
ORIGINAL RESEARCH REPORTS

Improved Efficiency of Microsurgical Enucleated
Tripronuclear Zygotes Development and Embryonic
Stem Cell Derivation by Supplementing Epidermal
Growth Factor, Brain-Derived Neurotrophic Factor,

and Insulin-Like Growth Factor-1

Yong Fan,1,* Rong Li,2,3,* Jin Huang,2,4,* Hong-Cui Zhao,2,3 Ting Ding,2,3 Xiaofang Sun,1

Yang Yu,2,3 and Jie Qiao2–4

Human embryonic stem cells (hESCs) hold great promise for future clinical cell therapies because of their
unique potential to differentiate into all human cell types. However, the destruction of normal fertilized
embryos and the derivation of hESCs for research has resulted in polarized ethical debates, with most of the
controversy centered on embryo destruction. Therefore, due to less ethical controversy surrounding them,
abnormal fertilized zygotes that are usually discarded are a potential feasible resource for the derivation of
hESCs. Microsurgery on human polyspermic zygotes can contribute to the derivation of hESCs, but the
efficiency is much lower. Here, we reported a culture system to enhance the developmental competence of such
microsurgical human polyspermic zygotes by EGF–BDNF–IGF-1 combination, which eventually resulted in
the increased derivation efficiency of hESCs from them. We found that the developmental efficiency of
microsurgical enucleated tripronuclear (3PN) embryos cultured with the EGF–BDNF–IGF-1 combination was
significantly increased compared with the control group. More importantly, when the microsurgical enucleated
3PN embryos were cultured in medium supplemented with EGF–BDNF–IGF-1, the frequency ratio of chro-
mosome abnormality was reduced. Our present study will facilitate the development of hESC line derivation in
subsequent studies and also provide an additional choice for infertile couples.

Introduction

Human embryonic stem cells (hESCs) hold great
promise for future clinical cell therapies because of their

unique potential to differentiate into all human cell types [1].
Currently, the vast majority of hESC lines are derived from
surplus embryos from in vitro fertilization (IVF) treatments.
However, the use of embryos for hESC derivation for re-
search and eventual medical applications has resulted in
polarized ethical debates, because the process involves the
destruction of viable, developing human embryos [2].
Therefore, due to less ethical controversy surrounding them,
abnormal fertilized zygotes that are usually discarded are a
potential feasible resource for the derivation of hESCs.

Normal human zygotes consist of two pronuclei (PN) that
develop from the maternal and paternal genomes. However,

IVF, which is one of the mainstream assisted reproductive
technologies (ARTs), often results in abnormal zygotes with
three or more PN [3]. These zygotes cannot develop into
normal humans, because the chromosome is polyploidy in-
stead of diploid and, therefore, usually discarded after IVF
manipulation. Among these abnormal fertilized zygotes, the
most commonly found are tripronuclear (3PN) zygotes,
which are formed because the oocyte genome failed to
separate from the sperms or as two sperms entered into the
oocyte. The latter happens more often, resulting in *5%–
7% polyspermic zygotes being formed during the IVF pro-
cedure.

Although polyspermic zygotes are usually disregarded in
clinical settings, they have the potential to develop into
blastocysts and form trophoblast cells and the inner cell
mass (ICM) with normal morphologies [4]. Moreover, hESC
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lines have been shown to exhibit marker expression and
differentiation ability in vitro and in vivo comparable to that
of normal hESCs [5]. In 1989, Malter and Cohen obtained
one reconstructive blastocyst from seven 3PN human zy-
gotes using microsurgery [6]. This microsurgical repair
method has also been used in clinical settings. Kattera and
Chen transferred repaired embryos into a 38-year-old wo-
man, resulting in a normal, healthy baby boy [7]. Based on
these findings, Fan et al. derived the first hESC line using
five blastocysts developed from 3PN zygotes repaired by
microsurgery [8]. Subsequently Jiang et al. obtained 2 hESC
lines using 11 blastocysts generated by the microsurgical
method [9]. Since the efficiency (*20%) was significantly
lower than when normal fertilized blastocysts were used
(*40%–50%), the use of polyspermic zygotes in the field of
hESCs has been limited. In previous studies, the lower
quality of polyspermic zygotes has been shown to result in
lower blastocyst formation efficiency and low blastocyst
quality. Therefore, improvements in embryo quality could
contribute to an increase in hESC derivation [8].

