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Abstract

The aim of the present study was to use fluorescence in situ hybridization to analyze the chromosome status of zygotes with a
single pronucleus from in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSl) treatment cycles. In addition, we
performed immunocytochemical detection of nuclear lamins and histone H3 trimethylated at lysine-9, Me(3)H3K9. Zygotes
were processed 24 hours after insemination or injection to assure the absence of asynchrony. In opposition to previous results,
we observed 2 pronucleiin 16 of 18 IVF zygotes and 40 of 64 ICSI zygotes, suggesting premature pronuclear breakdown. In IVF
and ICSI zygotes, the rate of normal diploidy was only 6 of 16 and 27 of 56, respectively, suggesting that monopronucleated
zygotes should not be used in assisted reproductive treatments. The possible mechanisms are discussed and compared to pre-

vious studies of monopronucleated zygotes.
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Introduction

The entry of a spermatozoon into the oocyte, which is arrested at
metaphase II of meiosis and presents the first polar body (PB1),
triggers oocyte activation with female meiosis resumption, extru-
sion of the second polar body (PB2), and formation of two haploid
pronuclei (2 PNs): male (m-PN) and female (f-PN). After a tight
connection forms between the 2 PNs, the nuclear envelopes dis-
assemble into small fragments, the chromosomes intermingle,
and the zygote undergoes the first mitotic division. After fertiliza-
tion, the PB2 appears 1 to 8 hours postinsemination in in vitro fer-
tilization (IVF) or postmicroinjection in intracytoplasmic sperm
injection (ICSI) cycles. Appearance of the 2 PNs occurs 3 to 20
hours after fertilization, with the f-PN first observed near the site
where telophase Il occurred. Formation of 2 PNs is synchronous
in the large majority of the cases (63%-74%), but when asyn-
chrony occurs, the m-PN appears first and both PNs are observed
after 10 to 120 minutes. Pronuclear envelope breakdown (PNBD)
is observed 23 to 46 hours after fertilization.'™

In some cases (2.7%-17%), the inseminated or injected
oocytes produce zygotes with only 1 PN, either with 1 or 2
polar bodies (PBs), although the majority of zygotes have two
PBs. Comparisons between cycles with and without 1 PN
zygotes have not revealed any relationship with demographic
characteristics, or embryological or clinical outcomes,'®'*
with the exception of one study that described a higher number
of cumulus—oocyte complexes and clinical pregnancy in cycles
with 1 PN zygotes.'?

After assessments of 1 PN zygotes and respective embryos
with cytogenetics, fluorescence in situ hybridization (FISH),
antibodies specific for female chromatin, and polymerase chain
reaction, several mechanisms have been proposed to explain
the appearance of 1 PN zygotes, including parthenogenesis,
endoduplication, and karyogamy (PN fusion).>'?

A recent study reported that the number of diploid single pro-
nucleated zygotes with two PBs, probably originated from karyo-
gamy, is about 86.7% in IVF cycles, and the authors suggested
that these zygotes could be used for assisted reproduction. They
also found that in ICSI cycles, 69.7% of these zygotes were hap-
loid, indicating that they should not be used in treatments.'* These
observations are consistent with previous findings from embryo
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analysis: (IVF: 80.5% diploid, cytogenetics),! (IVF: 71.4%
diploid; ICST: 28.6% diploid; FISH),” (ICSI: none diploid; cyto-
genetics),'® (ICSI: none diploid; FISH)'?; but not consistent with
other previous results from zygotes: (IVF: 58% diploid; cytoge-
netics, FISH),"* (IVF: 37.5% diploid; FISH)'® and embryos:
(IVF: 47.6% diploid; PCR and FISH),” (IVF: 48.7% diploid;
ICSI: 27.9% diploid; FISH).!' To date, three published reports
have described the birth of 5 healthy children from IVF treatment
cycles, with embryos derived from 1 PN/2 PB zygotes as no other
embryos were available for transfer.''”-'®

The aim of the present study was to quantitatively analyze
the chromosome status of 1 PN zygotes with 1 and 2 PBs
from cycles with IVF and ICSI using FISH analysis. In addi-
tion, we performed immunocytochemical detection of nuclear
lamins (PNs with intact nuclear envelope) and histone H3,
trimethylated at lysine 9, Me(3)H3K9 (specific to female
chromatin). We observed the presence of two PNs in all cases
with fertilization, suggesting that premature PNBD (pPNBD)
occurred. The mechanisms underlying this novel finding are
discussed and compared to previous studies that analyzed 1
PN zygotes.

Materials and Methods

Ethics

According to the National Law on Medically Assisted Pro-
creation (Law 32/2006), the National Council on Medically
Assisted Procreation guidelines (CNPMA, 2008), and clinical
and embryological databases, the zygotes donated for experi-
ments (with 1 PN) were used after patients, who underwent
assisted reproductive technology (ART) treatment cycles,
were informed about the studies and provided written consent.

