryo development before and after implantation. Potential
pathophysiologic pathways linking genetics and abnormal fertilization, implantation and embryo
development will be discussed. Consequences of the current knowledge in the management of
infertility, implantation failure after ART and recurrent miscarriage will be reviewed

Target audience

Reproductive physicians, embryologists and basic scientists






Scientific programme

Genetics of embryo fertilization and implantation

09.00 - 09.30 Preparing embryonic development in male gametes — Bradley Cairns (USA)

09.30 - 09.45 Discussion

09.45-10.15 What do we know about genes affecting embryo implantation? — Nick Macklon
(United Kingdom)

10.15-10.30 Discussion

10.30-11.00 Coffee break

Epigenetics and ART

11.00-11.30 What is epigenetics and how can it affect embryo development? - Jorn Walter
(Germany)

11.30-11.45 Discussion

11.45-12.15 Small RNAs and control of retrotransposons during gametogenesis and early
development - Martin Matzuk (USA)

12.15-12.30 Discussion

12.30-13.30 Lunch

Genetics and pregnancy

13.30 - 14.00

14.00 - 14.30

14.00 - 14.15
14.15-14.45

14.45 - 15.00

15.00 - 15.30

15.30-16.00
16.00 - 16.15

Chorionic gonadotropin beta-gene variants as a risk factor for recurrent
miscarriages - Maris Laan (Estonia)

Genomic changes detected by array CGH in human embryos with developmental
defects — Evica Rajcan-Separovic (Canada)

Discussion

Non invasive prenatal diagnosis using cell-free nucleic acids - Diana Bianchi
(USA)

Discussion

Coffee break

Genetics of molar pregnancies — Rosemary Fisher (United Kingdom)
Discussion

Treatment of genetic abnormalities affecting reproduction

16.15-16.45
16.45-17.00

Gene therapy for the fetus: how far have we come? — Donald Peebles (UK)
Discussion














































































Both endometrium and embryo
quality predict implantation

Boomsma et al, HR 2009
Boomsma et al, Hum Reprod 20(




An in vitro model for embryo
endometrium interactions

1 2 3

grow decidualize co-culture

é 2 {7 ® embryo

Collagenase
| |1 I |
& 100 pm
40 pm
0,°0° o _, Percoll
0”59 oo Gradient

Embryo-endometrial cross talk: in vitro model

Thawing cryo-preserved
Day 4 embryos

in vitro extended culture
Day 5

‘ Day 8 Human Embryo
Assessment of ) )
Day 8 Embryo quality 4y Cytokine profile

G. Teklenberg et al, 2009

Decidual cell response to arresting vs developing embryos




The non-decidualised endomterium:no response

receptive endometrium

Endometrial
Embryo Stromal Cells
silent
\ i
— | Maintainance of cytokinesitrophic factors
ytokines
trophic factors
receptors.
noisy
_
- non receptive
Downregulation of cytokineshrophic factors
_

The poor embryo has to work harder

Less viable embryo:

The viable embryo: b
Transcriptome and proteome not OK

Transcriptome and

proteome OK compensates l
Repair
Growth Rescue

Development Apoptosis




Does the embryo signal affect gene expression?

+ Incubated decidualized HESCs with pooled culture supernatants from
poorly developing embryos (n=30) and from embryos of ongoing pregnancies (n=30).

« Control cultures :decidualized HESCs incubated with unconditioned embryo culture medium.

No embryo
(control)

*Total RNA was harvested after 12 hours of incubation

*Subjected to genome-wide expression profiling.

Dysregulated Genes in Stromal Cells

Real time PCR validation

Teklenburg et al, Submitted

From Implantation window to Selection window

Teklenburg et al 2011
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What is epigenetics and how can it affect
embryo development?

JORN WALTER

INST. SGENETICS
UNIVERSITAT
s
SUARLANDES

Definition of Epigenetics

4Heritable“ and reversible changes of the chromatin
structure which influence the functional state of the
genome

» Gene expression (control of regulatory elements)
» Genomic stability (recombination & repair)
» Replication (timing, coordination and segregation)

Epigenetic control is important for:

Genome structure and function: Chromosome
organisation/compaction, maintenance of nuclear
integrity and identity (mitosis/meiosis)

Transcriptional memory and control: long term control
of developmental processes, e.g. silencing of
developmental regulators

Genome defence: silencing of retroviral/transposable
elements, ,Taming of transposable elements*”




Epigenetic control

i. A combination of covalent DNA- and histone
modifications

ii. A combination of proteins/enzymes setting
and reading these modifications

Epigenetic modifications

DNA-methylation Histone modifications
(5-methylcytosine, (Methylation, Acetylation,

5-Hydroxymethylcytosine) Phosphorylation, Ubiquitination,
Sumoylation, Isomerisation,...)

DNA-sequence + Il " ﬂ ﬂ ﬂ ﬂ ) .
Histone variants

structure
(repeats,gene structure, length, (H1.1, H2AX, H2AZ,H3.3, CenpA..)
base content, CpG islands... )

RNASs None-histone proteins
(smallRNAs, TF's, Repressors, Chromatin-Remodellers,
NCcRNAS,..) Chromatin-associated proteins, ......
DNA-Methylation
DNA-Methyltransferases N,

Y/‘\ )\i\/‘(cm

Cytosine 5metiCytosine o ‘
DNA

SAM SAH Tet1-3 oxygenasesNH
2

chHloH
; |

hy hyl|

(BhvdroymetnyiCytosine) O/AT

DNA

Tahiliani et al 2009
Kriaucionis and Heintz 2009




Epigenetic programs and development
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DNA-Methylation in the zygotic




Dynamic change of 5mC and 5hmC the zygote
— otomeo | ISR WG

5mC

5mC

5hmC
5hmC

Conversion of 5mC to 5hmC is mediated by Tet
dioxygenases:

Reduction of Tet3 activity changes the DNA-methylation reprogramming

D icsl )
; ;_> 8h incubation I,/I é_;:,-fm. cultivation '
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MIl Cocyte MIl Qocyte PNS Zygote

Reduction of Tet3 activity changes the DNA-methylation
reprogramming

scrambled

siRMA

Tet3 KD




Epigenetic control is important for
development

Pluripotenz

Differenzierung

Conrad Waddington: Epigenetic andscape & "Canalization”
Modified: Timo C. Dinger & Albrecht Maller

Why epigenetic memory is important for development :

Stem cell - genes ready for action
ES cells (Zygote)

> > > > > >

genetic + epigenetic programs

= = —

some genes on, some off

B S S = > —

some genes on, some off




Epigenetic programs and development

Pluriopotency genes Lineage specification genes

Key Observations:
Epigenetic changes lead to the activation of pluripotency genes

Changes in epigenetic modification are specific and necessary to
Induce the development of inner cell mass cells and to establish
ES and TS (Epiblast stem) cells

Manipulations of embryos (e.g. “cloning” SCNT) lead to
Abnormal reprogramming which results in increased failure
of development.

Supplementary figure: How is DNA methylation
copied and lost during replication

m— O e R ey O KR e e e o e rm—— o p—

O e e | o e o




Small RNAs and control of retrotransposons
during gametogenesis and early development

Focus of Today’s Talk

CERVIX -

OVARY

Endometrium

StromayMuscle

« piRNAs in male
reproduction

« SIRNAs & microRNAs
in female reproduction

BCM

et sapreiys
Comparison of Small RNAs
PIWI Interacting RNAs Vs MicroRNAs/siRNAs

i pemary raace: |

|

Fof

Tarccash

[

Farazi, Juranek, and Tuschl, Development, 2008

= ~28 nt noncoding ssRNAs
= Dicer-independent

Kotaja and Sassone-Corsi, Nature Reviews (2007)

= ~22 nt noncoding ssRNAs

Dicer-dependent

= Probably >100,000 in mammals

= Suppress retrotransposons in male
germ cells through interactions with
PIWI family members such as MILI

>1000 in humans

Target complementary
transcripts for translational
repression and mRNA cleavage

Table: Small RNA characteristics and
tissue(s) of function in mammals.

transposon synthesis

piRNA siRNA mikNA
Approximate sizes 25-30m 18-24n0 182401
Major cell type Male germ cell Oocyte Multiple
DICER-dependent Mo Yes Yes
Drosha-dependent No Mo Yes
DGCRE- New No Yes
dependent
Major function Suppression of Cleavage of Cleavage of target mRNA

transposon mRMNAs

and suppression of
translation

Estimated number

=10,000

=10,000

600- 1000




PIWI Family Versus AGO Family
|

PIWILA PIWILL PIWIL3  PIWIL2 AGO2 AGOL AGO3 AGO4

(MIWI2) (MIWI) (MILI)
PIWI FAMILY AGO FAMILY
PIWI granules AGO granules

Non-repea( Repeat-associated i
-associated siRNAs
PIRNAS piRNAs
Ve ~27nt

1 ~22n

Y
<~ Male Germ Ce
~oe

~ Retrotransposon mRNAs
? N

SS.
~,
S
.

S
Cellular mRNAs

Topic 1

< piRNAs in male
reproduction

piRNA History

< piRNAs were originally identified through their
association with Drosophila PIWI (P-element-induced
wimpy testis) family members, and studies in the fruit fly
have revealed many of their properties

< In 2006, several reports identified piRNAs for the first
time in the germlines of mice and rats

< piRNAs (and their synthesis pathways) are deeply
rooted among the animalia kingdom from sponges to
humans, have recently been discovered in Tetrahymena
and Paramecium, but are absent in plantae and fungi
which employ siRNAs instead

< The functions of piRNAs are nearly exclusive to
gametogenesis and are essential to spermatogenesis in
mammals through their ability to maintain the integrity of
the germline.




Pathways for synthesis of piRNAs

Primary piRNA Pathwa Secondary piRNA Pathway

[
:E [T |||]] LINEL

l I £ mm‘
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—

Relrotransposon mRNA cleavage

- . :|
mRNA degradation

piRNA structural features

< The signature of piRNA synthesis is an enrichment for A
at the 10t position of secondary piRNAs due to its
base-pairing with the corresponding initial 5’ U on the
primary piRNA.

< The terminal event of biogenesis is methylation of the 3’
end of the mature piRNA by HEN1 2’-O-methylase,
allowing for the preferential binding of the 2'-O-
methylated piRNA within the PAZ domain pocket of
PIWI proteins but not the AGO subfamily, presumably
making it resistant to the action of uridylation.

Tudor family members

< The assembly of all mammalian germ granules
depends upon the association between structural
TUDOR domain containing proteins (reviewed in Siomi,
M.C., Mannen, T. and Siomi, H. 2010 How does the
royal family of Tudor rule the PIWI-interacting RNA
pathway? Genes Dev 24:636-646 )

< TUDOR domains are selective for symmetrical
dimethylarginines, and the “writer” of this post-
translational mark is PRMT5 (Protein arginine methyl-
transferase 5) in association with its adaptor protein
WDR77 (WD containing region 77)




TDRD:PIWI interactions

Siomi et al. Genes Dev 24:636-646

piRNA granules and genetic association

MILI (Cytoplasmic —
Granule  Embryonic thru Meiotic)
GASZ
VASA
MOV10L1
(Cytoplasmic/Nuclear - MIWI2 | ML MIWI  (Cytoplasmic —
Embryonic thru Meiotic) _Granule l AN Granule Meiotic thru Haploid)
MIwi2 TDROL | YoRDS > TORD?
\ TDRD8
TDI‘DQ/ TDRD2 M'IW' TDRDA4
MAEL WDR77

Arginine methylation status of PIWI proteins

w

LI M nrrinal

T v
T T Y
i ANCGET...V & RADF..
B At R erminat
e
g =
T
ML EPUNVEANROFAR... s
v

Siomi M C et al. Genes Dev. 2010;24:636-646

©2010 by Cold Spring Harbor Laboratory Press




Table: Conservation of piRNA pathway proteins
and functions of piRNA pathway proteins in mice.