It has been reported that growth factors play key roles in
mammalian development and increase the developmental
competence of fertilized embryos in mice, rats, cattle, pigs,
and humans [10]. Growth factors participate in oocyte
maturation, embryonic development, and blastocyst func-
tion in an autocrine/paracrine manner, and different growth
factors probably play different roles in these processes.
Therefore, it is likely that a combination of growth factors
would promote embryo development and improve embryo
quality [11]. Lorenzo et al. suggested that the EGF–IGF-1
combination could enhance cumulus expansion and nuclear
maturation of bovine oocytes [12]. A similar effect of epi-
dermal growth factor (EGF) plus insulin-like growth factor-1
(IGF-1) treatment was reported in studies in sheep, Merino
lamb, and porcine embryo development [13–15]. In addition to
IGF-1, EGF has also been suggested to play a beneficial role in
oocyte maturation and embryo development when combined
with gonadotrophin [16], transforming growth factor-a [17], or
EGF-like factors [17]. Although EGF has been shown to have
tremendous potential for improving oocyte maturation and
embryo development due to its stage-dependent functions
[18], its negative effects on oocytes in the presence of low
gonadotrophins [19] prompted a search for appropriate growth
factors to be used in combination with EGF.

Neurotrophic factors were first identified as promoting the
growth, survival, and differentiation of neurons. Subse-
quently, their positive role in the early stages of ovarian
folliculogenesis, oocyte maturation, embryo development,
and embryo implantation suggested their potential role in
the improvement of blastocyst development [20–22]. Lin-
her-Melville and Li suggested that glial cell-line-derived
neurotrophic factor (GDNF), brain-derived neurotrophic
factor (BDNF), and nerve growth factor (NGF), used either
alone or in combination, could be added to the media for in
vitro oocyte maturation, thereby potentially increasing the
production and/or quality of early embryos [23].

Recently, Kawamura et al. used a combination of seven
growth factors, including BDNF, colony-stimulating factor
(CSF), EGF, granulocyte macrophage colony-stimulating
factor (Gm-CSF), IGF-1, GDNF, and artemin, to improve the
developmental competence of normal fertilized embryos,
polyspermic zygotes, and cloned embryos [24]. Yu et al.

demonstrated that embryo development and embryo quality
developed from in vitro matured oocytes could be signifi-
cantly improved by supplementing the in vitro maturation
and embryo culture medium with EGF, BDNF, and IGF-1
[22]. More importantly, it was possible to derive hESCs from
embryos cultured in media supplemented with these three
growth factors. However, whether the combination of these
three growth factors can improve the developmental com-
petence and spindle assembly of reconstructed diploid
zygotes from polyspermic zygotes is still unknown.

In this study, we investigated the effects of EGF, BDNF, and
IGF-1 on the developmental competence and embryo quality
of repaired diploid zygotes reconstructed from 3PN embryos
and the feasibility of ES derivation using the resulting blas-
tocysts. Moreover, expression of the receptors for these three
growth factors was evaluated in these zygotes to explore the
potential mechanism of action of the growth factors.

Materials and Methods

Source of 3PN human zygotes

This study was approved by the ethics committees of The
Third Affiliated Hospital of Guangzhou Medical University
and Peking University Third Hospital. The patients involved
in this study knew about and understood the usage of
polyspermic zygotes and voluntarily discarded them after
signing the informed consent. A total of 364 3PN human
zygotes with a visible second polar body were obtained
18–20 h post-insemination.