Stimulation Protocol

Women underwent controlled ovarian hyperstimulation'® using
a gonadotropin-releasing hormone (GnRH) short antagonist
protocol with cetrorelix (Merck Serono, Geneva, Switzerland)
or ganirelix (Organon, Oss, The Netherlands) in the large major-
ity of the cases. In a few cycles, patients underwent a long
agonist protocol with busereline (Sanofi Aventis, Frankfurt,
Germany) or an ultralong GnRH agonist protocol with trip-
toreline (Ipsen, Paris, France) combined with cetrorelix at
final stimulation. Recombinant follicle-stimulating hormone
(rFSH) was mainly used (Puregon, Organon, or Gonal-F;
Merck Serono) for stimulation, but in several other cases
rFSH was combined with human menopausal gonadotropin
(Ferring, Kiel, Germany). Human chorionic gonadotropin
(HCG) was administered (10 000-15 000 IU; Pregnyl, Orga-
non) to trigger final oocyte maturation. In some cases, the
agonist busereline or recombinant HCG (Merck Serono) was
administered. Serum levels of estradiol (Elecsys 2010, Roche,
France: up to 2009; VIDAS Estradiol II, Biomerieux, Marcy-
LEtolie, France: since 2009) were assayed by electrochemilu-
minescence (up to 2009) and enzyme-linked fluorescent assay

(since 2009) at the day of HCG administration. Basal FSH
levels were quantified by microparticle enzyme immunoassay
(Abbott Lab, Abbott Park, Illinois).

Intracytoplasmic Sperm Injection

Cumulus—oocyte complexes were denuded under paraffin oil
(Medicult Origio, Jyllinge, Denmark or Vitrolife, Kungs-
backa, Sweden) with cumulase (Medicult) and incubated in
4-well plastic tissue culture dishes (NUNC, Roskilde, Denmark)
in IVF medium (Medicult) or G-IVF-Plus (Vitrolife) until
microinjection. The microinjections were performed as pre-
viously described®® using an inverted microscope (Nikon
DIAPHOT 200, Nikon ECLIPSE 300; Nikon, Tokyo, Japan)
equipped with a thermal stage (37°C), Hoffman optics (Nikon)
and Narishige micromanipulators (MO-188; Narishige, Tokyo,
Japan).

Embryo Culture and Score

Embryos were cultured in sequential media (Medicult and
Vitrolife) under oil in 4-well dishes (NUNC) or multi small-
well EGPS dishes (Sun IVF, Guilford, Connecticut) inside a
multigas incubator (6% CO,, 5% O,, 89% N, filtered humidi-
fied air; Sanyo, Tokyo, Japan). For embryo transfer, two differ-
ent media were used (UTM; Medicult or Embryo-Glue;
Vitrolife). Normal fertilization was assessed 16 to 20 hours
after insemination or microinjection. Evaluation of embryo was
performed using established score guidelines.*'-*?

Embryo Transfer, Luteal Support, and Pregnancy
Confirmation

Only embryos from 2 PN/2 PB zygotes were transferred.
Embryo transfer was at day 3 or 5 (when there were at least
3 to 4 high-quality embryos at day 3). Ultrasound-guided embryo
transfer was performed with a Sure View Wallace Embryo
Replacement Catheter (23 cm, CE123; Smiths Medical Inter-
national Ltd, Kent, United Kingdom). Endovaginal tablets of
natural micronized progesterone were administered for luteal
support (Jaba; Besins International, Montrouge, France) from
the day of oocyte aspiration up to 10 weeks of gestation. A clin-
ical pregnancy was established by ultrasound visualization of
a gestational sac at 6 weeks of gestation.

Zygote Evaluation

Approximately 16 to 20 hours after IVF or ICSI, zygotes
with 1 PN and 1 or 2 PBs were selected for the present
study. Before processing, these were inspected at 24 hours
to confirm the absence of a delayed appearance of a second
PN (Figure 1).

Fluorescence In Situ Hybridization

Each zygote was transferred to a 400-pL drop of 1% sodium
citrate (Sigma, St Louis, Missouri) in a Petri dish. After 10
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Figure |. Images obtained by inverted Hoffman optics microscopy of human oocytes with | pronucleus (arrows). A, Presence of the first polar
body (PBI). B, Presence of PBI and second polar body (PB2). ZP indicates zona pellucida; PVS, perivitelline space.

minutes, the swollen cell was allocated to a poly-L-lysine-coated
glass slide (Menzel-Glazer, Braunschweig, Germany). Fixation
was performed with Carnoy (3:1 v/v methanol/acetic acid;
Merck, Darmstadt, Germany) by dropping five 10-uL drops start-
ing 5 cm above the dish with sequential decreases of 1 cm. In this
way, the PN and PB appear geographically separated.”® The slide
was then washed for 4 minutes in phosphate-buffered saline (PBS;
Sigma) and 4 minutes in distilled water, dehydrated in 70%, 96%,
and 100% ethanol (Panreac, Barcelona, Spain; 1 minute each), and
left to air dry. It was then incubated at 37°C in a water bath for 20
minutes with pepsin (100 pg/mL in water; Sigma) to remove
cytoplasmic remnants and enable probe penetration. After a wash
in distilled water, the slide was fixed at 4°C for 10 minutes in 1%
paraformaldehyde (37% formalin; Sigma) in PBS. The sample
was again washed and dehydrated as mentioned earlier and left
to air dry.**%°

