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Background

The original question

Do all cells in the body
have the same sets of genes~?



Robert Briggs

(1911-1983)
. =0l :

Thomas J King
(1921-2000)
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[
00 T 1
80 |- ]
60— —
40 |-
20 |- [
NORMAL SWIMMING TADPOLES X
(RANA PIPIENS)
5 L1 | |
Laote Early Late Neurula Tailbud Hearibeat Swimmiag
Blastula  Gastrule Tadpoles Tadpoles Tadpoles

«—— Developmental Stoge of Embryos and Todpoles fram which Donoc Nuclei were token ———a

Briggs and King, 1952. Proc. Nat. Acd. Sci., USA




Cloned adult vertebrate (1958)
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Partial blastula




Nuclear Transplant Embryo
Graft




GFP-muscle derived from intestine nuclei




Efficiency of nuclear reprogramming by nuclear transfer to eggs

Switch between celltypes:
e.g. intestinal epithelium to muscle and nerve.

Fil"St nuclear transferslS%
Sﬂ"lal nuclear transfers7%
Grafts from nuclear transfer embryos:--+--+-- 8%

Total: 30%




The cloning of sheep

Wilmut, Campbell et al 1996 and 1997.



Nuclear transfer success decreases as donor cells differentiate

40
% of 30
total
nuclear 20
transfers

10

Mammalian nuclear transfers
— reaching birth
B Xenopusnuclear transplants
reaching feeding tadpole stage
| | | | |
Blastula Differentiation ‘
Blastocyst > Adult

Stage of donor nuclel



Derivation of functional heart from adult monkey skin

(Byme et al., 2008)

1
\ 1

A ,',
Donor of skm Donor o

an,‘

— Skin cell nucleus

ol
* Cloning

Embryo

Stem cell creation
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Differentiation of CRES-2 cells
Into cardiac tissues



Epigenetic memory



Embryos derived from muscle nuclel remember
their origin even in their nerve and endoderm cells

Il AT Muscle cell
% A
Donor tadpole Nuclear

transfer | |

Transcription

| |
No transcription

Nature Cell Biol. 2006



H3.3isrequired for epigenetic memory.
Elimination by H3.3 mutated from K4 to E4.

Q;: _j(-:-f“ Muscle cell — 0
4 H3384 1 Wy
Donor tadpole mutant Nuclear Blastula Endoderm

mRNA  transfer | |

Transcription
I |

K4, methylatable lysine. No transcription
E4, gutamine




EPIGENETIC MEMORY

Can be explained if:

1. H3.3 promotes continuing transcription of active genes, and if

2. Egg cytoplasm reverses gene transcription with a 50% efficiency.



First meiotic prophase oocytes
to analyse the mechanism of nuclear reprogramming



Single nuclear transfer to eggs
in second meiotic metaphase

Somatic
cell nucleus Blastula - Fro_g

_@_

DNA replication Postzygotic
only transcription

T

Replication errors in
Transplanted somatic nuclel

New gene expression
New cell types



Incomplete DNA replication
damages somatic nuclei

transplanted to eggs



Multiple nuclel transterred to growing oocytes
in first meiotic prophase

Germinal
vesicle
J o
Oocyte %88 Intense transcription New
[Egg gene
progenitor | (no DNA replication) expression
O > Days culture - 4
No new

cell type



Oocyte formation prepares the egg for develpment

Transcription

« 100 days
— n

Germ cell © @ @

Oocyt

Chromatin decondensation
Intense gene transcription

. Egg
DNA demethylation

Blastula
Lineage selectio
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Xenopus oocyte agd germinal vesicle




The oocyte germinal vesicle contents
contribute to post-fertilization development

Germinal vesicle

Matur

-ation
Oocyte Egg Embryo
First Second
meiotic meiotic Mid blastula

prophase metaphase



Mammalian stem cell genes are rapidly activated
in mammalian nuclei transplanted to Xenopus oocytes

Nuclel of differentiated cells are reprogrammed slowly.