PN removal by micromanipulation

The 3PN zygotes were transferred into GMOPS media.
The male pronucleus was selected for removal. The extra
male pronucleus was identified as previously established
criteria [7]. The criteria used to identify the male PN were as
follows: (1) presence of pronucleus-associated sperm tails,
(2) increased pronucleus size, and (3) a greater distance
(relative to the female PN) from the second polar body. For
the reconstructed diploid zygotes, one pronucleus situated
further away from the polar body I was identified clearly
through the eyepiece. A hole was made in the zona pellucida
using an injector needle of 12–15 mm diameter with the help
of a Piezo apparatus (Prime Tech), and the pronucleus was
aspired out of the oocyte using the injector needle. The
repaired diploid zygotes (r2PN) were transferred into and
cultured in Gm media (LGGG-050; LifeGlobal) until the
blastocyst stage. To study the effects of growth factors on
the development of repaired diploid embryos, some Gm
media were supplemented with 10 ng/mL EGF (E-9644),
10 ng/mL BDNF (B-3795), and 10 ng/mL IGF-1 (I-3769).
All embryos were maintained in a humidified incubator at
37�C, 5% CO2, and 5% oxygen.

Embryo grading

The repaired diploid embryos were graded in our ART
center following previously established eight-cell [25] and
blastocyst evaluation [26] criteria. Eight-cell grading was
performed as follows: If there were no fragments and uni-
form blastomeres on day 3, the embryos were classified as
8G1; if the ratio of fragments was 5% and uniform
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blastomeres were present on day 3, the embryos were clas-
sified as 8G2; if the ratio of fragments ranged from 5% to
20% and the blastomere morphology was not uniform, the
embryos were classified as 8G3; and if the ratio of fragments
was 50% and the blastomeres did not have normal distinct
morphology, the embryos were classified as 8G4. Blastocyst
grading was as follows: If the blastocyst had a large blasto-
coel and ICM with a large number of tightly packed cells on
day 5, the embryos were classified as BG1; if the blastocyst
with the blastocoel expanded to 50%–80% of the volume and
the ICM had a few loosely packed cells on day 5, the embryos
were classified as BG2; and if the blastocyst with the blas-
tocoel occupied
< 50% of the volume and the ICM had almost no cells on day
5, the embryos were classified as BG3.

Apoptosis testing and cell number counting

The apoptotic cells were analyzed by TUNEL staining
method as in our previous study [27]. The blastocysts were
fixed in 4% paraformaldehyde solution for 1 h at room
temperature after being rinsed in 1 mg/mL PVP-PBS solu-
tion. Then, the plasma membrane of blastomeres was per-
meabilized in 0.5% Triton X-100 (Sigma-Aldrich) for 1 h.
After being treated with DNase, TUNEL staining was per-
formed on the samples as instructed by the TUNEL assay kit
manufacturer (Roche). Finally, the samples were cultured in
propidium iodide (PI) at a concentration of 0.05 mg/mL plus
RNase A (50 mg/mL of each) for 1 h at room temperature in
the dark to stain all the nuclei, and then, the samples were
mounted on a slide and examined under a NIKON fluores-
cent microscope.

Blastocyst biopsy

On day 5 or 6, the expanding blastocysts were used for
trophectoderm (TE) cell biopsy. Some TE cells (normally
5–10 cells) were aspirated into the biopsy pipette and then
cut using the ZILOS-tk� laser system (Hamilton Thorn
Bioscience, Inc.). The biopsied blastocysts were then
transferred back into the culture medium. The biopsied TE
cells were rinsed in buffer, placed into tubes containing cell
lysis buffer, and stored at - 20�C till CGH testing.

Array comparative genome hybridization

Genomic DNA from TE cells was amplified using a
whole-genome amplification kit. CGH manipulation using a
Bluegnome platform was performed according to the in-
struction book and as previously demonstrated [28]. The
amplified DNA samples were labeled with Cy3 or Cy5 using
a fluorescent labeling system and mixed with control human
DNA. The samples were then dried, resuspended, and loa-
ded onto the BlueGnome 24Sure V3 arrays. The data were
analyzed using Bluefuse software (BlueGnome). A similar
protocol was used for hESC analysis.