Draapiile A mascilins Mt knockout phenotype Kmocheat Rel.
W FIWILT (MIWT) | 3 [E]
AUBERGINE PIWILE (MILL) (o, 12)
AGOD PIWILA (MIWIZ) (1% 14y
: GASE (2]
MAELSTROM | MAEL 12%)
VASA DA (VASA) (K1)
DONE
ARMITAGE MOV 10LE
TUDOR TR
oG TORDZ
TORIM {RNFIT) 1331
TEIAS TORDS
KRIMPER TORDG )| 4
TORDT
TORDS (ST}
SPNLL TORDD 27
DAMTIL z T30, 208)
spermategemia loss
HENI/PIMET HENT O
CAPSULEEN PRAMTS Early canbeyonic kethality (]
VALOIS WORTT Early canbeyonic bethality [E]
SOUASH
ZUCCHIND .
RANDPY

Example: GASZ, piRNAs, and male reproduction

GASZ is a 475aa Germ cell-specific evolutionarily-conserved
protein with 4 Ankyrin (Ank) repeats, a Sterile alpha motif
(SAM), and a basic leucine Zipper domain

N ANK1 [ANK2 | ANK3 ANK; SAM QJZIP) ‘

GASZ orthologs
share high
amino acid
identity in

mammals, fish,
and frogs

Yan, W., Rajkovic, A., Viveiros,
M.M,, Burns, K.H., Eppig, J.J., and
Matzuk, M.M. Molecular
Endocrinology 16, 1168-1184 (2002).

Yan, W., Ma, L., and
Matzuk, M.M. BOR 70, 1619-1625
(2004).




Example: GASZ, piRNAs, and male reproduction

GASZ is a 475aa Germ cell-specific evolutionarily-conserved
protein with 4 Ankyrin (Ank) repeats, a Sterile alpha motif
(SAM), and a basic leucine Zipper domain

| Gaforclenafon) bze) |
LAANKZJANKS \A SAM ZIP

WT Het Null

% GASZ null males §
are sterile

« GASZ null males B
have a block at the
pachytene stage of
meiosis ;

GASZ null testes show a meiotic block identical
to KO of the PIWI family member, MILI

- o Sertoli cell
L A — LN Y/
=& spermatsgornm [ 0 /L G ps7

&
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(@) 1° Spermatocyte | P
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A 5 ST O KO
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GASZ and MILI are expressed in
perinuclear cytoplasmic granules in
spermatogonia and spermatocytes
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Knockout of GASZ abolishes MILI Expression

Control

Knockout

Using Next Generation Sequencing, we
discovered that GASZ KO testes have a decrease
in piRNAs that map to repeat sequences

0% All Repeals

ankle wtl /‘\

1 —x— 2
PR e I A
g 0% ] T
E 5% A A\
5 gom

a0% — T [ M e |
17 19 21 28 25 27 20 31 33
Lengti

GASZ KO testes have a significant decrease in
piRNAs that map to Line 1 and LTR repeats

gzl | gzz 1T wit [ wt2
Total Reads 4,416,053 4,760,967 3,909,858 3,272,500
Fold

Reduction

Number of | Number of | Number of | Number of | in GASZ
Repeat Reads Reads Reads Reads vs WT
Total 44,710 43,710 190,887 174,124 5.3-fold
LINE L1 325 363 33,600 25,055 108-fold
LTR ERVK IAP 338 368 30,681 29,623 109-fold
LTR MaLR MTA 35 22 15,961 12,693 634-fold




~ Absence of GASZ (similar to MILI KO) leads to
increased expression of retrotransposon mRNAs
and encoded proteins

Western blot

wr ko wr ko |AP

RT-PCR
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Absence of GASZ leads to hypomethylation of
retrotransposon promoters
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Summary

< KO of GASZ causes male-specific sterility due to a zygotene-
pachytene stage meiotic block

« GASZ is an essential structural component of nuage

“ GASZ -/- testes show a dramatic reduction in novel and
retrotransposon-associated piRNAs, leading to increased
retrotransposon synthesis

« The Illlumina sequencing platform is a sensitive means to
evaluate small RNA populations and identify novel small RNAs

“ GASZ and its interacting partners are novel testis-specific
contraceptive targets

Ma, L., Buchold, G.M., Greenbaum, M.P., Roy, A., Burns, K.H., Zhu, H., Han,
D.Y., Harris, R.A., Coarfa, C., Gunaratne, P.H., Yan, W. and Matzuk, M.M.
2009 GASZ Is Essential for Male Meiosis and Suppression of Retrotransposon
Expression in the Male Germline. PLoS Genet 5:e1000635




Fallopian tube

Topic 2 (Oviduct)
siRNAs & miRNAs
in
Female

Reproduction

Cervix

miRNA and siRNA synthesis

< MicroRNAs (miRNAs) are synthesized using a pathway
that requires Drosha and DGCRS in the nucleus and
DICER in the cytoplasm

« Small interfering RNAs (siRNAs) only require the
RNAse Ill activity of DICER

< Mice lacking DICER die at the gastrula stage secondary
to defects in embryonic stem cell development

siRNA Pathway miRNA Pathway
:
e II|||||||||’ Pri-miRNA

l dsRNA formation Microprocessing l,

B 11 1111111111101111 el I ) Pre-miRNA
5’ 3

Nuclear export by Exportin5

SiRNA or miRNA
Dicing

&)
e

@ Nuclear import
Ve,
N

Q % AAAA lj % AAAA % @

mMRNA cleavage

MRNA translational repression

mRNA degradation




Table: Mouse models created to study siRNA
and miRNA function in reproduction.

Pathway | Phessotype Reference
(5]
MRNA 50}
miRNA 172
miRNA [
{SRNAT)
DICER miRNA 120%)
v pomorph)
DICER (flax) mRNA 75781
AL
DICER (flax) miRNA (164-166)
oLy
DICER (flox) miRNA (172,173)
Tivap-Cre
mRNA 207)
miRNA | n 68}
SRNA dles, defects in (e
Zpi-Cre 1 block
DICER (flax) miRNA | Py te atrophy due 1o reduced prostatic 1186}
e rion
miRNA | Normal fertility. confirms that miRNAs are | (53)
ot required in socyes

SiRNA history

« Small interfering RNAs (siRNAs) were first discovered
by David Baulcombe's group at the Sainsbury
Laboratory in Norwich, England as part of post-
transcriptional gene silencing in plants

< The Nobel Prize in Physiology or Medicine 2006 was
awarded jointly to Andrew Z. Fire and Craig C. Mello
"for their discovery of RNA interference - gene silencing
by double-stranded RNA” (work that was performed in
animals)

Dicer function in oocytes

« Initial studies to decipher the roles of DICER in oocyte
biology demonstrated that the DICER deletion (using
zona pellucida 3 (Zp3)-Cre) results in infertility

“ The major defects in DICER-deficient oocytes were
disorganized spindles, defects in alignment of the
chromosomes, and arrest at metaphase of meiosis |

+« Phenotypically similar oocyte meiotic arrest and spindle
and chromosome defects are observed in oocytes with
AGO2 deletion

Murchison et al. (2007) Critical roles for Dicer in the female germline.
Genes Dev 21:682-693

Tang et al. (2007) Maternal microRNAs are essential for mouse
zygotic development. Genes Dev 21:644-648

Kaneda et al. (2009) Essential role for Argonaute2 protein in mouse
oogenesis. Epigenetics & Chromatin 2:9




Dicer function to suppress repetitive
elements in oocytes

« Tam et al. and Watanabe et al. discovered that SiRNAs
are made in oocytes, these siRNAs are depleted in the
DICER null oocytes, and specific mMRNA targets of the
siRNAs are upregulated in the absence of DICER.

< mMRNAs encoding some repetitive elements (mouse
transposon (MT) including the MaLR family and SINE)
were upregulated in the abseice of DICER

« Unlike the findings with absence of the piRNA
machinery, LINE1 sequences were not increased.

< The MT and RLTR10 retrotransposon mRNAs were
also upregulated in the absence of AGO2

Tam et al. (2008) Pseudogene-derived small interfering RNAs
regulate gene expression in mouse oocytes. Nature 453:534-538

Watanabe et al. (2008) Endogenous siRNAs from naturally formed
dsRNAs regulate transcripts in mouse oocytes. Nature 453:539-543

siRNA Pathway miRNA Pathway
o DROSHA
(—E
= |||||||||||) Pri-miRNA
3
l dsRNA formation Wicroprocessing l
S 1111111111111 et TG ) Pre-miRnA
s Nuclear export by Exportins
5 SIRNAOrmiRNA
Dicing
5 3
T, [T

RISC loading /\ @ TNRC6B

& -
Nuclear import
Q. AAAA Q AAAA *}@\

mRNA cleavage mRNA translational repression

mMRNA degradation

Proof that siRNAs alone function in oocytes

<+ Despite an abundance of miRNAs in oocytes, Ma et al.
showed that these small RNAs were incapable of
mediating mRNA cleavage or repressing translation

« These findings were genetically confirmed by Suh et al.
who showed that absence of DGCR8 in oocytes leads
to normal oocyte maturation, fertilization, and offspring

< These and additional experiments in these reports
indicate that DGCR8-independent, DICER-dependent
production of siRNAs is required for oocyte maturation
whereas miRNAs and many additional DICER-derived
miRNAs are dispensable for oocyte function and fertility

Ma et al. (2010) MicroRNA activity is suppressed in mouse
oocytes. Curr Biol 20:265-270

Suh et al. (2010) MicroRNA function is globally suppressed in
mouse oocytes and early embryos. Curr Biol 20:271-277




MicroRNAs function as
tumor suppressors and oncogenes

Tumor suppressor Oncogene
T oncogene l tumor suppressor
NIV YV

—_— —_—

l mIRNA T mMiRNA
Decreased miRNA activity Increased miRNA activity
increases levels of target decreases levels of target

oncogene tumor suppressor

Table: miRNAs dysregulated or
functional in serous ovarian cancer.

WES A Tamily

NFRD: dounregeiacd n
cell growth

Use lllumina sequencing to profile miRNAs in
ovarian surface epithelium (versus ovarian cancer)

miR-21

miR-31

miR-29a

/miRj103

miR-140
miR-320a
/ miR-221

o——— miR-191

% of total sequences

microRNA




miR-31 was universally downregulated >30-fold in
our human serous ovarian cancers and cell lines

&
9
%0

<&

&
S <

5

miR-92a
miR-25
miR-16
miR-15a
miR-22
miR-1271
miR-140-3p
miR-152
miR-193a-3p
miR-452
miR-31

Increased

Decreased

Hypothesis: miR-31 is an ovarian tumor suppressor

miR-31 overexpression in OVCARS serous
ovarian cancer cell line halts proliferation
mainly by inducing apoptosis

o |ACell Frollleration 3 & B.Apopiogls 2
® OVCARS g | OVCARS
=0
g-' © Cowal g’-
= < = —mikE1
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Dtanys arfiter infaction Days after infaction

Table: Tumor models with altered miRNA
synthesis or individual miRNA(s)

Altered gene or mIRNA Mouse model Tancer type WIRNA function Reference
Dicer deltion (with Kras ©  Conditional: Dicer deletion & Limg cancer Tumer seppressor (45.60)
€ o) T expressi
clction {with Rb delction) Conditional: Dicer and Bb dektion  Retinoblastoma Tumos seppressor (61
deletion of a mikNA Leukemia Tumor suppressor (62)
cancer Anti-metastatic factor (64,65
| lymphoma (5]
1 neer (L]
Targeted deletion of mir- Lisig cancer Omncope &7
Transgenic B-cell malignancy (65)
A it Brea ncer 59
Xenograft Breast cancer 0,71




Conditional knockout of Dicer in somatic cell
of the female reproductive tract using Amhr2-

Cre
Miillerian duct
E11.5
Epithelium Mesenchyme
l | Amhr2-Cre

Epithelial cells Smooth muscle (+ Stroma) X i
Anti-Mullerian

hormone receptor
type 2
(Dr. Richard
Behringer)

\Ovary

Dicer Floxed
(Dr. Alexander
Tarakhovsky)

=—— Cervix

Dicerl conditional knockout (cKO)
females are sterile

Table 1. Fertility testing of Dicer1™¥- and Dicerl cKO females. Six week-old Dicer1"*¥- and Dicer1o¢-
Amhr2¢* females were mated to wild type males for 13-30 weeks. Data are shown as the mean
+ SEM.

