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The processing of sperm DNA by the zygote
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Dad’s problems vs. mom’s work:
Paternal DNA damage
vs. DNA repair in the zygote

1: Decondensation of sperm (protamine™6 nucleosome transitiol
survival of paternal nucleosomes) involves double strand DNA breaks
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Part 2: Double strand DNA repair by the zygote

- Repair systems active in the zygote (Homologous recombination, HR and Non-
Homologous End Joining, NHEJ)

- Consequences of repair problems for first cleavage and the induction of
reciprocal translocations
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Sperm chromatin, special chromatin

® Mouse 1% of DNA is bound to Nucleosomes
® Human > 5% of DNA is bound to Nucleosomes*
_
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Heparin decondensed human sperm stained with
an antibody against nucleosomes

* More variable in OAT men
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Upon gamete fusion protamines are rapidly
removed and replaced by nucleosomes (n,q)

Human/Mouse Heterologous Intra Cytoplasmic
Sperm Injection to show nucleosome retention
from the father
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Mouse oocyte

B Human sperm cell
a4 b 300 min after
¥ injection, max.
observation time
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H3.1, which is deposited at chromosome
duplication is present (pre S-phase)

in male chromatin after gamete fusion

‘G. vd Heijden, L Ramos etal.
BMC Dev Biol. 2008 Mar 31:6:34.
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In early tripronuclear human zygotes, a signal
for Histone 3.1 can be observed as well
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ART “induced” errors

*» De novo chromosomal abnormalities
(Exchange type abnormalities are 3 — 5 times increased)
(Bonduelle et al., Hum Reprod 1999 243-64)

« 2 times higher risk of major birth defects
(Hansen M et al., N Engl J Med 2002 725-30)

« Suggested imprinting defects
(Cox G et al., Am J Hum Genet 2002 162-4)
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Tools

0O Mouse mutants defective for double strand DNA repair

0 Knowledge of the zygotic cell cycle as to male and female pronucleus
formation, male and female S-phase, and mitotic division

QO Use of histone modifications for:

a) Male chromatin remodeling after gamete fusion

b) The detection of double strand DNA breaks

c) ldentification of male vs. female chromatin (epigenetic asymmetry)

QO Mutagenesis:

a) Sperm irradiation in vivo

b) Zygote irradiation in vitro

c) Chemical mutagenesis by 4NQO in vitro

Readouts: gammaH2AX foci, Rad51 foci, zygote mitotic index and chromosome
abnormalities at first cleavage
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Why focus on double strand break repair? dsDNA breaks
cause chromosome abnormalities, balanced (reciprocal
translocations) and unbalanced (lethal, dicentrics)
s _l Double strand breaks
T arise spontaneously at
— : l/ chromatin remodeling
T e T e and during DNA
— = J \ replication at S-phase
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ﬂ]ﬁ Genetic dissection:
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DNA lesions in paternal chromatin

*As a result of IVF/ICSI more of
the oocyte repair system will be
asked ?

*When are DNA lesions detected
and repaired?

«Is there a preference in stage of
the zygotic cell cycle for repair to
take place?

*Does a lower paternal DNA
quality affect cell cycle
progression?
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First cell cycle (mouse)

1h20 min

50 min 3h

14h
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[»] Histone H2AX and DSBs

H2AX upon DNA
damage, especially a
dsDNA break, is
phosphorylated at
serine 139, named
YH2AX. Reaction
spreads and is visible

Laser scissors

Irradiation

2hours Rec 12 Gyl 6 hours Rec 12 Gy

Paull TT et al. 2000 Curr Biol. 10(15):886-95

YH2AX signalling is active during sperm chromatin
remodelling after gamete fusion and reacts on
sperm irradiation

Histone3 Serine10 phosphorylated
is a marker for chromosome
condensation, which takes place
after initial sperm nucleus
decondesation but before

pronucleus formation
Bar 10 um

Topoisomerase |l is involved in sperm chromatin remodeling as the specific
inhibitor etoposide leads to ds DNA breaks, that persist in G1

A: Etoposide from 20 — 80 min
after penetration

B: same 210 min after
penetration

C: Etoposide from 50 — 80 min
after penetration

ADerijck, G. vd Heijden et al.
DINA Repair, 2006, 5(8): 959- 71




YH2AX signalling in heterologous ICSI with
human sperm

Breaks in human
sperm heads and
mouse sperm heads
occur at about the
same frequency

Were these breaks
present in sperm DNA,
or do they originate from
an interaction with

the oocyte at chromatin
remodeling ?

male female

Lt -

Injection of non-motile dead
spermatozoa with normal
morphology mostly yields
abnormal yH2AX staining
patterns (b) up to fragmenting
male chromatin (d)

e B Radhons

Distribution of big foci in ag"’-

human sperm 3
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The frequency of transforming E 1 .
sperm heads without foci 8, — — = -
is lower in these OAT samples f"’fé 0?«; ‘5-0‘; ,f@"
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a) Do these breaks originate from
the sperm or from chromatin
remodeling as well?

b) Can we by yH2AX count them
all?