Immunostaining

To determine the expression of the EGF receptor (EGFR),
BDNF receptor (TrkB), and IGF-1 receptor (IGF-1R), a total
of 30 zygotes from the r2PN group were fixed in 4% para-
formaldehyde (w/v) and then permeabilized in PBS con-

taining 0.2% Triton X-100 for 20 min at room temperature.
After subsequent washes in PBS, the embryos were blocked
for 30 min at room temperature. Slides were incubated sep-
arately overnight with the following antibodies at 4�C: rabbit
polyclonal antibody to EGFR (1:100, sc374607; Santa Cruz
Biotechnology), rabbit polyclonal antibody to TrkB (1:100,
ab51190; Abcam, Inc.), and rabbit polyclonal antibody to
IGF-1R (1:100, ab90657; Abcam, Inc.). Slides were incu-
bated with FITC-conjugated anti-rabbit or anti-mouse sec-
ondary antibodies ( Jackson Labs) for 1 h at 37�C before
washing again in PBS. Nuclei were stained with propidiu-
miodide at a final concentration of 0.01 mg/mL for 10 min.
HESC identification was performed as described in our
previous study. The ESCs were also fixed in 4% PFA (w/v)
and incubated overnight with primary antibodies (1:100) at
48�C. The primary antibodies included antibodies against
TRA-1-60 (1:200, ab16288; Abcam, Inc.), OCT4 (1:200,
ab27985; Abcam, Inc.), and Nanog (1:200, ab80892; Abcam,
Inc.). The slides were incubated with FITC-conjugated goat
anti-mouse or anti-rabbit secondary antibodies (1:200) for
1 h at 37�C and then washed again in PBS. Nuclei were
stained with 4¢,6-diamidino-2-phenylindole (DAPI) at a final
concentration of 0.01 mg/mL for 5 min. The immunostained
embryos were mounted on glass slides and examined under a
confocal laser scanning microscope (A1-R; NIKON).

hESC derivation

The blastocysts were used for ES derivation at day 6.
ICM was isolated by the mechanical method as described in
our previous study [8]. After 5–7 days, the human ICM
formed a small colony, and the culture medium was changed
every 2 days. The small colony was allowed to grow for 7
more days and then mechanically dissociated into three to
four small clumps using a micropipette. After five passages,
the hESC colonies were propagated with the addition of
1 mg/mL collagenase type IV every 4–7 days.

Karyotype analysis

For chromosome analysis, hESCs obtained after every 10
passage were incubated in culture medium with 0.25mg/mL
colcemid (Gibco, Invitrogen) for 4 h, harvested, and incu-
bated in 0.4% sodium citrate and 0.4% chloratum Kaliumat
(1:1, v/v) at 37�C for 5 min. The cells were then fixed thrice
in a solution of methanol: acetic acid (3:1, v/v). Subse-
quently, after Giemsa staining, at least 20 cells were ex-
amined in each group for chromosome analysis.

Assessment of the differentiation capacity
in vitro and in vivo

Specific gene expression in the embryoid body (EB) was
used to assess the differentiation ability of hESCs in vitro.
The hESCs were cultured in suspension, and EB growth was
observed after 2 weeks. After collection, the EB was sub-
jected to reverse transcription-polymerase chain reaction
(RT-PCR) to analyze specific gene expression for three
embryonic germ layers: Afp (endoderm), Neurod1 (ecto-
derm), and Hbz (mesoderm). After being cultured in sus-
pension for 7 days, the EBs were transferred onto a gelatin-
coated plate and cultured in the same medium for another 7
days. The differentiated EBs were immunostained with AFP
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(1:100, Human Germ Layer Marker Kit; Chemicon), a-
SMA (1:200, Human Germ Layer Marker Kit; Chemicon),
and TUJ1 (1:200, Human Germ Layer Marker Kit; Che-
micon). The secondary antibodies used were Alexa 488-
conjugated goat anti-mouse IgG (1:500; Invitrogen) and
Alexa 488-conjugated goat anti-rabbit IgG (1:500; Invitro-
gen). Cell nuclei were stained with DAPI.