Genotype n Litters Total pups Pupsllitter Litters/month
Dicer1o¢- 10 62 575 92+04 12+0.04
Dicer cKO 10 0 0 - 0

Dicer cKO females have shorter uteri
and oviducts contain bilateral diverticuli

A Control cKO B cyst
ovid ‘
\ \
2y ol s

” -

-

W ut )

ut ov cKO




First mouse model with diverticuli in the oviduct

< Diverticulum
(Out-
pouching
form
because of
defects in
smooth
muscle
formation)

The oviductal diverticuli trap oocytes and embryos

FALLOPIAN TUBE -
{Oviduct)

~ A .
Diverticulum

OVARY
Endometrium
Stroma/Musch
. Zona
CERVIX - .
pellucida
remnants
Morula stage A
embryos )

DICER/MicroRNA Conclusions

« MicroRNAs including miR-31 are implicated as tumor
suppressors in serous ovarian cancer

« Dicer expression in the somatic cells of the female
reproductive tract is essential for fertility

» Ovarian granulosa cells

— Limited effects in ovulation and early embryonic development

» Uterus

— Absence of Dicer in stroma and muscle results in smaller
uterus that is not receptive to embryos (decidualization)

» Oviduct

— Diverticuli block embryos from reaching the uterus
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Learning Objectives:

1. One of the first proteins produced by the conceptus is human chorionic
gonadotropin (HCG), also known as “the pregnancy hormone”.

2. The main function of HCG is to delay the apoptosis of the corpus luteum
during the first trimester of pregnancy.

3. Low level and non-exponential increase of HCG in maternal serum during
the first trimester of the pregnancy is a clinically accepted risk factor for
miscarriage (Buyalos et al 1992; Dumps et al 2002; Tong et al 2006 )

4. The hormone-specific hCG beta-subunit is expressed by placental
syncytiotrophoblasts and is encoded by four duplicated Chorionic
Gonadotropin Beta genes (CGB, CGB5, CGB7 and CGBS)

5. An increased prevalence of miscarriage among first-degree relatives of
the women suffering from RM suggests genetic contribution in recurrent
pregnancy loss (Christiansen, 1996; Kolte et al 2011).

6. The main topic of this presentation is to explore whether particular
variants in hCG beta coding genes may contribute to pregnancy failure.

Introduction

GONADOTROPINS

anterior ——»
pituitary

<« |placenta

T
Istimulate develop-  |promotes ovulatiod  |prolong the life of corpus
ment of follicles; arid luteinizatidp; ,  [luteum’, which synthesizes
initiation of stimulate \ | |progesterone essential to
Ispermatogenesis steroidogenesis \ : prevent uterine rejection
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v Y -
ovaries, ovaries,

testes testes

GONADOTROPIN
RECEPTORS

Mutations in Gonadotropin Hormone and Receptor genes alter sexual
development and lead to reproductive failure




Introduction
Gonadoptropin hormone structure is highly
conserved:

FSH beta coded by the FSHB gene at chr. 11p13
LH beta coded by the LHB gene at chr. 19913
HCG beta coded by FOUR copies of hCG beta
(CGB) genes at chr. 19913

beta subunit binds to the gonadotropin receptor
and is responsible for HORMONE-specific

Gonadotropin hormone ' signaling

and receptor complex

Protein Data Bank, . . .
www.rcsb.org/pdb/ all hormones share identical alpha subunit

coded by CGA gene at chr.6q12.21

Outline of today’s presentation:

Part I: Genetics of Chorionic Gonadotropin Beta (CGB) genes

1. Genomic and evolutionary context of LHB/CGB gene region

2. Human CGB genes — genetic diversity patterns

3. Human CGB genes — expression profile in normal and complicated
pregnancy

Part II: hCG beta coding CGB genes and recurrent miscarriage (RM)

4. Polymorphisms in CGB5 and CGBS8 genes is association with RM

5. Novel type of genetic mutation — methylation allele polymorphism
in CGB5 gene and RM

6. Functional consequences of amino acid changing mutations in CGB5
and CGBS genes, identified in RM patients

Genomic context
mammals P
teleost fish 1 Luten/z/pg Hormone Beta (%HB) gene
Xenopus laevis with conserved function
(frog) ,
1
GENE DUPLICATIONS in primateilineage
1
4
New World Old World
monkeys monkeys,
LHB & 1CGB LHB & (CGB),., apesé humans

— CGB gene coding for beta-subunit of Chorionic Gonadotropin is
PRIMATE-SPECIFIC

—hCG hormone has evolved to be essential in early pregnancy in
monkeys, apes and humans




HCG is secreted by the syncytiotrophoblasts of the placenta:

esupport corpus luteum function

eprepare endometrium for the
implantation

«improve the maternal blood supply
eensure uterine quiescence
emodify the local immunoreactivity in

LHB/CGB genes: tandem duplicated, highly similar loci in a gene-rich region
and species-specific evolutionary young gene cluster arrangement

In contrast: FSH beta coding FSHB gene: a single evolutionarily conserved
gene in a gene-poor environment
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5 2 ] Review by Nagirnaja et al, 2010

Structure of human LHB/CGB genome cluster
Identical color=highly similar DNA sequence
RUVBL2 LHB CGB psNTF6A , psNTF6G CGB2 CGBL

Cen —11:><(2:|<@<—<:s«-4=-—»1—»«:»—»$:>

% of identifies between
intergenic regions 81%
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X NTF5 ceB7 * PSNTFOA" cpg cGBS

5kb

Duplicate genes are very similar to each other:

hCG beta coding CGB, CGB5, CGB7, CGB8 — 97-99% DNA homolgy
hCG beta non-coding CGB1 &CGB2 genes — 97-99% DNA homolgy
hCG beta coding and non-coding 85%

LHB and hCG beta coding — 92-93%

Hallast et al, 2005




. . . . . Gene diversity
1. Gonadotropin beta genes differ highly in genetic variation patterns

1. LHB/CGB genes are AMONG THE MOST DIVERSE GENES in humans:
Estonians (Est), Han Chinese (Han), African Mandenka (Man)
2. 20-50 polymorphisms in total per gene (the length of a gene is 1.5 kb)

hCG coding and noh-coding'CGB geng

Hallast et al, 2005; Grigorova et al 2007; Nagirnaja et al 2010

1. Mutations in patients have only been described in FSHB and LHB

2. Duplicated LHB/CGB genes are highly diverse and have
dissimilar variation patterns

-
FSHBgene | g W1
Polymorphisms

S — genetic variant
present in only one -

individual o o
T wemas
& = L] a - -
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hCG beta R . '; il "?" -
coding genes [r— 1 L [ | 1 T S 0 N | e o
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coding genes ‘Bt [y Esen j

Gene diversity and gene expression

Gonadotropin beta genetic variation: reflection in hormone levels?

1. FSH and LH: in female follicular and luteal phase and in men narrow range of
hormone concentration

2. FSH and LH: rise in female during ovulation and post-menopausal period;

3. hCG: large fluctuations in production consistent with large inter-individual
differences in CGB gene expression and may probably reflect high genetic
variation in the HCG beta genes

A

Rull & Laan, 2005; Nagirnaja et al, 2010




Relative contribution of CGB, CGB5, CGB7 and CGBS into total HCG beta
mRNA production in placenta : despite high gene homology, there are
manifold inter-individual and intergenic differences in expression

Contribution (%zs.d.) of an individual gene expression in total HCG beta mRNA

CGB8 CGB5 CGB CGB7

mean+SD range mean+SD range mean+SD range mean+SD range

| trimester 39.3+1.8 29-63 255+2.7  6-55 27.1%15 11-39 [ 8.1+1.2 0-21
11 trimester 48.1+2.8*** 28-86 25.7+42  9-45 20.0+2.3*** 1-29 |6.2+1.8 0-16
11 trimester 39.2425 24-71 36.0£3.8** 7-62 20.1+2.1*** 2-32 |4.7+16** | 0-19

ectopic pregnancy 48.0£3.2** | 31-62 18.7+4.7 7-28  25.3+2.6 14-54 | 8.0+2.1 0-17

recurrent miscarriage [47.1+3.7** | 28-56 23.3+4.9 13-34 22.0+2.8*  17-27 | 7.6+2.2 0-13

y Y

***p<0.005; **p<0.05; *p<0.08:|refernce: I trimester of normal pregnancy
CGB8 - the “master” gene, CGB7 — minor transcribed gene
providing most of hCG beta mRNA the highest number of polymorphisms

the lowest no of polymorphisms
Rull & Laan, 2005

Gene expression in normal and complicated pregnancy

Summarized expression of all CGB genes

log 1. CGB transcription is
14 activated in blatocyst stage
°
3 2. hCG B genes - highly
5 expressed throughout the
a0 pregnancy
2
% 4. Recurrent miscarriages:
< reduced transcription of CGB
%"'Z’ genes compared to
° uncomplicated | trimester
£
g 5. Ectopic and molar
o L0, 006 3 A pregnancy - high expression of
A1 e CGB genes due to failure of a

I trim Iitrim  litrim  EP RM mole normal negatlve
n=10 n=8  n=12 n=8 =11 n=2 autoregulatory feedback?

Rull & Laan, 2005; Rull et al, 2008a

Intermediate summary:

1.Human Chorionic gonadotropin (CGB) genes are young genes, evolved by
duplication events form the ancestral LHB gene in primate lineages.

2.hCG beta is coded by four highly similar genes (CGB, CGB5, CGB7, CGBS).
3.hCG beta coding genes are highly polymorphic and among the most
diverse genes in humans

4.There are vast differences in hCG beta expression profiles among
individuals and between gene copies coding for hCG beta subunit.

5.High inter-individual variation in gene expression is accompanied by hgh
inter-individual variation in hormone levels.

6.hCG beta gene expression is significantly reduced in cases of recurrent

miscarriage and increased in cases of ectopic and molar pregnacy.




Are there any genetic or epigenetic variants that are associated
with increased or decreased risk of recurrent miscarriages?