A fluorescent probe mixture (7 pL hybridization buffer-LSI
+ 1 uL CEP18-blue spectra + 1 pL LSI21-red spectra 4+ 1 uLb
CEPX-green spectra + 0.5 uL YSATIII-red spectra + 0.5 pL
YSATIII-green spectra) was prepared according to the manu-
facturer’s instructions (Vysis, Downers Grove, Illinois) and 3
pL were applied to each zygote. DNA denaturation was per-
formed at 75°C for 4 minutes by plating samples in a thermal
plate (HYBrite; Vysis), followed by hybridization in a dark,
humid chamber at 37°C for 4 hours or overnight. Thereafter,
samples were washed inside vertical jars for 3 minutes at 42°C
with 60% formamide (Fluka, Buchs, Switzerland) and then
with 2x saline sodium citrate (SSC; Invitrogen, Carlsbad,
California), followed by 4x SSC in 0.05% Tween 20 (Sigma)
at room temperature (RT) with shaking. After washing in PBS
and distilled water and dehydrated as mentioned earlier, slides
were mounted and the DNA was counterstained with 10 pL
4’ 6-diamidino-2-phenylindole (DAPI; Vectashield; Vector
Laboratories, Burlingame, California) and observed in an epi-
fluorescence microscope (Axiolmager Z1, Carl Zeiss Inc,
Oberkochen, Germany).**2°

Immunocytochemistry

Each zygote was washed in a Petri dish at 37°C with up and
down micropipette movements in a 400-pL drop of PBS.?” It
was then transferred to a poly-L-lysine-coated glass slide, and
2 pL lysis buffer (2.5 pL Tween 20 + 2.5 mL embryo tested
water + 25 pL. HCI-1N) was added. More buffer was carefully
added until complete cell lysis was observed and then the sam-
ple was left to air dry.”®

Samples were then treated with pepsin as mentioned earlier,
washed for 15 seconds with distilled water, and 15 seconds with
PBS, with care to not let air dry. They were then fixed by incu-
bation at —20°C for 10 minutes in a 200-pL drop of methanol
(Merck) and washed 2 times for 2 minutes each at 4°C with PBS.
Samples were then permeabilized for 15 minutes at RT with
0.5% Triton X 100 in PBS (Sigma), and washed 3 times for 5
minutes each with PBS at RT. To block nonspecific antibody
binding, samples were treated at RT for 30 minutes with 200
uL 1% bovine serum albumin (BSA; Sigma) in PBS.

Primary antibody labeling was performed by incubating
samples in a dark, humid chamber at 4°C overnight with
200 pL rabbit polyclonal antibody to Me(3)H3K9 (ab8898;
Abcam, Cambridge, United Kingdom) diluted to 1:500 with
1% BSA in PBS and Tween 20 (PBST; 50 pL Tween 20 +
9.95 mL PBS) and 200 pL. mouse monoclonal antibody to pan
Lamin (ab20740, Abcam) diluted to 1:50 with 1% BSA in
PBST. Samples were then decanted and washed 3 times for
5 minutes each with PBS and incubated in a dark, humid
chamber at RT for 1 hour with secondary antibodies: 200 puL
goat polyclonal antibody to rabbit immunoglobulin G (IgG)—
H&L conjugated with Cy5 (ab6564, Abcam) diluted to 1:600
with 1% BSA in PBST and 200 pL of goat anti-mouse IgG1
conjugated with fluorescein isothiocyanate (sc-2078, Santa
Cruz Biotechnology, Santa Cruz, California) diluted to
1:100 with 1% BSA in PBST.?® After washing as described
earlier, the samples were mounted with DAPI and observed
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Table |. Embryological and Clinical Data From IVF cycles.
Parameters IVF-1 PN IVF-Control P
Patients 15
Cycles 15 898
Female age (mean, range) 35.6 + 2.6 (30-40) 34 + 4.1 (21-52) 133
Male age (mean, range) 37.8 + 2.8 (32-42) 35.5 + 4.9 (24-60) .075
Tl (mean, range) 47 + 49 (1-17) 3.6 +£29(1-22) 175
COC/ETC (mean) 169 (11.3 + 4.8) 7752 (8.6 + 4.6) .028
MIl (n) 165 7234
I PN (n; %) 21 238 (4.9)
2 PNs/MII (FR) 17 (71) 5011 (69.3) .652
No. ET/ETC (mean) 28/14 (2.0 + 0.0) 1639/858 (1.9 + 04) A70
CP/ETC (rate) 7 (50) 432 (50.3) .979
IR 12/28 (42.9) 582/858 (35.5) 421
Ab/CP (rate) 1 (14.3) 59 (13.7) .962
OP/ETC (rate) 6 (42.9) 373 (43.5) 963
Delivery/ETC (rate) 6 (42.9) 373 (43.5) 963
LBDLR/ETC (rate) 6 (42.9) 373 (43.5) 963
NB/ETC (rate) 10 (71.4) 485 (56.5) 264
Stimulation characteristics of IVF cycles
bFSH 59 + 23 6.6 + 3.6 A76
Total gonadotrophin dose 1713.5 + 560.1 1756.9 + 802.6 .846
Total time of stimulation 85 + 1.76 83 + 1.6 642
Estradiol 1615.5 + 1238.5 1310.1 + 869.1 213
HCG 9444.4 + 1666.7 93984 + 1763.6 911