Mouse/human
somatic cell High
nuclei
Sox2 Hel 3
\ Oct4
Mouse
Nanog thymus
Low

1 2 3 4 Days



Oocyte transcription assay



Living oocyte transcription assay

1. Multiple somatic nuclei in one oocyte.

2. Linear accumulation of new transcripts.

3. Multiple initiations of transcription per gene per day.

4. Oocyte injections show resistance



"Transcriptional activation:

attack by egg cytoplasm



Fertilized mouse egg




Mammalian
cultured cell
nuclei:

Just after
injection
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Histone replacement in transplanted nuclei.

Cultured cell
nuclei in
oocyte GV

Somatic
H1o histone-GFP

replaced by

oocyte
B4 histone-RFP

Jerome Jullien
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Histone H3.3 is incorporated into translanted nuclei

Donor H3.3  Oocyte H3.3 Merge
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Uptake of linker histone and pol Il correlates with reprogramming

1 hour 24 hours 48 hours

Linker histone B4
(oocyte origin)

Polymerase Il
(unphosphorylated)

Polymerase Il

(serine 5 phosph.)

DAPI




Uptake and loss of chromosomal proteins

YFP-RPB1

Loss
(RNA polymerase)
H2B-cherry Gain
(core histone)
GFP-TBP Loss
(TATA-binding protein
of somatic cells)
TBP2 -cherry Gain

(TATA-binding protein
of oocytes)




Time sequence of polymerase Il components binding to genes

Component bound

= 100 | __ Histone B4
c € Pol Il ser5P
o 75 }— Pol Il ser2P
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0 24 48

Hours since nuclear injection



Transcriptional reprogramming depends on polymerase Il
of oocyte origin

(o))

, hormal

, With a-amanitin

(which kills ooc pol 1)
inject a-am resistant

Absolute transcript level
normalized to 24 hr sample
IS

donor nuclei
2
0 24 48

Hours after nuclear injection



Reprogramming is selective at the level of polymerase Il

Globin TSS Sox 2 TSS
High

Linker histone B4
Low

High

Polymerase Il Ser2

Low

High
Transcription

Low




Time course of transcriptional activation
of somatic cell nuclei by oocytes
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Resistance to reprogramming:

defence by the nucleus



Repressed Xi in female mammals



EpiblastXi, but not MEF-X1, genes
are strongly reactivated in injected oocytes
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MacroH?2A 1sknocked down by inhibitory RNA,
and induces Oct4 and Sox2 in MEFX1 cells.

MacroH?2A helpsto explain
resistance to reprogramming



Conclusion

macroH2A marks embryonic
differentiation and actsasan
epigenetic resistance to nuclear
reprogramming



Presenter
Presentation Notes
required to maintain the high stability of the differentiated state
Xenopus NT + iPS as tools


Selective gene transcription 48 hours after
nuclear transfer to Xenopus oocytes

Numbers (%) of genes

High 3368 (21%)
[ =
= 2 1176 (7%)
2 w©
i
[ =
£ 8
© 3805 (23%)
Low

0 Hours since injection 48



Resistance 1s gene and celltype specific



Chromatin modification



Histone modifications in nuclei can be changed

after transfer to oocytes

Inject mRNs on day 1. Transplant nuclei on day 2.
Reisolate transplanted nuclei on day 3 for Western analysis

mRNAs: Nil K6b

H3K27me3

Histone H3

Nil K4D

A a—

| H3K9me2/3

Histone H3

Nil U16

e

—

H2AUb

- * Histone H3

Kéb, H3K27me3, H3K27 demethylase.

K4D, H3K9 demethylase.

U116, H2A deubiquitinase.