DNA modification variant,
DNA level variant: SNP “epipolymorphism”: MAP
single nucleotide polymorphism methylation allele polymorphism
| TGTTTCGA
1 “-_I‘ WAV TGTTTCAG gngethylated
S ; T/T homozygote ACAAAGET T
J1E TGT(T/G)TCAG CH3
Sl T/G heterozygote J
) . ' TGTTTCGA
" TGTGTCAG Methylated
IV G/G homozygote ]:[l:l:[l:l:[ CpG
SRk ACAAAGCT
T/G Cl!|3
major>minor allele genetic variant CpG methylation in promoter region:

transcriptional silencing of the gene

STUDY DESIGN: hCG beta gene variants and recurrent miscarriage (RM)

A)DISCOVERY ASSOCIATION STUDY in Estonian & Finnish (Rull et al 2008b)
Dr. K. Rull, Tartu University Hospital Women'’s Clinic
Dr. V.-M. Ulander, prof. K. Aittomaki; Helsinki University Central Hospital
184 RM patients with 2 3 consecutive miscarriages
195 fertile women, no miscarriage in their reproductive history

Targeted genes: CGB5, CGB8, which contribute 2/3 of total HCG beta mRNA
Experiment: Resequencing of full gene + gene regulatory promoter in all
individuals

B) REPLICATION of the ASSOCIATION STUDY in Danish samples (unpublished)
Prof. O.B. Christiansen, Copenhagen Rigshospitalet

451 RM patients with > 3 consecutive miscarriages

237 fertile controls, no miscarriage in their reproductive history

C) EPIGENETICS of CGB5 & CGB8 promoter methylation in RM (Uuskiila et al 2011)

D) FUNCTIONAL STUDY to test the consequence of identified aminoacid mutations
in CGB5 & CGB8 genes on hCG hormone assembly and function (unpublished)
Collaboration with Dr. H.Peltoketo, prof. I. Huhtaniemi, Imperial College London, and
Ceslovas Venclovas, Vilnius University, Lithuania

Polymorphism study: discovery

Results I. High variation and low allelic association in CGB5 and CGB8

CGB5: 49 SNP, !n promoter 18 71 SNP, of which
CGB8: 22 SNP, in promoter 3 48 (68%) novel
cGB5
ATG
sl gl o bis N YR T T
1 1L % @t T
cGB8

* 41 (58%) of SNPs were shared by the Estonian and Finns
* |n both samples sets:
15 population-specific SNPs, mainly rare variants
*Low population stratification: allele frequences differed between
Estonians and Finns for 8 of 71 SNPs
* Joint analysis of two population samples possible

Rull et al, 2008b




Polymorphism study: discovery

Results II. Rare variants identified ONLY AMONG RECURRENT
MISCARRIAGE PATIENTS:

non-synonymous amino acid changes in single patients and a
proximal promoter SNP in three patients

CGBS5 p.ValS6Leu
CGB5
ATG 1
il l| \I‘llll' |||S' |||F ;M S‘! : L
b T L Ss T L
cGB8 cSEF;l €GB8 p.Arg8Trp CGB8 p.Pro73Arg
trend test:
p=0.07

SNP c8EF-4 flanks the transcription initiator element

Rull et al, 2008b

Polymorphism study: discovery
Results Ill: CGB5 Promoter and CGB5/CGBS8 intron 2 harbor SNPs with
protective effect towards recurrent pregnancy loss
(statistical analysis by Cochran-Armitage trend test)

3 p=0.018-0.024, OR 0.53-0.58 p=0.007, OR 0.53

2 16 (95%C10.32-0.95) (95%C1 0.32-0.85)

S 14

= 12

£ 10

° 8

2 4 p=0.042,0R0.15
T, (95% C10.02-1.03)
2 2

£ 2 [

CSEF-155 C5EF-147 CSEF-144 C5EF-142 C5EF1038 c8EF1045
CGB5

olymorphism: ATG
ety T T T P RN
[ T TL & @ ¢ T T
CGB8 polymorhisms
MAF - minor allele frequency Rull et al, 2008b

Intermediate summary

1. The minor alleles of six identified promoter and intronic variants of
CGB5&CGBS genes reduce significantly ~1.7-fold the risk for recurrent
pregnancy loss.

Decision: FOLLOW-UP REPLICATION STUDY in DANISH study samples

c5EF1038

57 l p.Vals6Leu
I T . ’I.|I| Jl J:’_,{_‘_H%J_L
| | / T +1700
T T p.Arg8Trp [
C8EF-4 C8EF301 C8EF1045

2. Only RM patients carried rare aminoacid changes in CGB5 & CGBS:
p.Arg8Trp, p.Pro73Arg, p.Val56Leu

Decision: FOLLOW-UP FUNCTIONAL EXPERIMENTS using in vitro assays to|
understand the role these aminoacid mutations on hCG hormone function
and in pregnancy succes




Polymorphism study: follow-up
Follow-up study: joint association analysis of the discovery and
replication sample to test association recurrent miscarriage
Logistic regression analysis adjusted to recruitment centre

Est Finn Danish All

N=216 N=185 N=569 N=870

Fertile |[RM |Fertile |RM |Fertile |RM

control control controls p-value OR
SNP s s (95%Cl)
¢5-155 |13.16 [947 |1150 |65 714  |5.62 [0.002 g.gg)(o.u-
c5-142 [13.16 |9.17 |13.00 (7.74 |7.14 5.62 |0.001 0.57 (0.41-

Two linked-polymorphisms inlcGB5 gene promoter Were preselftihith

higher frequency among fertile controls
-Joint analysis of all study samples confirmed statistically significant
association with reduced risk for recurrent miscarriage

- CGB5 promoter segment carrying the minor alleles of these SNPs
originates from the “master” CGB8 gene by meiotic gene conversion
event K. Rull, O.B. Christiansen et al, unpublished

ATG

Unexplained phenomenon in
the CGBS8 gene missing in all

. . . ) Binding sites of
populations the carr|er§ with gene regulatory
the genotype combination transcription
including minor allele cBEF-1@s  factors AP2 & Spl
homozygosty of either of the L

two promoter polymorphisms  _ger 287
(c8EF-186 and c8EF¥87)

observed expected
CBEF-186 Chi?-test p= 2.28E26 CBEF-186
CBEF-287 CBEF-287
GG GT T cc CA AA
TT | 137 | 225 |\ 96 | 458 AA | 21051975 | 50 | 458
TC 192 154 \ 346 AG 159 | 149.2 | 37.8 ‘ 346
cc 75 v 75 GG 346 | 323 8.2 ‘ 75
404 379 96 879 404 379 96 879

K. Rull, O.B. Christiansen et al, unpublished

Additionally to DNA variants, CGB gene expression may be also affected by epigenetic
polymorphic promoter methylation silencing the transcription of one parental allele

CGB5

P
L [ I i i promoter
I Ll region

7 Normal

i pregnancy
(NP)in
placenta:
unmethylated
DNAand
biparental

8l expression

Positive control in blood leucocytes: fully methylated DNA and no transcription
Uuskdila et al 2011




Functional study: hCG beta mutations

Functional consequences of non-synonymous amino acid
mutations in the CGB5 and CGBS8 genes

LHB CGB CGB2 CGB1 CGB5 CGB8 CGB7
[
— o f—{—

Val56Leu  Pro73Arg
Arg8Trp

Heterozygous cases:

Val56Leu — one male partner of Finnish RM couple

Arg8Trp — one male partner of Estonian RM couple

Pro73Arg — on Estonian and one Danish RM patient, two Danish
partners of fertile women

Rull et al. 2008b; K.Rull, O.B. Christic etal, i L. Nagirnaja, C. Venclovas et al, unpublished

Positions of mutated residues in the context of three-dimensional
structure of hCG hormone:

All mutations are located next to aminoacids forming disulfide-bonds
in intact hormone affecting either

(i) protein folding, (ii) heterodimer assembly or (i) gonadotropin
receptor binding?

HCG alpha subunit HCG beta subunit

PDB id: 1HCN L. Nagirnaja, C. Ve H. Peltoketo et al, ished

Design of functional studies:

Collaboration: Dr. H. Peltoketo, Prof. |. Huhtaniemi Institute of Reproductive and
Developmental Biology, Imperial College London

Ceslovas Venclovas, Vilnius University, Lithuania

1.Co-expression of hCG a-subunit with mutant hCGp-subunits in cell

culture: R8W, V56L and P73R mutations carrying genes compared to

wild-type CGB8 gene transcript variant

- Collection of cell culture media for the analysis of secreted
recombinant hormones

2. Comparative analysis of mutant and wildtype recombinant hormones
(A)Effect on gonadotropin receptor binding and downstream signalling?
- Bioassay measuring cCAMP signalling molecule

(B) Effect of hCG hormone assembly?

-Analysis of precipitated hormone using co-immunoprecipitation and
Western Blot (via o- and B-subunits)

L. Nagirnaja, C. Venclovas, H. Peltoketo et al, unpublished




Bioassay:

- Stimulation of hCG/LHR with different hCG mutants in cell culture

- Measurement of down-stream signalling molecule — cAMP

Result: No effect of mutant molecules on binding efficiency with
hCG/LHR receptor

cAMP response

——wr
—=—R8W
—o—V56L
—=—P73R

% of max response
@
g

1.00 1.50 2.00 250 3.00 350 4.00
Log (U/L)
L. Nagirnaja, C. Venclovas, H. Peltoketo et al, unpublished

Effect on hormone assembly:
Analysis of precipitated hormone using co-immunoprecipitation and
Western Blot (via a- and B-subunits)

V56L — intact hormone

WTR8W V56L P73R WT R8W V56L P73R is almost missing
]
WTR8W V56L P73R || P73R — effect on
: I assembly dynamics,
o Intac§HCG | detection of
5= Y ¥ [|intermediate products
el -
#» = R8W —applied
o methods did not show
* difference fi
19 Free beta subunit 19 - ifference from
- wildtype variant
anti-FLAG antibody anti-Alpha antibody
Non-reducing Reducing Mon-reduting
Detection via 3-subunit Detection via a-subunit
L. Nagirnaja, C. Ve H. Peltoketo et al, ished

Summary of the hCG beta R8W, V56L and P73R mutations:

1. hCG/LHR Receptor binding unaffected

2. hCG Glycosylation unaffected

3. Mutation-specific changes in the structure of hCG:
V56L - identified in CGB5 in one individual

Positioned in the cystein knot, assembly-deficient but biologically
active

P73R - identified in CGB8 in five individuals
Positioned in the loop, potentially affects kinetics of the assembly

3. R8W —identified in CGBS8 in one individual,

Positioned on the surfice of the hormone in the cystein knot;
other studies have shown that mutation is this position potentially
affects kinetics of the assembly (Wilken&Bedows 2007)

L. Nagirnaja, C. Venclovas, H. Peltoketo et al, unpublished




Take home messages:

1. Four duplicate copies of hCG beta subunit genes coding for IDENTICAL PROTEIN
guarantee sufficient hCG beta production in implantation.

2. Human hCG beta coding genes are highly polymorphic and large fluctuations in
gene expression are tolerated during pregnancy.

3. Genetic variants affecting the expression of one duplicate CGB gene is predicted
NOT result in strong phenotypic effect due to expressional compensation by the rest
of gene copies.

4. Among four genes coding for hCG beta, CGB8 seems to be the “master gene”:

(i) it provides most of the mRNA transcripts and its seems to carry the most optimal
promoter sequence; (ii) gene conversion of this sequence to CGB5 promoter is
associated with reduced risk to recurrent miscarriage (RM).

5. hCG beta gene expression may also be affected by polymorphic methylation of
gene promoter leading to silencing the transcription of one parental allele

6. Despite there are eight functioning hCG beta genes per genome, mutations
causing amino acid changes in the beta subunit are not tolerated: these mutations
are rare (single carriers among screened 1000 Europeans), affect production of intact
hCG and thus, increase the risk for recurrent miscarriages.