Abbreviations: IVF, in vitro fertilization; | PN, zygotes with | pronucleus; Tl, time of infertility; COC, cumulus—oocyte complexes; Mll, mature metaphase-I|
oocytes; 2 PNs, normal fertilized oocytes (with 2 pronuclei and 2 polar bodies); FR, fertilization rate; ET, embryo transfer; ETC, embryo transfer cycles; No. ET,
number of transferred embryos; CP, clinical pregnancy; IR, implantation rate; Ab, abortion; OP, ongoing pregnancy; LBDLR, live birth delivery rate; NB, newborn;

bFSH, basal follicle-stimulating hormone ; HCG, human chorionic gonadotropin.

under an epifluorescence microscope. After observation, sam-
ples were washed as mentioned earlier with 2x SSC and then
with 4x SSC in 0.05% Tween 20, followed by the primary
and secondary antibodies for FISH.

Statistical Analysis

Two types of controls were used (IVF and ICSI) from all con-
secutive cycles between 2005 and 2011 (date from which all
data are computerized). Statistical analysis was carried out
using the IBM SPSS Statistics 20 program for Windows
(Armonk, New York). We used chi-square tests (Fisher exact
test, 2 sided) and independent samples ¢-tests for assessing
equality of means (2 sided). A value of P <.05 was considered
statistically significant.

Results

Patients

Between January 2005 and September 2011, there were 898
IVF cycles and 3998 ICSI cycles. We analyzed 18 zygotes with
1 PN from 15 patients who underwent IVF (15 cycles) and 64
zygotes with 1 PN from 47 patients who underwent ICSI (49
cycles). Zygotes with 1 PN were collected for experiments as
they were available during ART treatments. The study group

(cases) was compared with all other IVF and ICSI cycles (con-
trols) to ensure that cases did not present clinical and embryo-
logical differences in relation to controls.

Embryological and Clinical Data From IVF and ICSI Cycles

There were no significant differences between IVF and ICSI
cycles with regard to the means of female and male ages; time
of infertility; number of embryos transferred; or the rates of
fertilization, clinical pregnancy, implantation, abortion, ongoing
pregnancy, live birth delivery, and newborns. However, a sig-
nificantly higher mean number of cumulus—oocyte complexes
were retrieved in cases. There were no significant differences
with respect to basal FSH and stimulation data. The rates of 1
PN zygotes were 4.9% and 5.9% for IVF and ICSI cycles,
respectively (Tables 1 and 2).

Molecular Cytogenetics and Immunocytochemistry From
IVF Cycles

Of'the 1 PN zygotes, 16 of 18 exhibited a FISH labeling pattern
corresponding to the presence of 2 PNs. One had no sperm in
the ooplasm; in the other case, the sperm was present in the
ooplasm but its head remained condensed. Of the 1 PN zygotes,
16 of 18 presented 2 PBs and 2 of 18 had 1 PB. The PBs were
found after FISH in all cases. The PB1 was identified as the
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Table 2. Embryological and Clinical Data From ICSI Cycles.

Parameters ICSI-1 PN ICSI-Control P
Patients 47
Cycles 49 3998
Female age (mean, range) 33.8 + 8 (20-43) 35.0 + 45 (18-48) .067
Male age (mean, range) 35.3 + 3.9 (28-48) 36.8 + 5.8 (20-66) .086
Tl (mean, range) 32 + 27 (1-14) 4 + 3.1 (1-23)
COC/ETC (mean) 495 (10.1 + 4.2) 30189 (7.6 + 4.8) <.001
Mil 425 24 629
I PN 64 1448 (5.9)
2 PNs/MII (FR) 302 (71.1) 17 111 (69.5) 482
N° ET/ETC (mean) 91 (1.9 + 0.4) 7025 (1.9 + 0.5) 742
CP/ETC (rate) 18/48 (37.5) 1318/3655 (36.1) .837
IR 23/91 (25.3) 1667/7025 (23.7) 173
Ab/CP (rate) 4 (22.2) 213 (l16.2) 489
OP/ETC (rate) 14 (29.2) 1104 (30.2) .876
Delivery/ETC (rate) 14 (29.2) 1098 (30.0) .896
LBDLR/ETC (rate) 14 (29.2) 1098 (30.0) .896
NB/ETC (rate) 16 (33.3) 1355 (37.1) .594
Stimulation characteristics of ICSI cycles
bFSH 7.6 + 39 73 + 40 .657
Total gonadotrophin dose 2119.6 + 1366.9 20482 + 10129 651
Total time of stimulation 85+ 19 85+ 18 940
Estradiol 13349 + 624.7 12584 + 891.9 .589
HCG 9833.3 + 19623 9614.2 + 1869.7 .523