Histone modifiers overexpressed in the oocyte efficiently
modify transplanted nuclei chromatin

DAPI H3K9Me3 Anti-HA
methylation

No

Overexpressed
HA-histone
demethylase




Loss of HP1 alpha binding to transplanted chromatin after
lysine demethylase overexpression

Control KDM4D Control KDM4D
H2A- HoA-
Cherry Cherry
GFP- GFP-
HP1lalpha
p o ts* % :
ok 7o

Merge




Overexpression of histone 2A
deubiquitinase removes resistance
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Chromatin depletion



RNA isremoved, replaced, and quantitated by RTPCR
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Resistance of nuclel transplanted to oocytes

RNA depletion from donor nucleil does not affect rate or extent of reprogramming

Oct4. Pluripotency. Sox2. Pluripotency:.
Thymus nuclel Thymus nuclel
Normal RNA ~ Normal RNA ~
&) n D) N
g g
) )
2 560 | 2 1000 |
g . g ]
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Days Days



Protein depletion 1n somatic nuclel removes
memory and enhances transcription
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Protein
removal
from
nuclet

by salt
and "Triton

Mass (kDa)
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Resistance to reprogramming is maintained
at high salt concentrations
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1 Is of HMG 10 10 3 1
evels o EED 10 10 8 0
chromosomal BMil 10 10 5 0
proteins HP! 10 10 9 0
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treatment
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The battle for supremacy

The egg Thenucleus
Designed to transform Designed to maintain
sperm to an embryo the same pattern of

active nucleus gene expression
Triesto do the same Triesto resist

for somatic nuclei any change



Prospect

'To defeat resistance and win
efficient cell replacement
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A sperm nucleus 1s specially designed to yield normal
development

Sperm cell Embryomc cell Specialised cell

99%

% of normal development after nuclear transfer (to a feeding tadpole)

Images from
Dr Ker Miyamoto
Marta leperek



Conclusions

1. Some cells (endoderm) undergo a very early stable
commitment to their lineage pathway.

2. Stable comitment can be reversed by nuclear
transfer to eggs.

3. Nucla from diferentiated cells show a strong
resistance to reprogramming.

4. Resistance i1s strongly cell-type and gene specific.

5. Resistance depends on histone modifications and on
other stable chromosomal components.
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Single nuclear transfer to unfertilized eggs

. Cloned
Sk [ ]
nuglleus animal
in egg

Skin
Skin cells
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Fluorescence recovery after photobleaching

"To determine the exchange rate of a defined protein
1n transplanted nuclel

Multiple somatic nuclei

(Germinal FR AP

vesicle ’ |
55 & =

O 00
(Germinal vesicle

with
O Ocyte injected nuclel

GV 1solation






Increase in polymerase Il after nuclear transfer

Time after nuclear transfer
1 hour 6 hours 24 hours 48 hours

-~

Histone B4

Pol 11 total

Pol II Ser 2




Histonesin gene control regions are methylated — Chip analysis

Nuclel from retinoic acid treated ES cells

Sox2 promoter . Oct4 coding region
4 4
2 2 I I
0 24 48 72Hrs 0 24 48 72 Hrs
SoxZ2RR2 reg. regi
6 2 r=s. Teelon B-globin promoter
4 6
2 4
2 _q_ﬂl_-l___ln_
0 24 48 72 Hrs 0 24 48 72 Hrs
6 Sall4 promoter
4 I, H3K4Me?
2 |
0 24 48 72 Hrs , H3K4Me3

Epigenetics and chromatin, 2010.



MacroH2A helps to explain resistance to reprogramming

MacroH2A is high on MEF-X:i resists reprogramming.
but absent from EPI-Xi: is reprogrammed.

MacroH2A is knocked down by inhibitory RNA,
and induces Oct4 and Sox2 in MEF-Xi cells



Epigenetic memory

-

g ,(: E;“* Muscle cell
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Donor tadpole Nuclear
transfer | |

Transcription

| |
No transcription

Nature Cell Biol. 2006



The resistance of MEF X1 nuclel to reprogramming

by oocytes 1s not explained by

DNA methylation or by

histone H3K27 me



Memory of cell type gene expression persists through nuclear transfer.

Neurectoderm nuclei (neural marker Sox2)
and Sox2 expression in endoderm nuclear transfer cells.

12 Expression
level.

=~

Nuclear transplant embryos Fertilized egg controls
Nature Cell Biol.2007




Memory of cell type gene expression persists through nuclear transfer.