GONADOTROPIN GENE FAMILY TEAM at Maris Laan laboratory:

Pille Marina Liina Liis
Kristiina
Callublg:ayPS rts in ona 13%%h beta yr?gls%al%s: Uuskilla Rull

Kristiina Aittomaki & colleagues, University of Helsinki Central Hospital, Finland

llpo Huhtaniemi & Hellevi Peltoketo, Imperial College London, UK

Ole B. Christiansen, Rigshospitalet, Copenhagen University Hospital, Denmark
Ceslovas Venclovas, Vilnius University, Lithuania

Jorg Gromoll & Frank Tuttlemann, University of Miinster

Aarno Palotie, Wellcome Trust Sanger Center, UK

Margus Punab, University of Tartu Clinics & colleagues from Baltic Andrology Centres
Robert K. Campbell, Serono Reproductive Biology Institute, USA

Tonu Margus, Department of Bioinformatics, IMBC, University of Tartu
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Genomic changes detected
by array CGH in human embryos with
developmental defects

Dr Evica Rajcan-Separovic
University of British Columbia

Learning objectives:

0 Understand the principle of whole genome
array analysis

0 Become familiar with results of two whole
genome array based studies of miscarriages
(sporadic and recurrent miscarriages)

0 Recognize the benefits and challenges of array
analysis of miscarriages in clinical practice

Miscarriage

Significant health issue as 10-15% recognised pregnancies end
in miscarriage

Cytogenetic analysis of miscarriage 60~ 70% have abnormal
karyotype

Types of abnormalities

polyploidy

~30% of miscarriages have a normal karyotype
and the cause of miscarriage remains unknown




GENOMIC ARRAYS IMPROVE CHROMOSOME RESOLUTION AND
ALLOW DETECTION OF SUBMICROSCOPIC CHANGES

\

i
YA

000000000

Cytogenetic resolution 1Mb resolution array

changes of one One chromosomal band is

chromosomal band represented by 10 DNA

(~10Mb of DNA) segments and changes of 1Mb

can be seen under can be seen on the array (10

‘the microscope times higher resolution than 0.02 Mb resolution array
One chromosomal band is represented
by 50 DNA segments
of 0.02Mb can be seen on the array

o  TINY SEGMENT OF CHROMOSOMAL DNA (500 higher resolution than cytogenetics)

Whole genome arrays are widely applied to study
submicroscopic chromosomal causes of intellectual
disability (they are used as a routine clinical
service).

Whole genome arrays are rarely used to study the
genomic composition of miscarriages

Application of arrays to study miscarriages

Literature - <10 publications describing application of whole genome
arrays to miscarriages (~1000 cases)

1-13% miscarriages have submicroscopic gains or losses
(DNA copy humber variants-CNVs)

HOWEVER,

Array studies of miscarriages are limited by:

-incomplete confirmation of miscarriage CNV

-no parental analysis (uncertain if miscarriage CNV de novo or parental
in origin)

- no clinical information on miscarriage or couples

- Presence of miscarriage CNVs in controls not routinely checked
(Database of Genomic Variants not fully developed at the time)




Goal of our work:

+Identify CNVs in idiopathic chromosomally normal miscarriages

+Confirm CNVs in miscarriage

+Follow them up in parents to determine origin of CNV
or determine their presence in controls using DGV

+Obtain as much clinical information on the miscarriages and
couples as possible

We have 2 whole genome (array C6H) studies:

1) Array C6H of chromosomally normal sporadic

miscarriages that showed morphologic abnormalities as
determined by embryoscopy (in collaboration with
Dr Tom Philipp, Vienna)

17 embryos studied

2) Array CGH of chromosomally normal miscarriages
from couples with idiopathic Recurrent Pregnancy loss
(RPL) (in collaboration with_Dr Mary Stephenson,
University of Chicago)

26 miscarriages from 20 couples with RPL studied

Study 1-Embryoscopy




GROWTH DISORGANIZED
EMBRYOS MULTIFOCAL ISOLATED FOCAL
early failure of embryo ABNORMALITIES ABNORMALITY
development: distortion of
body shape; inconsistent
morphologic development

a) 6D3 Embryo. b)_ Embryo with

The embryo showed two mldcroclephgly,
underdeveloped branchial a dysplastic face,
arches, a tail with an paddle-shaped limbs,

b | kink d retarded development
ﬁ:v:‘g:T;fnb i o upper an relative to CRL

c) Early fetus witha
missing toe

Study 1-conft.

EMBRYOSCOPY description available for 17 embryos:

-7 embryos had growth disorganization (6D)

9 embryos had multiple external defects (8/9 embryos had
abnormal head/brain development)

1 embryo had an isolated external defect

WHOLE GENOME ARRAY CGH ANALYSIS

+Whole genome Agilent 105k array used

+Custom array/qPCR used for confirming/refining unique CNVs and
determining their origin (parental or de novo)

Results
Study 1-Genomic findings is sporadic miscarriages

*Frequency of unigue CNVs:
30% miscarriages had unique, previously not described CNV

(6 unique CNVs in 5 cases)

«Size:
all CNVs smaller than 250kb (~40 times less than a chromosome band)

«origin of CNVs:
1(6%) de novo
3 familial
2 uncertain (insufficient DNA)

*Association of CNVs with morphological abnormalities: not obvious; type
or number of CNVs can not be associated with severity in development
(number of cases still small)




Examples:
1. De novo unique CNV

GENE:
(GPRIED: olein vascular remodeling. Expressed
Embryo had severe microcephaly, Chromosome i mostadult tissues, predominantly in vascular
Embryo | facial dysplasia,ashort cordand | Origin: i Change: | sige | nioet adul tisces
1| severely retarded upper and lower | de novo gain 128Kkb

I the murine null mocel, the deletion of GPRIAD
gene did ot show any obvious phenotypic ffect,
except poor resporse to vascular njury.

130321

Examples cnt.
2. Unique CNVs of parental origin
(example WDR and Syntaxin genes) :

These genes are required for cell division and development
and occurred in more than one studied embryo

How do familial CNVs cause a different phenotype
(e.g. carrier mother normal, her embryo carrying the CNV
did not survive)

* Recessive mutation

- Epigenetic causes (imprinting)
+ Variable expressivity

+ Coincidental

+ Environmental injury? Example Syntaxiné deletion
in miscarriage




Familial Syntaxin 6 gene deletion

2

it S B

. |Father ‘

|. Embryo 3 ‘ |M0ther |

Size:aokb G

Typeof
@1)

change: loss

STX6
KIAA1614: unknown function

Chromosomal rigin:
ot ‘ band 1025.3 maternal

Embryo
3

Syntaxin 6 gene is associated with stress response as it counters the
activation of cell death pathways caused by stress signals (e.g. lack
of nutrients and damages to microenvironments; Zhang et al, 2008)

Syntaxin disrupted in mother and

Syntaxin intact embryo due to CNV

‘ F'rrass (lack of nutrients and damages

to microenvironment)

tress (lack of nutrients and damages
to microenvironment)

Apoptotic pathways!

Apoptotic pathways|

Environment (stress exposure)
during development of embryo was less
favorable then for the mother and lack
of STX6 protection lead to its death

Study 2: Genomics of recurrent pregnancy loss

(26 miscarriages studied from 20 couples)




Results- Genomic findings is recurrent miscarriages

*Frequency of CNVs:
8/20 couples (~50%) had miscarriages with unique CNVs
(a total of 13 CNVs detected)

*Size:
80% CNVs smaller than 250kb

«origin of CNVs:
all familial

RPL Couple

10 miscarriages
5 studied by array

Fetal demise (34 yrs) multiple placental infarcts;

Fetal demise 46 XX (35 yrs) multiple placental infarcts
Fetal Demise (35 yrs);

Fetal demise 46 XY (36 yrs) decidual infartcs 50%

6-3D Yolk sac misc 47 XX,+16 (37 yrs);
Biochem misc (37 yrs)

=P 6-3A Emb misc 46 XX (37 yrs) marked perivillous fibrin deposition in>90% of villi
6-3B Emb misc 46 XY (38 yrs) marked perivillous fibrin involving 80% of villi;
6-3C Emb misc 46 XX (38 yrs) extensive perivillous fibrin with villous fibrosis
6-3E Emb misc 46 XY (39 yrs) multifocal perivillous fibrin with villous fibrosis

CNV=Minute duplication of TIMP2 gene (results in TIMP2 disruption) ‘

e

6-3A 6-1 6-3C 6-3D
miscarriage mother miscarriage _miscarriage




TIMPZ gene

Critical role in modulating invasion of the trophoblast
into maternal decidua, endometrium, as well as in vascular
remodeling and angiogenesis in the first trimester.

Tt is suspected to be expressed only from the
maternal allele in placenta (based on finding that it is
not expressed in complete moles, and shows an altered
expression in mouse model of RPL)

?Lack of functional maternal copy in the conceptus
prevents placenta development/function and leads to
miscarriage

RPL Couple
13 miscarriages
one studied by array

Anemb misc (29 yrs);

Anemb misc (30 yrs);

Biochem misc (30 yrs):

Anemb misc (31 yrs):

Anemb misc (31 yrs);

Anemb misc (32 yrs);

Emb misc (32 yrs);

Biochem misc (32 yrs):

Yolk sac misc (33 yrs):

Emb misc (33 yrs);

Twins: anemb and yolk sac misc (33 yrs)
—7-3A Emb misc 46,XX (34 yrs);

Gestational surrogacy term twins 3345, 3487 gm, both 46 XY (35 yrs)

‘CNV:deIeﬁon of catenin gene (alpha cafenin)‘

A It
E rray resul @

ot Ay St

gt

o 5 i
CTNNAS 1 4 Confirmation of deletion
gene o Eh i by FISH in the mother

Miscarriage Mother




Alpha catenin (CTNNA3)

+Function: Alpha catenin gene belongs to a
family of catenin genes that control morphogenesis,
differentiation and remodeling of the placenta

+Expression from the maternal copy of the gene in
placenta

+?Lack of functional maternal copy in the conceptus
prevents placenta development/function and leads to
miscarriage

Recurrence of affected genes in additional females with
RPL

Dr Wendy Robinson and Dr Dan Diego

Multiplex Fluorescent PCR of Short Fragments to screen for
alpha catenin and TIMP2 copy number changes in
261 females with RPL and 60 control fertile females

1 additional female with CTNNA3 deletion found in the RPL
cohort and not in controls

Women with RPL
with CTNNA3

l deletion

1 Fertile control

Alpha catenin deletion

AR

Additional female
from the RPL cohort
screened specifically
for catenin deletion




Results-summary of 2 studies

Study 1 Study 2
(Sporadic miscarriages, | Miscarriages from
embryoscopy) couples with RPL
Frequency of |30% miscarriages 50% of
unique CNVs miscarriages
Origin of 6% de novo All familial
CNVs 24% familial
Size of CNV | All CNVs smaller >80% were
than 250kb smaller than
250kb

Conclusions

1. Array CGH detected de novo CNVs in 6% of sporadic
miscarriages. This is less than the frequency of de novo
CNVs in chromosomally nhormal subjects with developmental
abnormalities observed postnatally (10-15%)

2. CNVs are small in miscarriages (>90% are smaller than
250kb). In comparison 25% of pathogenic CNV are small in
subjects with developmental abnormalities observed
postnatally (75% are large and >1Mb)

3.Whole genome array analysis has the potential to identify
CNVs that contain new culprit "miscarriage” genes
(e.g. those imprinted in placenta)

4. By further studying additional miscarriage specimens
and parental DNA, we should be able to identify couples
who have a genetic basis for their history of RPL.




Array CGH as routine clinical test in miscarriages

Pro

Con

Detects all large chromosomal
imbalances as conventional cytogenetics
(except ploidy changes):

Quality and amount of DNA from miscarriages
poor (DNA degraded, DNA from paraffin
embedded not optimal)

Arrays are quick (4 days) and DNA
based so tissue culture failure or
maternal contamination not an issue

Confirmation of CNV is more challenging-no
chromosomes for FISH, confirmation has to be
DNA based

Detects potentially pathogenic CNVs
that cause or contribute to miscarriage

More parental investigations

30-40% of couples will have to be investigated
for the presence of unique CNVs detected in
miscarriages

(currently ~5% miscarriages show structural
chromosomal abnormalities that require parental
follow-up)

Improves understanding of genetic and
biological factors implicated in early
human development

Increased genetic counseling necessary for
uncertain findings

Key collaborators:

Dr Mary Stephenson, University of Chicago
Dr Tom Philipp, Donau Hospital, Vienna

Vancouver Laboratory:

Dr. Christine Tyson
Dr. Ying Qiao
Chansonette Harvard
Sally Martell

Celina Fawcett

Funding agency

-~

CIHR
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Non-invasive Prenatal Diagnosis
Using Cell-Free Nucleic Acids

Diana W Bianchi, M.D.
ESHRE Pre Congress Course 3
“From Genes to Gestation”

Disclosure:

*l am the Chair of the Clinical Advisory Board of
Verinata Health, Inc. and | hold equity options in
this company.