Abbreviations: ICSI, intracytoplasmic sperm injection; | PN, zygotes with one pronucleus; Tl, time of infertility; COC, cumulus-oocyte-complexes; Mll, mature
metaphase-Il oocytes; 2 PNs, normal fertilized oocytes (with 2 pronuclei and 2 polar bodies); FR, fertilization rate; ET, embryo transfer; ETC, embryo transfer
cycles; No. ET, number of transferred embryos; CP, clinical pregnancy; IR, implantation rate; Ab, abortion; OP, ongoing pregnancy; LBDLR, live birth delivery rate;
NB, newborn; bFSH, basal follicle-stimulating hormone; HCG, human chorionic gonadotropin.

one presenting a diploid constitution (each chromosome with 2
chromatids), whereas PB2 exhibited a haploid constitution.
While the chromosome number was equal in both PBs, we made
no distinction. All zygotes were analyzed with FISH and immu-
nocytochemistry (IF) (Table 3). In total, we studied 18 zygotes
(15 patients), including 16 zygotes with 2 PBs (FISH: 11
zygotes, 10 patients; IF: 5 zygotes, 3 patients) and 2 zygotes with
1 PB (FISH: 1 zygote, 1 patient; IF: 1 zygote, 1 patient).
Among the 16 zygotes with 2 PBs, 1 had no sperm in the
ooplasm and a single haploid PN, and another exhibited a
condensed sperm head and a female metaphase plate. A sec-
ond PN was observed in the remaining 14 zygotes. When both
PNs exhibited an X chromosome, we could not distinguish
which was the f-PN or m-PN, except in those cases where
identification of the m-PN was based on its higher level of
condensation. Of these 14 zygotes, 6 were haploid on both
PNs (HH), 2 were diploid (DD), 4 had a diploid f-PN and a
haploid m-PN (DH), 1 presented a haploid f-PN and a diploid
m-PN (HD), and 1 had a diploid f-PN with no labeling found
on the m-PN (D-). Regarding the 2 zygotes with 1 PB, both
exhibited 2 PNs on FISH analysis. One was diploid on both
PNs (DD), whereas the second zygote presented 2 haploid
f-PNs and 1 haploid m-PN (HH-H; Table 3; Figure 2 A-F).
The finding of the 2 PNs in 1 PN zygotes suggested the
occurrence of pPNBD. To confirm this mechanism, zygotes
were evaluated by immunocytochemistry using a lamin antibody

that labels an intact nuclear envelope and an antibody against
Me(3)H3K9, which is specific for female chromatin. In 1 case,
the labeling failed. In others, pPNBD was confirmed with 2
cases of female pPNBD and 3 cases of male pPNBD (Table 3,
Figure 2G-I). There was a case that presented 2 haploid f-PNs
and 1 haploid m-PN with male pPNBD. Regarding the 2 haploid
f-PNs, immunocytochemistry confirmed the presence of female
pPNBD in the second f-PN, which indicates that karyokinesis
(PN division) occurred (Table 3, Figure 2I).

Molecular Cytogenetics and Immunocytochemistry From
ICSI cycles

Of the 64 zygotes with 1 PN, FISH analysis revealed that 40
exhibited 2 PNs, 1 had no sperm in the ooplasm, and the sperm
head remained condensed in 23. Moreover, 56 and 8 zygotes
with 1 PN had 2 PBs and 1 PB, respectively. All zygotes were
included in FISH and immunocytochemistry analyses (Table 4).
Thus, we studied a total of 64 zygotes (47 patients), including
56 zygotes with 2 PBs (FISH: 42 zygotes, 31 patients; IF: 14
zygotes, 12 patients) and 8 zygotes with 1 PB (FISH: 6
zygotes, 2 patients; IF: 2 zygotes, 2 patients).

Among the 56 zygotes with 2 PBs, 1 had no sperm in the
ooplasm and a single PN with no labeling, 20 presented a con-
densed sperm head and a haploid f-PN (with the exception of
3 cases where the f-PN had no labeling and 1 case where the
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Table 3. FISH Analysis of IVF Zygotes With | PN/2 PBs (11) and | PN/I PB (I).

FISH

| PN/2 PBs Zygote (n) f-PN m-PN Result

I H Sperm absent AS

I Mil Sperm head AD

3 H H pPNBD

I D D f-ED/m-ED; pPNBD

4 D HQY) f-ED; pPNBD

I H D (Y) m-ED; pPNBD
| PN/1 PB

I D D NE/f-ED; m-ED; pPNBD

FISH and immunocytochemistry analysis of IVF zygotes with | PN/2 PBs (5) and | PN/I PB (1)

f-PN m-PN

| PN/2 PBs Zygote (n) FISH Lamin H3 FISH Lamin H3 Result

2 H + + H (1Y) - — (m) pPNBD

I H - + H (Y) + - (f) PPNBD

I D - + No labeling + - f-ED; (f) pPNBD

I D - - D (Y) - - f-ED/m-ED; pPNBD
| PN/I PB

H + + H - - NE/f-ED; (m) pPNBD
H — + — Female karyokinesis

Abbreviations: FISH, fluorescence in situ hybridization; IVF, in vitro fertilization; | PN, zygotes with one pronucleus; 2 PBs, 2 polar bodies; | PB, one polar body; f-
PN, female pronucleus; m-PN, male pronucleus; Mll, metaphase Il plate of the oocyte; H, haploid; D, diploid; AS, sperm head not found in the ooplasm; AD,
presence of the sperm head without decondensation; pPNBD, premature pronucleus break down (male and female); f-ED, DNA endoduplication in the female
pronucleus; m-ED, DNA endoduplication in the male pronucleus or diploid sperm; NE, nonextrusion of the second polar body; No labeling, presence of the male
pronucleus with no FISH signals; Zygote 17, failure of the immunocytochemistry technique.