Neurectoderm nuclei (neural marker Sox2)
and Sox2 expression in endoderm nuclear transfer cells.

12 Expression
level.

=~

Nuclear transplant embryos Fertilized egg controls
Nature Cell Biol.2007




WAVEA- isrequired for zygotic genome activation
and embryonic development

(Wiskott-Aldrich syndrome)
Meilotic
maturation
Egg Nucleus
Oocyte
> Embryo development

/ .
- Nuclos (no antisense)
S

\

, | Arrest as gastrulae
+ Antisense A |

—  Wave-l (with antisense)



Histone modifiers overexpression in the oocyte:

-H3K9 demethylase KDM4D efficiently removes H3K9M e2/3
from transplanted nuclel and leadsto loss of HP1 alpha

H2A deubiquitinases (USP16&21) reduce ubiquitinated H2A
level in transplanted nuclel



RNA can be depleted from donor nuclei by RNase.

Permeabilized cells, containing RNA, are treated with RNase,
then assayed for residual RNA.

107 |

108 |
&z) %) 10 7 . e , ENAdOgenous GSPDH
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10 4 1
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Rick Halley Stott
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Oogenesis and development in the mouse

Oogenesis Development

Meiotic divisions

Germ Mature Muscular
cell oocyte | Zygote response
MOUSE =——— e ———
17 10

days days



Major eventsin nuclear reprogramming

B Amphibia

Chromatin decondensation

. . Oocyte 1n
New (pluripotency) gene expression | et
DNA demethylation N prophase
DNA demethylation i Eggs
DNA replication, cell proliferation and
Repression of unwanted genes embryos

(lineage selection)



Stem cell genes are rapidly activated
INn mammalian nuclei transplanted to Xenopus oocytes

Nucler of most differentiated cells resist reprogramming.

Mouse/human
somatic cell High
nuclei
Sox2
\ Oct4 {
i . ouse
@ Nanog Differentiated Thyrlimus
ES nuclei nuclei
Low (resistant)

1 2 3 4 Days



Resistance to reprogramming is pronounced when comparing
[by up to 50X]

320

Transcripts per injected nucleus
N
N
o

different donor cell-types.

Sox2

MEF

B c2c12

-

3

48

A

24 72

96

35

28
24
12

Oct4

B ca2c12

MEF

3

48

n I
24 72

Time following nuclear transplantation (hrs)

96







Histone variant macroHZ2A

Histone

Core Histone H2A N{T 1 C

linker

macro domain

Histone macroH2A N _

» macro domain = 2/3 of macroH2A
* vertebrate-specific variant

« ‘hallmark’ of vertebrate heterochromatin
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Examples of genes with restricted expression in MEF
nuclel after transplantation to Xenopusoocytes

GAPDH (RIP)

ES48h MEF 48h

Ooep (RIP)

ES48h MEF 48h
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Gadd45 a
(RIP)

ES48h MEF 48h

Prok2 (RIP)

ES48h MEF 48h



Histonesin gene control regions are methylated — Chip analysis

Nuclel from retinoic acid treated ES cells

Sox2 promoter . Oct4 coding region
4 4
2 2 I I
0 24 48 72Hrs 0 24 48 72 Hrs
SoxZ2RR2 reg. regi
6 2 r=s. Teelon B-globin promoter
4 6
2 4
2 _q_ﬂl_-l___ln_
0 24 48 72 Hrs 0 24 48 72 Hrs
6 Sall4 promoter
4 I, H3K4Me?
2 |
0 24 48 72 Hrs , H3K4Me3

Epigenetics and chromatin, 2010.