Learning Objectives

- Understand why this talk is relevant: Case scenario

- Learn about cell-free DNA in maternal blood
— Introduce its biology and metabolism

- Apply this technology to clinical medicine
— Fetal sex determination
— Fetal Rhesus D diagnosis
— Can it be used in twin gestations?

- Understand potential future clinical applications
— Aneuploidy
— Single gene disorders




Case Scenario- Why Is NIPD Relevant in This
Course?

- 40 year old G1PO0 conceived after multiple IVF cycles

- First trimester prenatal screening shows risk of Down
syndrome of 1in 1500

- Second trimester anatomy scan shows soft marker
(echogenic intracardiac focus) of Down syndrome

- Couples wants reassurance that the fetus has normal
chromosomes but given “precious status” of this
pregnancy they are unwilling to undergo invasive
procedure and associated small but real risk of
miscarriage

- Is NIPD for aneuploidy available to them?

Cell-free Fetal DNA in Maternal Serum/Plasma:
Essential Facts

- Both the mother and fetus
produce cell-free DNA

— Maternal DNA originates in bone
marrow

— Fetal DNA originates in placenta
- A maternal plasma sample

contains ~90% maternal and T e e Rt R e P w_:_-‘;;::_.::::m..' -
~10% fetal cell-free DNA -

- It circulates in nucleosomes that : [y
are likely from ruptured apoptotic 1
bodies

- Fetal DNA fragments are shorter .
than maternal DNA fragments o s

From Lo et al. 2010

Evidence That the Cell-Free Fetal DNA in Maternal Blood
Comes from the Placenta as Opposed to the Fetus

- Detectable in maternal
circulation before placental
£ circulation is established

iy, (Guibert et al. 2003)

i .| -Detectable in anembryonic
gestations (Alberry et al. 2007)

Cleaved caspase 3
immunohistochemical

- In cases of confined placental

staining on vill mosaicism, DNA sequences in
howil f
o ontasia maternal blood reflect the

placental karyotype (Masuzaki et
al. 2004)




Diagnostic Applications of Cell-Free Fetal DNA in Maternal
Plasma

- Detection of fetal DNA in maternal plasma can be
guantitative
— Elevation in a complication of pregnancy
«Pre-eclampsia
- Unstoppable pre-term labor
- Y chromosome can be used as a fetal marker if male

- Epigenetic sequences (differentially-methylated in fetus
or placenta versus mother) can serve as gender-
independent DNA markers

— These include hypomethylated maspin and hypermethylated
RASSF1A in placenta
- Or, detection of fetal DNA can be gqualitative
— Unique fetal sequence inherited from father is present or absent

DTC Genetic Testing: The “Dark Side”

pinkorblue® &u@us .

[

Noninvasive Prenatal Diagnosis of Fetal Sex:
Is It Accurate?

(Devaney et al, 2011, in review)

- Performed a meta-analysis of the existing medical
literature to evaluate internet-based claims

- We asked the following questions:
—How reliably can fetal gender be predicted by testing of
cell-free fetal DNA using maternal blood?
—How do analytic and clinical validity vary by testing
methodology, sample type, amount of DNA available,
GA at sampling, Y sequence amplified?




Pub Med Literature Search for the Evidence Review

s | | e ||
=
] [ EETEe——rTy |

792 abstracts, 135 papers read in full

Results of Evidence Review
(Devaney et al. 2011, in review)

- Only studies with > 10 male and female subjects included
- 46 publications: 3352 male and 2825 female fetuses

- Overall sensitivity was 95.3% (ClI 94.5-96.0%), specificity
was 98.5% (Cl 98.0-99.0%)

- Claims of accuracy < 7 weeks were unsubstantiated
- After 20 weeks’ sensitivity and specificity was 100%
« RT-PCR performed better than conventional PCR

- No difference in type of sample: whole blood vs. plasma
vs. serum

- Maternal urine unreliable

Current Clinical Status of Non-invasive Prenatal Diagnosis
Using Cell-Free Nucleic Acids in Maternal Blood

Fetal Sex Determination

— Useful for fetuses at risk for X-linked
conditions
- Can reduce the need for invasive testing

— If fetus at risk for congenital adrenal
hyperplasia, may help in decision to use
maternal steroids

(not needed if fetus is male)

— May help in management of ambiguous

genitalia detected by sonogram

. Fetuses with Y chromosome should be raised
as males




Effects of NIPD on Pregnancy Management

Data from Lyn Chitty, University College London, UK

« X-linked Disorders (n=332)
— No invasive test performed in 45% of cases
- Hemophilia (n=114
— Only 8% of pregnancies had invasive testing
- Congenital adrenal hyperplasia (n=123)
— No invasive test performed in 45% of cases
— Avoided steroid treatment in 18% of cases
— Stopped steroids at <11 weeks in 36% of cases

Noninvasive Prenatal Diagnosis of
Rhesus D

- 15% of Caucasians, 3-5% of Africans,
and very few Asians are RhD negative

- Noninvasive determination of RhD
status is clinically useful because no
further testing or therapeutic
procedures are necessary if the fetus
is RhD negative

- Most RhD negative pregnant women
have a deletion of the gene on both
copies of chromosome 1

- Detection of RhD in maternal plasma
indicates an RhD positive fetus

Sir Ronald Fisher Archive, U of Adelaide

Current Commentary

Noninvasive Prenatal Diagnosis of Fetal
Rhesus D

Ready for Prime(r) Time

*Highly accurate (>95%) in large-scale clinical trials performed in the
UK, the Netherlands, and France

*False-negative cases due to early gestation or insensitive methods
to detect fetal DNA

*False-positive cases due to non-deletion genotypic variants
(pseudogenes) in African individuals

«In 2005 we wrote that the US was ready for this testing-what is
taking so long for routine incorporation into prenatal care?




Current Clinical Status of Non-invasive Prenatal Diagnosis
Using Cell-Free Nucleic Acids in Maternal Blood

-Rhesus D
— Science is solid

— Clinically available in EU for 6 years, in US
since Dec 2007

— Little clinical uptake to date in US-why?
- Educational issues?
- Medico-legal issues?
— What about false negatives due to too little DNA?
- Intellectual property issues?

— May affect availability of testing sites in US
— Not so much an issue in EU

Current Clinical Status of Non-invasive Prenatal Diagnosis
Using Cell-Free Nucleic Acids in Maternal Blood

- Trisomy 21
— Technical problems have been
largely solved

— Coming soon?

Multiple Approaches to NIPD of Aneuploidy

« Cell-free DNA in maternal serum/plasma
— Measure amount of fetal DNA: ~2-fold higher in trisomy 21 cases

— Find differentially-methylated sequences on chromosome 21
- This reflects placental DNA

- Recent promising results using methylated DNA immunoprecipitation to
examine fetal-specific DNA methylation ratios
- Cell-free RNA in maternal serum/plasma
— Find gene sequences that map to chromosome 21, such as PLAC4

— Measure ratios of different alleles (SNPs) that reflect the number of
chromosome 21s present

«Requires heterozygosity in DNA sequences from parental chromosomes
- Cell-free DNA in maternal serum/plasma

— Measure amount of chromosome 21 DNA relative to a standard
using next-generation sequencing




Improvements in DNA Sequencing Technology:
Implications for Prenatal Diagnosis

1,000.000.000 7

100,000,000

10,000,000

1,000,000

00,0000

10,000

1,000

Kilobases por day per machine

ear

1980 1985 1990 1995 2000 2005

2010 Future)

Advantages of high-throughput sequencing

1. Entire process is automated

2. Multiple samples can be simultaneously

analyzed

3. DNAis bound to a solid support, thousands

of sequencing reactions can occur in

parallel

2008: Feasibility of Using Massively Parallel Sequencing
Technology for NIPD of Trisomy 21 Shown

R

® tisomy 21 tekusen
Adummy 1 Blusss
Bacultmae plasma DNA

sequence tag densty of chramosome 21 miadve ke the D
median valse of disomy 21 cases
.

H

chromesema 21

-Extremely
sensitive

-Involves
sequencing of 36
bp reads of DNA,
mapping to
chromosome of
origin

-If extra 21
material is
present it is
readily apparent

-20-25 million
sequence

From Fan et al. Proc Natl Acad SA 2008;105:16266




Diagnosis of Trisomy 21 by DNA Sequencing

' B

Maternal blood sample Isolate cell-free DNA Next-Gen DNA Sequencing
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sequencing reads

First Large-Scale Clinical Trial of NIPD of Trisomy 21 Using Sequencing
Chiu et al. BMJ 2011; 342:¢7401

- 753 samples (prospective and
retrospective) e

- 86 cases of trisomy 21 included f

- 8-plex approach 79% sensitivity, -
99% specificity

. 2-plex approach 100% sensitivity, i

K

98% specificity ;
- Conceived of as a way to reduce P

invasive procedure rate (2" tier -

screen)

+ Could reduce from 573 to 11
procedures in high-risk population

Chiu et al. BMJ 2011 study

. Strengths - Weaknesses

. Diagnostic performance - Mix of prospective and
compared against karyotype retrospective samples

- Largest clinical study to - 100-fold increased
date of high throughput prevalence of trisomy 21
sequencing - Positioned as 2" tier

. Largely first trimester screen, not diagnostic
samples - Cost=$700 per

sequencing reaction, $6
million in equipment

- Could not dx trisomy 18




Second study of NIPD of Trisomy 21

UNDER EMBARGO UNTIL FEBRUARY 10, 12:01 AMET

Noninvasive detection of fetal trisomy 21 by sequencing
of DNA in maternal blood: a study in a clinical setting

- Internal study performed at Sequenom

+ 449 High-risk samples

- All 39 trisomy 21 cases identified (100% sensitivity)
- 409/410 euploid cases identified (99.7% specificity)
. Larger clinical validation study later this year

Use of Chromosome Ratios Allows Noninvasive Diagnosis
of Trisomies 21 and 18

Sehnert et al. Clin Chem 2011; in press

- 1014 samples collected prospectively pre-invasive
procedure

- Ethnically diverse population

. Preparation and sequencing performed blindly
- Training set: 26 abnl + 45 nl = 71 samples

- Test set: 27 abnl + 21 nl = 48 samples

- Single end 36 bp reads sequenced and aligned to human
genome assembly 18 UC Santa Cruz

- Normalized sequence reads on chromosome of interest
to another chromosome (21to 9, 18to 8, etc.)

The significance of normalizing chromosome
ratios

Data from Sehnert et al. Clin Chem

2011
- -
. Table 2. Test set classification data.
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What About Twin Gestations?

- Sehnert et al. study included 5 sets of twins (4 in training

set, 1in test set)

- Asked question whether different amounts of fetal DNA
in twin gestation would confound results?

- All twin gestations were correctly classified
— In 3 sets both twins were unaffected
— In one set both twins were affected with trisomy 21
— One set was fraternal with one affected fetus (sample was called

affected)

Noninvasive Prenatal Diagnosis of Aneuploidy:
What is the Best Technique?

Current ultrasound/analyte
approach
- Already in clinical practice

- Results validated in several
large-scale clinical trials

- First trimester scan gives
additional information
regarding CHD, other
anomalies, single gene
disorders

- Less expensive, required
equipment widely available

- Not diagnostic

Euture cell-free fetal
DNA/approach
- Still in early stage trials

- Unclear if existing IP will
impede translation to
practice

« Sequencing equipment,
bioinformatics, data storage
are expensive

- Could be diagnostic (or an
advanced screen)

Summary of My Talk Today-1

- Cell-free DNA in maternal blood
— Mainly originates from the placenta

« Current clinical uses
— Fetal sex determination

«Accurate for medical indications in CLIA-certified labs
«Could reduce the rate of invasive procedures for X-linked

conditions

+Could reduce steroid administration in CAH
-Beware of the “dark side” of direct to consumer testing!