f-PN was diploid), and a second PN was observed in 35. Of
these, 27 were haploid on both PNs (HH), 5 had a diploid
f-PN and a haploid m-PN (DH), 1 presented a haploid f-PN and
a diploid m-PN (HD), 1 had a haploid f-PN and an aneuploid
m-PN (HA), and 1 had a haploid f-PN with no labeling found
on the m-PN (H-). Regarding the 8 zygotes with 1 PB, there were
3 cases with a condensed sperm head and a f-PN (2 diploid and 1
chaotic) and 5 cases where 2 PNs were observed. Of these, 1 was
haploid on both PNs (HH) and 4 had a diploid f-PN and a haploid
m-PN (DH; Table 4). Immunocytochemistry data allowed us to
confirm the presence of pPNBD in all cases, with 5 cases of
female pPNBD and 5 cases of male pPNBD. In 1 case, the f-
PN was labeled for H3 but lamin labeling failed (Table 4).

Discussion

The appearance of 2 PNs during normal fertilization occurs at
a maximum of 20 hours after insemination or sperm injection.
When asynchrony occurs, the maximal delay is 2 additional
hours, which gives 22 hours in total for the appearance of both
PNs. However, after this time, some zygotes exhibit only 1
PN. In the present work, the incidence of 1 PN zygotes was
4.9% in IVF and 5.9% in ICSI cycles, which is similar to pre-
vious reports (2.2%-17%). Also, as reported by other studies,
comparisons to controls regarding demographic, stimulation,

clinical, and embryological outcomes showed no significant
differences.'*"'* However, we found a significantly higher
mean number of cumulus—oocyte complexes in cycles with
1 PN zygotes, which is in accordance with a previous study.'?

To explain the occurrence of a normal diploid content in
the single PN observed with FISH, others have suggested that
this could be due to PN asynchrony'”? or PN karyogamy.'*
We also processed single pronucleated zygotes after 24 hours
and found FISH signals corresponding to 2 PNs in 16 of 18
IVF zygotes and 40 of 64 ICSI zygotes, and karyogamy
cannot explain our findings. Regarding PN asynchrony, 1
PN zygotes were processed after 24 hours of insemination
or sperm injection, which is the longest observation time in com-
parison to previous reports so this cannot explain our observa-
tions either. Thus, the present results suggest the occurrence of
pPNBD, which was further confirmed by immunocytochemis-
try. We have no plausible explanation for this difference regard-
ing all other previous studies, where authors used FISH and
only found a single labeled area corresponding to the single
PN previously observed. Our FISH analysis results revealed
2 distinct PNs in all cases of 1 PN zygotes (except those with
absent sperm or a condensed sperm head in the ooplasm); there-
fore, our data suggest that 1 PN zygotes do in fact have pPNBD.

The nuclear envelope is supported by the nuclear lamina,
which is a net of a bidimensional leaves of intermediate
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Figure 2. Images obtained by epifluorescence microscopy of human mature metaphase Il oocytes with | pronucleus. A-l, Chromosomes 18
(blue; pink), 21 (red), X (green), and Y (yellow) were detected with fluorescence in situ hybridization (FISH). A, Patient with presence of a hap-
loid female pronucleus (f-PN) with the absence of sperm in the ooplasm. B, Patient with presence of a metaphase Il plate (MIl) and a condensed
sperm head (S). C, Patient with diploid pronuclei, f-PN and male pronucleus (m-PN). D, Patient with a diploid f-PN and a haploid m-PN. E, Patient
with a haploid f-PN and a diploid m-PN. F, Patient with haploid pronuclei. G-I, FISH coupled with immunocytochemistry to detect the presence
of the nuclear envelope using a pan-Lamin (L: green) antibody and the female chromatin using an antibody specific for histone trimethylated at
lysine 9 (H3: red) to evaluate premature pronucleus breakdown (pPNBD). G, Patient with haploid pronuclei and m-PN pPNBD (presence of
lamin staining in the f-PN with absence of lamin staining in the m-PN). H, Patient with haploid pronuclei and f-PN pPNBD (presence of lamin
staining in the m-PN with absence of lamin staining in the f-PN). |, Patient with | haploid m-PN and 2 haploid f-PNss. In this patient, there is m-PN
pPNBD (absence of lamin staining), whereas of the 2 f-PNs, one presented lamin and H3 staining and the other showed pPNBD (absence of
lamin staining and presence of H3 staining). (The color version of this figure is available at rs.sagepub.com.)
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Table 4. FISH Analysis of ICSI Zygotes With | PN/2 PBs (42) and | PN/I PB (6).