Gene activation in somatic nuclei
transplanted to oocytes is selective

Number

Expresssed in MEFs,

But NOT in Repressed 7113
transplanted MEF nuclei

NOT expressed in MEFs,

BUT in transplanted Activated 1176
MEF nuclei

Expressed in MEFs

and in transplanted No change 3308
MEF nuclei

%

41

29



Histone modifiers overexpressed in the oocyte efficiently
modify transplanted nuclear chromatin

Somatic nuclei
transplantation

+/-mRNA injecti s

1njection Collect unbound
protan . WB
Q96"
Day -1 Day O Day +1
=
e\x‘\]\(b ”&\@‘E’P
NS
Nil & O° Antibody
Nude Anti-H3

With enzyine, day-1 —— — Anti-H3K9Me2/3
“ «“ “ & Anti_I_IZAUb

(13




Chromatin modifiersthat alter the epigenetic state of

transplanted nuclei

demethylase Kdm1a H3K4me2/1 H3K9me2 /1

Kdm2b H3K36me2/1 H3K4me3

Kdm?3a H?KQmp?’/’I

Kdm4d H3K9me3/2

— Kdmb H3KAme3/Z

Kdmeé6a H3K27me3/2
deubiquitinase | Uspl6 H2Aub

Usp21 H2Aub
acetylase Elp3 H3/H4

Tip60 H3/H4
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Tadpole from fertilized egg

Tadpole cloned from a muscle cell




Normal eye
by cloning from a muscle cell

Lens

Retinal layers

Pigmented iris






DNA replication 1s retarded in Amphibian
somatic cell nuclear transfers

Mitosis
100% [—— ZI
DNA Fertilized DN
DNA cges
replic—
ation
comp— Nuclear transfers
lete with chromosbmal
damage
0% — | mmim I —

30 60 90 120 130

Mins after fertilization or nuclear transfer



N

Sox2 transcription
relative to control at 24 hours
—

B4 histone isrequired
for gene activation in oocytes

B SoxZ2transcripts [, cjun transcripts

Sox Jun Sox Jun Sox Jun Sox Jun

Control B4 Dom. Neg. B4 antibody

Ohrs 24 hrs 24 hrs 24 hrs
Jerome Jullien



Transcription is enhanced by actin polymerization

HAdVD/1¥330

|9A3| 1d11oSsuel] padnpu|

K. Miyamoto. Gen.Devel.2011.
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Oct4 gene locus

¥V ear @
complex J




Transcriptional activation is much enhanced by WAVE-1
(Wiskott-Aldrich syndrome)

Actin polymerization

Toca-1 Racl

N

N-WASP WAVE-1
Enhances reprogramming seen by
Reprogramming  Pluripotency gene transcription in oocytes




WAVE-1 is required for zygotic genome activation

and embryonic development
(Wiskott-Aldrich syndrome)

Meiotic
maturation
E
58 Nucleus
Oocyte
> Embryo development
/7 :

- Nucleus (no antisense)

\\
i Arrest as gastrulae

Antisense A
+ . .
—  Wave-1 (with antisense)



Genes with restricted expression in MEF or ES nuclel
after transplantation to Xenopusoocytes

Expressed in MEF Expressed in ES
nuclei after NT. nuclel after NT.
NOT NOT
expressed in ES expressed in MEF
after NT. nuclel after N'T.

Expressed in
MEF and ES



Histone modifications in nuclei can be changed
after transfer to oocytes

0 hour: mRNA injections. 24 hours: nuclear injections.
48 hours:reisolation of injected nuclei and Western analysis.

Overexpressed mRNAs
Nil Kéb Nil K4D Nil Ul6

—

——— H3K27me3 [ {H3K9me3/2 |wm H2AUb

e | HistONe H3 |« =] Histone H3 |™ *5& Histone H3

Kéb, H3K27 demethylase. K4D, H3K9 demethylase. U16, H2A deubiquitinase.

Western blots to show loss of histone modifications 48 hours after mRNA injection.



Overexpression of HZ2A deubiquitinases removes restriction

prok?2
15
10 —
- prokZ | N
15 — 15
O I T I T T ]
10 TO REPT48 KDM4D T48 USPsT48 |
5 — 0,5 ——
| | | ‘
0 0

TO RFPT48 KDM4D T48 USPsT48 TO RFPT48 KDM4D T48 USPsT48



Transcriptional reprogramming



CONCLUSIONS

Eggs and oocytes have a very high content of histone H3.3.

Histone H3.3 prolongs transcription of somatic nuclei in oocytes.
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