— Fetal Rhesus D diagnosis

«Accurate for medical indications in CLIA-certified labs
-Reduces the need for Rhesus D immune globulin if fetus is

Rhesus D negative




Summary of My Talk Today-2

- Noninvasive Prenatal Diagnosis of Aneuploidy
— Made possible by advances in high-throughput DNA sequencing
-Technique is fully automated
-Does not require genetic marker heterogeneity between the
parents (no need for a paternal sample)
-Costs are still high

— Larger-scale prospective blinded clinical trials are still needed to
evaluate performance

— These are ongoing (mainly organized by industry groups)

— Itis unclear at present whether test will be better utilized as a
second tier screen or a noninvasive diagnostic test
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Thank you for your attention!




Genetics of Molar Pregnancies

Rosemary Fisher PhD, FRCPath

Department of Oncology, Imperial College Healthcare NHS,
and Institute of Reproductive & Developmental Biology,
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Learning Objectives

% Be able to describe the differences between complete and
partial hydatidiform moles.

% Be able to describe the genetic origin of typical complete
and partial hydatidiform moles.

< Be familiar with the characteristics of familial recurrent
hydatidiform mole (FRHM) syndrome.

% Understand how genetic testing can be used to make a
differential diagnosis between sporadic hydatidiform moles
and FRHM syndrome.

% Understand the genetic basis of FRHM syndrome.

Lecture - Outline

% Molar pregnancies - clinical background

2
o ne

% Genetic diagnosis of molar pregnancies

<~ Fluorescent microsatellite genotyping

% Genetics of recurrent molar pregnancies




Molar Pregnancy - Hydatidiform Mole

Normal placental villi Molar placental villi

2em—

Normal Pregnancy

Complete Hydatidiform Mole

Hydatidiform Moles

Approx 1 in 600 viable conceptions are HMs - UK *

40%
Complete mole

Marked cystic villi

No fetus

60%
Partial mole

Less marked placental abnormalities
Range of villi from normal to cystic

Fetus may be present - abnormal

* Savage et al; 2010

Gestational Trophoblastic Diseases

Premalignant
Hydatidiform Moies

+ Complete mole

« Partial mole

Malignant
Trophobiastic Tumours
* Choriocarcinoma

* Placental Site TT
« Epithelioid TT

« Invasive mole




Gestational Trophoblastic Disease

Incidence of gestational trophoblastic tumours

Normal pregnancy 1 in 40 - 50,000
Complete hydatidiform mole 1in8
Partial hydatidiform mole 1in 100

Greatest risk factor for gestational trophoblastic neoplasia is a
molar pregnancy

Hydatidiform Moles

Patients with a HM are registered and screened monitored
using serial levels of human chorionic gonadotrophin

HOSE)
g

Traatmunt

s Dute

If hCG levels fail to fall or rise then chemotherapy is started

Diagnosis of Hydatidiform Moles - Ultrasound

Normal Pregnancy Complete hydatidiform  Partial hydatidiform
mole mole




Pathology

Placenta

Hydropic villi Trophoblastic
hyperplasia

/ Presence of a
/ fetus or fetal
/ red blood cells

Placental villous surrounded by
two layers of trophoblastic cells

PHM

Genetics of Hydatidiform Moles

Partial Mole Complete Mole
Triploid conceptus with Diploid conceptus with
69 chromosomes 46 chromosomes
69, XXX 69,XXY 69,XYY 46,XX 46,XY

Szulman and Surti 1978

Genetic Origin of Hydatidiform Moles

Partial Mole

Two sperm fertilise an ovum

Triploid conceptus with 69 chromosomes

The additional chromosome set is paternal

| Two paternal contributions to the genome |




Genetic Origin of Complete Moles

Dispermic Complete Mole - 20%
The egg is fertilised by two sperm 3

Maternal chromosomes are lost

Monospermic Complete Mole - 80%

The paternal chromosomes
The egg is fertilised by a single 3 double up

sperm
f> =
Maternal chromosomes are lost

46,XX

Two paternal contributions to the genome |

Expression of Imprinted Genes in HM

A small number of genes are expressed only from the
maternally or the paternally inherited allele

PHM CHM
Overexpression Overexpression Trophoblastic
of paternally of paternally h P erplasi
expressed genes expressed genes yperplasia

+

Loss of maternally Loss of fetal
expressed genes development

p57KTP2 Expression in HM

Placenta PHM CHM

P57K1P2 - expressed only from the maternally derived allele
in the villous trophoblast




Diagnostic Problems in Molar Pregnancies

< PHM mole or non-molar abortion

% Hydatidiform mole + fetus

< Women with recurrent hydatidiform moles

Fluorescent Microsatellite Genotyping

Sections from
pathological blocks

\DNA/
}

Polymerase Chain Reaction
amplify polymorphic microsatellite sequences
on different chromosomes

!

Separate by capillary electrophoresis in a 310 ABI PRISM
Genetic Analyser

Blood

Microsatellite Polymorphisms
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Microsatellite Polymorphisms in PHM and CHM

Miscarriage PHM CHM
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HM with Co-existent Fetus

Case History

Single placenta

« areas of CHM

Apparently normal female infant

+ areas of normal placental villi

Confined Placental Mosaisicm

Makrydimas et al, 2002
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Future Pregnancies in Women with HM

- n = 1070
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Outcome for women with a history of HM who became
pregnant in 2007

Familial Recurrent HM Syndrome

< 2% of women with a HM have a second HM

% This includes a mall number of women who have an
inherited predisposition to recurrent CHM

% Associated with families where one or more women
are affected

Familial Recurrent HM Syndrome

HM  HM HM HM HM




Familial Recurrent HM Syndrome

< Women with this condition rarely have normal pregnancies

Familial recurrent HM - 14 families - 37 affected women

Normal pregnancies -7 (5%)
Pregnancy losses - 26 17%)
PHM -6~

CHM - 113 (78%)

% Significant risk of developing 6TT

Fisher et al 2004

Familial Recurrent HM Syndrome

: Oo—©

gl

HM HM HMHM HM HM HM HM 7 HM 2

Zhao et al 2006

CHM in this condition are pathologically indistinguishable
from typical androgenetic CHM

CHM in this condition are diploid but biparental in origin

size (bp) w0 1w w0

Arbitrary Units of Fluorescence

Microsatellite Polymorphisms in CHM
CHM FRCHM

W b 12 o | 200 z0 2 20 0 20

1600

o1 ] Maternal | om Maternal (=1 ) Maternal
ose | | k| | ]
& l_ | | | ] L
am CHM aa CHM [T CHM
* | | |
|
| | ]
G parernal an Paternal am Paternal

Microsatellite 135317 D105179 D125391




FRHM is a Single Gene Disorder

nature
genetlcs

Mutations in NALP7 cause
recurrent hydatidiform moles and
reproductive wastage in humans
Sharlene Murdoch'-?, Ugljesa Djuric"?, Batool Mazhar®?,
Muheiddine Seoud*®, Rabia Khan"2, Rork Kuick?,

Rashmi Bagga®, Renate Kircheisen”, Asangla Ao?,
Bhawna Ratti®, Samir Hanash®, Guy A Rouleau® & Rima Slim"2

Murdoch et al 2006

NLRP7 (NALP7)
NACHT, leucine rich repeat and PYD containing 7

PYN (Pyrin-PAAD- nucleotide binding site leucine rich repeat region (LRR)
Dapin) domain (NBS-NATCH subfamily)

NLRP7 mutations associated with FRHM

R693Q
3 . o [R693W]
Amino acid substitutions [R693P]
[previously described] P716A
R721W
L398R P651S i‘ c761Y  [N913S]
[ | | | [
T6LTISX7 E113GfsX7 Y318CfsX7  R432X ES70X L6776PfsX6 P716LfsX21

Mutations giving rise to a truncated protein
Wang et al 2009

Screening of families is feasible to identify affected individuals and carriers




Screening for Familial Recurrent HM

mother e/c father e/c
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proband/sister 1 ./ a/c Sister 2
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Mutation: ¢.20786>C base change R693P protein change

NLRP7

< Approximately 50 families / individuals with recurrent
BiCHM in the literature

% Almost all are homozygous or compound heterozygotes for
mutations in NLRP7

% To date only one affected family with normal pregnancies

< Conventional IVF is unlikely to be successful for women
with BiCHM

Role of NLRP7 in pregnancy?

Males homozygous for the Essential for normal reproduction
same mutations - no ¢ es in f
Qian et al 2007, Wang et al 2009

BiCHM and AnCHM have similar Involved in setting the maternal
pathoiogy and imprinting defects imprint in the ovum?
Judson et al 2002, Fisher et al 2002 IVF using oocyte donation?

Expressed in tissues other than Involved in immune responses in
oocytes - negative regulator of early pregnancy?
IL1B Kinoshita et al 2005

Heterozygosity for rare NLRP7 NLRP7 may have a role in other
variants may be associated with types of reproductive loss ?
reproductive loss Deveault et al 2009




Summary

% Most PHM are triploid with two paternal contributions to
the genome

% Most CHM are diploid and are androgenetic

% A small number of CHM (and PHM) are diploid and biparental
< associated with a predisposition to recurrent HM
< often identified in families / can occur in individuals

< caused by mutations in NLRP7

% Not all individuals with recurrent CHM have BiCHM
Buyukkurt et al 2010
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Gene therapy for the fetus:
how far have we come?

Prof Donald Peebles MA MD FRCOG

Professor of Obstetrics and Honorary
Consultant in Maternal/Fetal Medicine

UCL Institute for Women’s Health

Some vectors used in this research supplied by ARK Therapeutics

Objectives

» Rationale for fetal gene therapy

» Explore which diseases are best candidates

» Choice of vector systems

» Examples of successful pre-clinical studies

» Targeting therapy to right organ

» Factors effecting length of transgene expression
» Safety issues

 Ethics

» Regulatory challenges and human studies

Gene therapy......

....uses genetic material as a drug delivery
vehicle to facilitate the expression of
therapeutic proteins

A “tool” for
treating/preventing
disease




The Burden of Genetic Conditions

5,747 children’s admissions to a paediatric hospitals

W Underlying condition with strong genetic basis
[ Acquired disorder with genetic disposition
W Birth defects without known genetic basis

15% single gene
@ Acquired disorder without genetic determinant / disorder

0 No preexisting chronic medical condition

21% 349

50% of
total cost
1%
1%

37%
McCandless et al Am J Hum Genet 2004

Acquired conditions

Severe fetal Hypoxic ischaemic

growth restriction encephalopathy
: .

Are there advantages to giving
therapy prenatally?

* Treat before irreversible damage by
disease

* Target cells inaccessible in adult life

« Stem cell populations

* More efficient gene transfer

* Functional immaturity of immune
system

* Fetal size: vector ratio




Gene therapy treatment

Ex Vivo In Vivo

Transfected cells injected via
IM, IP, IV routes etc

A

Transfected ex
vivo using gene [+

therapy vector
| e———

 ———
 ———]

Gene therapy vector

R

Fetus (or mother) injected
via IP, IV, Intra-amniotic,
IM routes etc

l

\ Cells frcl>m. body E Insertion of gene
eg;lmr:jlotlc fluid m into cell, nucleus
or bloo or genome

Which diseases?

NIH Recombinant DNA advisory committee.