FISH
| PN/2 PBs Zygote (n) f-PN m-PN Result
2 No labeling Sperm head AD
14 H Sperm head AD
22 H H@Y) pPNBD
2 D H({Y) f-ED; pPNBD
| H D m-ED; pPNBD
I H Aneuploid pPNBD
| PN/I PB
| D Sperm head NE/f-ED; AD
| Chaotic Sperm head NE/f-ED; AD
4 D H({Y) NE/f-ED; pPNBD
FISH and immunocytochemistry analysis of ICSI zygotes with | PN/2 PBs (14) and | PN/I PB (2)
f-PN m-PN
| PN/2 PBs Zygote (n) FISH Lamin H3 FISH Lamin H3 Result
| No labeling + Sperm absent — — AS
| No labeling — — Sperm head — — AD
| H + + Sperm head - — AD
| H — — Sperm head — — AD
| D + — Sperm head — — f-ED; AD
| H + + H(Y) - — (m) pPNBD
3 H — + HQ2Y) + — (f) pPPNBD
| H — — H + — (f) pPPNBD
| H + + No labeling - — (m) pPNBD
2 D + + H — — f-ED; (m) pPNBD
| D — + H — — f-ED; pPNBD
| PN/I PBs
| H — + H (Y) + - (f) pPNBD
| D — + Sperm head — — NE/f-ED; AD

Abbreviations: FISH, fluorescence in situ hybridization; ICSI, intracytoplasmic sperm injection; | PN, zygotes with one pronucleus; 2 PBs, 2 polar bodies; | PB, | polar
body; f-PN, female pronucleus; m-PN, male pronucleus; No labeling, presence of the female or male pronucleus with no FISH signals; H, haploid; D, diploid; AD,
presence of the sperm head without decondensation; pPNBD, premature pronuclear break down (male and female); f-ED, DNA endoduplication in the female
pronucleus; m-ED, DNA endoduplication in the male pronucleus or diploid sperm; NE, nonextrusion of the PB2; AS, sperm head not found in the ooplasm; Zygotes
50, 52, failure of the immunocytochemistry technique (cases with an uncondensed sperm head). Zygote 62, failure of lamin labeling (diploid f-PN with a haploid m-PN).

filaments. This is a dynamic structure, as lamin phosphorylation ~ 86.7% presented a normal diploid PN (suggested to be due to
causes pronuclear breakdown at mitosis and lamin dephosphor-  karyogamy), whereas the PN only had a normal diploid content
ylation and enables nuclear envelope reformation at telophase.  in 30.3% of ICSI cycles."* Our present results using combined
Seven lamin isoforms are encoded by 3 genes, LMNA (4 genes), FISH with antibodies against lamins and Me(3)H3K9 confirmed
LMNBI, and LMNB? (2 genes). Lamins C2 (encoded by LMNA) that pPNBD occurs with a similar rate between f-PN and m-PN
and B3 (encoded by LNMB2) are specifically expressed in in both IVF (2 female, 3 male) and ICSI cycles (5 female,
the germ line.?’ Histones represent the main structural proteins 4 male). This premature disassembly of the nuclear envelope
of chromosomes and enable DNA compaction. Together with justifies the absence of observation of 2 PNs during the regu-
DNA, they form nucleosomes that are comprised of 4 nucleo- lar observation of single pronucleated zygotes. However,
some proteins, histones H2A, H2B, H3, and H4, as well as the immunofluorescence also revealed that in 2 PB zygotes, only
linkage histone H1. In zygotes, only the female chromatin pos- 3 of 5 (IVF) and 5 of 14 (ICSI) were normally diploid.
sesses Me(3)H3K9.*® The presence of lamin and Me(3)H3K9 There was a unique case of a 1 PB zygote (IVF) with 1 male
labeling identifies an intact f-PN and a male pPNBD, whereas haploid PN and 2 haploid f-PNs, indicating female karyokinesis
the absence of lamin and presence of Me(3)H3K9 labeling in (PN division) after probable inclusion of the genetic material of
the f-PN associated with lamin-positive labeling in the m-PN  the second PB. This was confirmed by immunocytochemistry.
identify a female pPNBD. The occurrence of zygotes with a single PN has been attrib-
A previous study using FISH and an antibody against uted to several mechanisms. In the case of female haploid 1
Me(3)H3K9 showed that, of the 2 PB IVF zygotes, about PB zygotes (without extrusion of the PB2), oocyte activation
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A Haploid-1PN/1PB
PB2-f-PN

Haploid-1PN/2PB D

f i i O—pB2

GO0

Diploid-1PN/1PB

Diploid-1PN/2PB

Figure 3. Scheme of the mechanisms exclusively related to cases where only one pronucleus (I PN) was observed after fluorescence in situ
hybridization (FISH). PBI indicates first polar body; PB2, second polar body; PB2-f-PN, inclusion of the second polar body to originate one
female haploid pronucleus (f-PN); S, condensed sperm head; MIl, metaphase plate of the second female meiosis; m-PN, male pronucleus;

ED, endoduplication; D, diploid sperm; X and Y chromosomes.

would be due to parthenogenic activation with formation of
a f-PN due to inclusion of the genetic material of the PB2
(Figure 3A1 and A2). Parthenogenesis can be primary when
there is absence of sperm in the ooplasm (IVF: absence of
gamete membrane fusion or sperm extrusion from the ooplasm,
ICSI: sperm extrusion from the ooplasm with activation as a con-
sequence of cytoplasmic aspiration; Figure 3A1) or secondary
with presence of sperm in the ooplasm and absence of sperm
head decondensation (IVF: gamete membrane fusion triggers
oocyte activation, ICSI: the sperm could have released the
oocyte activation factor or activation was a consequence of
cytoplasmic aspiration; Figure 3A2). If the PN is male, then
the cell must have maintained the second meiotic metaphase
plate, and failure of meiosis resumption could be due to an
abnormal meiotic spindle (Figure 3A3).