Fraction pHIAX positive cally
=
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Mouse models for the two major dsDNA break
repair pathways (mouse IVF)

Oocyte sources
Rad54-/- Rad54B-/- (HR hypomorphic)

Scid (NHEJ deficient due to DNA.PKcs strongly
o~ hypomorphic allele)

Controls: for Rad54 is the B6/129 synthenic
for Scid is the C.B17, carrying a less severy DNA.PK hypomorphic
allele.

D= Spontaneous and sperm induced
_ breaks are, 80 min post
- penetration, dependent on oocyte
genotype
i NHEJ is involved in
= . = chromatin remodeling and
T - - — in the repair of sperm

- - _irradiation damage

. Also, we do not see every
- paternal break in a normal

S - 4 - 4 - 4 - 4 Zygote
r - ;
Q‘. oF L & F
. mRad54/54
C.B17 Scid (nHey) B6.129 B- R
% of zygotes with male 29.3 69.02 35.9
chr.abnorm. (3 Gy) (17/58) (40/58) 31.3 (15/48) (38/106)
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How is sperm irradiation damage removed?
Time: 285 minutes after gamete fusion,
close to S=phase

When NHEJ is deficient, yH2AX foci
persist, also in control sperm

@ conirol spam P

When scid is compared with the
Rad54 control with a normal
DNA.PK allele, this can be
demonstrated

A0y IR spam

__ PS H3K9me2 is female chromatin marker




Graphical representation
Also in C.B17, G1 repair is deficient, not leading to increased CA

Why do close to S-phase foci increase?

T e

= = @

s .-u -
. &1 . ]
: o .
®
o5
ia ia
2 o
i 3
.
m s ™ o a
| UMC B 1 Rl

Observations, more questions

«In early G1 yH2A.X foci disappear. Not in SCID (DNA.PK
deficient) oocytes, leading to chromosome abnormalities
and in C.B17, not leading to chromosome abnormalities

Do G1 paternal lesions interfere with the progression of the
cell cycle thereafter?

A G1 S phase checkpoint does not exist in the zygote

Events in S-phase
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S-phase, earlier in the male PN, has a
specific yH2AX pattern that in time
coincides with import of the HR key
protein Rad51

Rad51 is always lost from chromatin
at late prophase

Male S-phase is more heavily labelled
with yH2AX foci, that persist longer
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Analysing DNA repair from S-phase on
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M-phase

4NQO: 4-Nitroquinolione 1-oxide, ao mimics UV light

After 4ANQO, Rad51 and yH2AX foci can be detected, single strand lesions
interfere with replication and are repaired in the context of replication
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Rad54 ko (HR deficient) zygotes are
very sensitive to 4NQO, leading to
many Rad51 foci that coincide with
yYH2AX foci in especially the blocked
male PN

Paternal pronucleus on left side
(more foci)
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Mitotic efficiency of the various maternal genotypes (S-phase irradiation and
preS-phase chemical mutagenesis).

Note the order of sensitivities, both HR and NHEJ are involved

After sperm irradiation, some zygotes hypomorphic for DNA.PK (+,*) block at the
pronuclear stage




. female PN

male PN

Chromosomes of zygotes that divide

Red is fluorescent mark (Histone4
Lysine20 trimethyl) on female centric
heterochromatin

Green is YH2AX foci on 1 or 2
(iso)chromatids, usually not connected
with a chromosome abnormality (single
arrow)

Double arrow is chromosome abnormality
In G and K quadriradials are visible
produced by inadequate action of the HR
pathway

Quadriradials segregate into normal and
reciprocal translocation

A M-phase
Yy Y .
Q\\f’ H 1 E
S-phase 0 0_____ h
S - T T S T N R

Evaluation of repair during S-phase (NHEJ and HR), involving the four
maternal genotypes

Dose of irradiation is 2 Gy
At t1 and t2, the numbers of yH2AX and Rad51 foci are counted
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Rad51 foci in late S-phase for male and female pronuclei
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Rad51 foei

LSBT scid | B6.129 mRads4’ mRadsds’ |
NHEJ HR
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(spontaneous + induced)

the male PN more than the female PN

chromosomes

when HR dsDNA break repair is compromised

Male and female chromosome complements are
differently sensitive to DNA damage indications

+ At G1, yH2AX foci are only visible in the male chromatin

*» At S-phase, these foci are more numerous in the male PN

» Mutagenesis at the onset of and during S-phase challenges

a. Higher numbers of residual yH2AX foci on male mitotic

b. Higher numbers of Rad51 foci on male PN, especially
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Conclusions part 2

» Both NHEJ and HR are active during the first cell cycle

» NHEJ is involved in sperm chromatin remodeling (decondensation)

« Before S-phase, NHEJ is involved in preventing male chr. abnorm.

« At S-phase, both NHEJ and HR are active, HR more so than NHEJ

* When NHEJ is compromised, HR takes over

* When HR is low, especially male PN are very sensitive for chr.abnorm.

In general, the male chromosomes are more
vulnerable for failures in the female DNA repair
mechanisms
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Asymmetry in Histone H3 variants and lysine
methylation between paternal and maternal chromatin
of the early mouse zygote
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Upon gamete fusion protamines are rapidly
removed and replaced by nucleosomes
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Mouse sperm head shortly after penetration
TUNEI is green
DNAis red