Initial application of prenatal gene therapy should
be limited to diseases where:
—  Serious morbidity and mortality risks for the fetus
exist either in utero or postnatally,
— No effective postnatal therapy is available
— Associated abnormalities can be corrected by the
transferred gene
— Prenatal diagnosis is possible and there is a well
defined genotype/phenotype relationship

— An animal model for the disease is available.
Human Gene Therapy 2000

Candidate diseases

Disease Gene

Haemophilia: Factor VIl deficiency clotting factor VII

Haemoglobinopathy: a° thalassaemia o globin chain

Cystic fibrosis CFTR

Metabolic disorders:

Crigler-Najjar type 1 syndrome UDP glucuronyl-transferase

Storage diseases:

Mucopolysaccharidosis type VII B-glucuronidase

Muscular dystrophy: Duchenne dystrophin

CNS: spinal muscular atrophy survival motor neuron protein

Skin: dystrophic epidermolysis bullosa type VIl collagen

Hypoxic ischaemic encephalopathy neurotrophic factors

Severe fetal growth restriction Vascular Endothelial Growth
Factor




The aim of therapy

» Expression of gene from single delivery

— For the duration of the disease
* Long term preferably for the lifetime of the individual
« Short term for perinatal acquired conditions

— Safe
— Regulated expression
— Therapeutic levels
» Does not interfere with development of fetal organs

» No adverse outcome for mother or future progeny

Integrating vectors eg retrovirus

Reverse transcription

Integrate into genome
Insertional mutagenesis
Pseudotyping

|
Fudcd
Self-inactivating lentivirus = &E‘ oy,
|
v

+ NEW ENGLAND
MEDICINE
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Adeno-associated
virus vectors: AAV

AAV-mediated factor IX gene transfer to skeletal muscle in patients with
severe hemophilia B Blood 2003

wry J. Chrwr, Sybvia Mutchison, Peter J. Larson, Roland W. Herzog, Vislder R Amuda, Shing Jen T
: Theompson, Maargareth Oizels, Linda B. Couto, Debea G, B, Lsonard, Fredrick A Johnaon,
Scallan, Erk Skarsgard, Alan W. Flake, Mark A Kay. Katherne A Hgh, and Bertl Glader

Catharne S Manno,
Masgarnt ¥ .
Adan McCiefand, Ciaran

Successful transduction of liver in hemophilia by
AAV-Factor IX and limitations imposed by the host

immune response Nature
cree®, Valder R Arruda™21%, Bertil Glader®'S, Margaret Rages”, Medicine 2006
s, Keith Hoon®, Philip Blatt”, Barbars Konkde'®, Michad Dk

Albert Zajko'®, James Zchnder!, Pradip K Rustagi'!, Hiroyuli Nakail,
) Frascr Wright', Ruth R Lessard”, lieg M Sommer’, Michsel Trgges',
Jisng’, Fedrico Misgossi?, Linds Couto’, Hildegund € Enl™",




DNA complexes eg liposomes

Non-viral vectors e ey
Naked DNA g% §§ e ;.

Physical methods can | ’ #

improve gene transfer: {
Electroporation I I Saiec e oA

Magnetic gene gun )
Ultrasound P
Hyperdynamic injection (\-5 Q_/

Sleeping Beauty Transposon \ Journal of Gene Medicine 2007

Prolonged exp ion of a ly l enzyme in
mouse liver after Sleeping Beauty
t diated gene delivery: implications

P
for non-viral gene therapy of
mucopolysaccharidoses

The evidence so far:
proof of principle studies in rodents

MPS VI, brain, AAV-2/1

90y N ‘%03,0
[ 9%e

| GSDII, haphragm, AAV-21 |

Hemaphilia B, lver, VEVG-HIV

Cure of haemophilia using prenatal
application of lentivirus

Adenovirus: loss of expression in
mice injected as adults

BEEE

3
e

DX (% of Pusman)

050 100 150 200 380 M0 250 400
Duys her injecticn

]
é;: L Lentivirus: permanent expression
e B — in normal mice injected as

i, = fetuses

Lentivirus: safe permanent cure
of haemophiliac mice after fetal
injection

‘Waddington et al, Blood 2004
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Issues facing prenatal gene therapy

Choice of disease
Targeting therapy to the correct organ(s)
— Targeted delivery to the fetus
— The best gestational age to deliver therapy
— Manipulating the vector
— Germline transmission
Length of expression
— Growth of the vector recipient
— Vector silencing
— Integrating vectors and insertional mutagenesis
— Pre-existing maternal immunity
Fetal and maternal immune response to vector and transgene
Reversion to wild type vector
Safety of fetus, mother and her future progeny
Ethical concerns
Going into humans

%

Neonatal outcomes in fetal growth restriction

100 total

- > survival
. ‘r/,4~_ﬂ.//

70 | //

B 4 /

. survival

* / without
“1 disability
= | / —

ol # l

0 4+ - L.

24 25 26 - 28 23 20 a 2

Gestational age
Baschat et al 2007

VEGF=_

grows new vessels
dilates vessels
protects vessels

VEGEF levels are abnormal in fetal growth restriction

Sustained levels of VEGF will treat
fetal growth restriction

Adenovirus
vector




Uterine artery blood flow increases
after adenovirus VEGF vector injection

50
1 Ad.VEGF vector
40 37.97% increase
=0 p=0.012
g o 16.15% increase
= Control vector
a 10
F Lt LISCZ AvRragR UADE 5B
o Ad WWBBF-Arerage UASFRE
4]
-10
1 Daysafter Vector Infection
0 n=9
Contractile response of transduced
uterine arteries
200
-~ Ad.VEGF
- Ad.LacZ
‘ 1501

i * * T T 1
-10 -9 -8 -7 -6 -5 4 effect

B
(n=3,
Tension 100 * p<0.001)
(% of
48mM
KCl .
) 50 No change
i tion
o

Log PE(M) —————

Eax = 155.7+13.65(Ad.VEGF side) v/s 180.7+10.39(Ad.LacZ side)
EC,-3.48x10-5M (Ad.VEGF side) v/s 2.33x10°M (Ad.LacZ side)

Animal models of FGR

« Human placentation is unique

* FGR guinea pig — nutrient restriction

Normal pregnant GP

[0 10 20 30 40 45 50 6065 =
k) t
Inject Ad. VEGF-Asgs Post mortem
(one of 3 doses) or examination at day 63
Ad.JacZ into both UtAs

* FGR sheep — adolescent overfed ewe
Rowett Institute, Aberdeen

$u\ VERSITY
‘or ABLRGAEN




Repairing brain injury

* Rahim et al (2009) Gene Therapy — prolonged transgene
expression throughout CNS following direct injection into
CNS of non integrating pseudotyped lentivirus

GFP expression 1
month following
intravascular
injection AAV2/9 in
D16 fetal mice

Issues facing prenatal gene therapy

« Choice of disease
Targeting therapy to the correct organ(s)

— Targeted delivery to the fetus

— The best gestational age to deliver therapy

— Manipulating the vector

— Germline transmission
« Length of expression

— Growth of the vector recipient

— Vector silencing

— Integrating vectors and insertional mutagenesis
— Pre-existing maternal immunity
Fetal and maternal immune response to vector and transgene
Reversion to wild type vector
Safety of fetus, mother and her future progeny
Ethical concerns
Going into humans

Targeted delivery to the fetus

Transthoracic injection of
the fetal trachea

fetal skin
spinal needle

fetal fibs
pulmonary
antery

— - trachca

Peebles et al, Gene Therapy 2003

David et al, Fetal Diagnosis & Therapy 2003




The best gestational age to
deliver therapy depends on
disease, access to organ and
transduction efficiency

Gestational age at application
Route Sheep fetus | Equivalent gestational
age in the human fetus
Amniotic From D33 From W10 Skin, fetal membranes, airways
Peritoneal From D50 From W14 Systemic delivery
Hepatic From D50 From W14 Liver, haematopoietic system
Muscular From D50 From W14 Muscle, some systemic
Umbilical vein From D70 From W20 Systemic delivery
Pleural From D60 From W16 Intercostal and diaphragm muscles
Cardiac From D100 From W20 Systemic delivery
Tracheal D80 - 115 W22 - 32 Airways
Gastric From D60 From W16 Stomach, bowel, liver
Cerebral D55 -65 W15-17 Choroid plexus, lateral ventricle and
ventricles neurocortex
Manipulating the vector:
AAV self-complementary vector
Al
o, il ey il T SC vector
(T e— am LA
MR B
[ T0ER > < T30 bR 1
mp MR, S
| o8 262 N —1 SS vector
LM awa na
niron naep LpA

Mini hFIX, liver-specific expression cassette packaged as
complementary dimers within a single AAV virion

scAAV produces significantly higher hFIX level in macaques
compared to ssAAV Nathwani et al, Blood 2006

Growth of the vector recipient:
Plasma hFIX levels in lambs born after
late gestation intraperitoneal fetal
scAAV8.hFIX injection

3 .
g 100
g L]
s o .
2= -
<o
-3 104sa "
55 =
g€ ’
8= . .
S vectorinjection 14 o .
©  lamb2 lamb 1 P
£ |
o .

50 -40 -30 20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120

age (days)
birth

fetal blood sampling under
ultrasound guidance




Germline transmission

Male Germ-Line Cells Are at Risk Following Direct-Injection
Retroviral-Mediated Gene Transfer in Utero

Christopher D. Porada,” Paul |, Park, Joe Tellez, Ferhat Ozturk, Hudson A Glimp,
Graga Almeida-Porada, and Esmail D. Zanjani

Molecular Therapy 2005
« 1st trimester injected rams estimated to have a testicular
germ-cell transduction frequency of 1 in 6250 germ cells

« Compare with

— 1in 50 - 100 calculated frequency of naturally
occurring endogenous iNSertions kazazian ot aiNatre Genetics 1999

— 1in 6000 upper limit for exogenous insertions in
human gene therapy trials

—_—
Py Prane CXA3 WES EGFP
[ I

Vector silencing i Neum

pMLV-CX43-EGFP

S T
Ag®

—1 |
* Retrovirus MLV in particular P eanar  [E, P
— transcriptional silencing - methylation -

— variegation
— extinction — occurs as cells differentiate

 Fetal cells and stem cells may be particularly
susceptible

» Solutions
— Insulator elements
— Remove silencing elements in LTR
— Lentivirus vectors

Hepatocellular carcinoma in mice injected
with lentivirus as fetuses or neonates

SMART 3NZ Fetal

Vector Tumour rate
Buffer 1 out of 20
HIV 1out of 20
EIAV 15 out of 17

Themis et al, Mol Ther 2005




Immune response to prenatal gene therapy

Gestational age Fetal antibodies Maternal antibodies
t =145d
(Szrm ays) Transgenic | Vector | Transgenic Vector
eep protein backbone protein backbone
< 65 days - +/- + +
> 65 days + + + +

David et al, Human Gene Therapy 2003

Pre-existing maternal immunity

s r—— T

» IgG can cross placenta \I ; “’{&}’

* May limit fetal expression T -
“is

* AAV hFIX mouse experiments

Reversion to wild type vector
+ Theoretical risk

» Need stringent manufacturing guidelines
— Assays for replication competent viruses

Safety of transgenic proteins

» Developmental aspects
— Adenovirus mediated CFTR
expression in fetal rats
alters lung development
Larson et al, AJP 2000

Normal CFTR

Vector safety

No significant changes in: i P X o
R RS

s 8 &

Prossire (mm Ho)

Maternal heart rate,

A O swowe
blood pressure ) O oo
= ] vean Al pressure
Fetal heart rate, $7 39w v fw w gn (w oy oy

blood pressure

No fatalities

No fetal abnormalities




Going into the clinic

Growth restricted
animal models

Injecting the uterine arteries is a
well recognised clinical procedure l

Mechanism of action,
safety & efficacy

Toxicology studies -
Ark Therapeutics Plc Phase I/l trial

Gene therapy in prevention of
perinatal conditions

+ Proof of concept has been demonstrated

» Choosing the best vector, route of delivery
and animal model is key

 Translation into man will be complex

+ But for some diseases prenatal therapy
may be the only opton
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