In the case of female diploid 1 PB zygotes (without extrusion
of the PB2; Figure 3B), our data suggest f-PN formation due to
the inclusion of the genetic material of the PB2 followed by
DNA endoduplication (Figure 3B1). In this case, parthenogen-
esis has occurred under the mechanisms described earlier. Alter-
natively, there has been a fusion with a m-PN (with an X or Y
chromosome), thus indicating karyogamy with asynchronous
PN development (Figure 3B2 and B3). The other possibility is
that the oocyte has maintained the second meiotic metaphase
plate, and the m-PN was due to fertilization by a diploid sperm
(Figure 3B4) or the m-PN has had endoduplication (Figure 3BS).

In the case of female haploid 2 PB zygotes (with extrusion
of the PB2; Figure 3C), the explanation is that parthenogenesis
has occurred (Figure 3C1), whereas in the case of a m-PN, there
was a female incompetence to develop a PN (Figure 3C2). In
the case of female diploid 2 PB zygotes (with extrusion of

the PB2; Figure 3D), it is likely that there was parthenogenic
activation with endoduplication (Figure 3D1). Cases with a
m-PN are suggestive of karyogamy with a sperm carrying a
female (Figure 3D2) or male (Figure 3D3) chromosome. Alter-
natively, fertilization occurred with a diploid sperm (Figure
3D4) or the m-PN had endoduplication (Figure 3D5), both of
which are associated with female incompetence to develop a PN.

The absence of sperm in the ooplasm was only observed in
2 cases of 2 PB zygotes. In IVF cycles, we considered absent
fertilization, whereas we considered sperm extrusion in ICSI
cases, both with parthenogenic activation, taking into account
that this could be due to the aspiration procedure during micro-
injection in ICSI. These mechanisms have been described
previously."¢1%13:1¢ The presence of a condensed sperm head
in the ooplasm was observed in 1 case of a 2 PB zygote from
IVF cycles with presence of the metaphase II plate, indicating
absence of f-PN formation, probably due to a defective meiotic
spindle. In ICSI cycles, 20 of 56 zygotes with 2 PBs and 3 of 8
zygotes with 1 PB presented a condensed sperm in the
ooplasm, which suggests that oocyte activation could either
be due to a consequence of the ICSI procedure or release of
the oocyte-activating factor from the sperm. These mech-
anisms have been previously described.”'""'*3! Regarding
zygote diploidy, in 2 PB zygotes from IVF cycles, we found
higher diplody in the f-PN (7 of 16) than the m-PN (3 of
16), with the same observed in ICSI cycles although with
lower diploidy rates (f-PN: 5 of 56, m-PN: 1 of 56). In these
cases, female diploidy can be explained by endoduplication,
whereas male diploidy could result from endoduplication or
fertilization by a diploid sperm. Regarding diploidy in 1 PB
zygotes, our observations revealed diploidy in half of the IVF
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(in both female and male PNs) and ICSI (only in the female
PN) cycles. In these cases, female diploidy can be explained
by nonextrusion of the PB2 with inclusion of the haploid
genetic material followed by endoduplication. These mechan-
isms have also been described in other reports.'”!!

Previous studies with 2 PB zygotes, where only 1 PN was
found after FISH, suggested the potential use of 1 PN zygotes
in IVF cycles due to the finding that the PN was normally
diploid in 86.7% of the cases, possibly because of asynchro-
nous PN development or karyogamy."'* We observed differ-
ent values in the present study. From the 18 zygotes of IVF
cases, 16 had 2 PBs and 14 of these presented pPNBD; how-
ever, only 6 of 16 were haploid on both PNs. Similarly, in
ICSI cycles, of the 64 zygotes evaluated, 56 had 2 PBs, and
35 of these presented pPNBD but only 27 of 56 were haploid
on both PNs. Our results are nevertheless in line with other
previous reports,'!*!¢ which suggested that single pronu-
cleated zygotes should not be used in IVF or ICSI treatments.

In conclusion, we described two new mechanisms in single
pronucleated zygotes: pPNBD and karyokinesis. Our findings
indicate that these zygotes should not be used in IVF or ICSI
treatments, as the rates of normal diploidy (2 haploid PNs) were
37.5% (6 of 16) in IVF and 48.2% (27 of 56) in ICSI cycles.
Nevertheless, we advise the use of preimplantation genetic diag-
nosis in special clinical cases where only embryos derived from
single pronucleated zygotes with 2 PBs are available for transfer.
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