The differentiation ability of hESCs in vivo was evaluated
by teratoma production. The hEScs from passage 10 or
beyond were treated with 1 mg/mL collagenase type IV for
10–15 min and then dispensed into 300–400 small hESC
colony suspensions. The colonies were collected and sub-
cutaneously injected into the inguinal grooves of 6-week-old
male severe combined immunodeficiency (SCID) mice.
Eight weeks later, the resultant tumors were removed, fixed
for 4–8 h in 4% paraformaldehyde, and embedded in par-
affin. After staining with hematoxylin and eosin, the sec-
tions were examined under a light microscope for the
presence of derivatives from the three germ layers.

Statistic analysis

The results were compared using SPSS software. An in-
dependent sample T test was performed when comparing the
data from two groups. A one-way ANOVA test was used
when comparing the data from more than three groups and
followed by least significant differences post hoc analysis. P
value < 0.05 was considered statistically different.

Results

Effects of PN removal on the developmental
competence and quality of repaired embryos

The r2PN embryos were derived from 3PN embryos by
removing one pronucleus (Fig. 1A, B). The evaluation of
developmental competence showed that the cleavage effi-
ciency was not different between normal 2PN and r2PN
groups (P > 0.05), but the eight-cell and blastocyst formation
efficiency was significantly different between the two
groups (P < 0.05, Fig. 1C).

EGFR, TrkB, and IGF-1R in human r2PN embryos

To identify putative molecular mechanisms of the action
of the three growth factors on human r2PN embryos, we
analyzed the presence of the three growth factor receptors,
EGFR, TrkB, and IGF-1R, using immunofluorescence in

human r2PN embryos (n = 30). The results showed that the
growth factor receptors were present in the membranes in
human r2PN embryos (Fig. 2).

Effects of different combinations of growth factors
on the development of r2PN zygotes

To test the effects of growth factors on the developmental
competence of r2PN zygotes, different combinations of EGF,
BDNF, and IGF-1 were used and the developmental com-
petence of the groups was compared. The results showed that
the developmental competence was identical if only one kind
of growth factor was supplemented in culture medium
compared with growth in medium without growth factors
(P > 0.05). When two kinds of growth factors were added to
the culture medium (EGF–BDNF, EGF–IGF-1, and BDNF–
IGF-1 groups), blastocyst development efficiency of the re-
paired embryos in the BDNF–IGF-1 group was lower than
that in the EGF–BDNF and EGF–IGF-1 groups (P > 0.05) but
was similar to that of groups treated with only one kind of
growth factor supplement. When all three growth factors
were added in the culture medium, the developmental effi-
ciency was significantly higher than that of the EGF–BDNF,
EGF–IGF-1, and BDNF–IGF-1 groups (P < 0.05) (Table 1).

Effects of growth factors on the quality of human
r2PN embryos at the eight-cell and blastocyst stage

To verify the effects of growth factors on the quality of
r2PN embryos, the embryos at the eight-cell stage on day 3
and at the blastocyst stage on day 5 were evaluated at the
ART centers using established clinical criteria. The total cell
number and the degree of apoptosis in blastocysts was also
evaluated. For eight-cell embryos, the addition of a single
growth factor did not significantly improve the embryo
grading, but the ratio of 8G2 embryos increased in the EGF–
BDNF, EGF–IGF-1, BDNF–IGF-1, and EGF–BDNF–IGF-1
groups. Moreover, the ratio of 8G1 embryos was also in-
creased in the EGF–BDNF–IGF-1 group (Table 2) (P > 0.05).
The grading of blastocysts could not be improved by the
addition of either one or two growth factors, but the number
of high grading blastocysts (BG1 and BG2) increased in the
EGF–BDNF–IGF-1 group (Table 3).

Blastocyst cell number and apoptosis were studied in non-
supplemented and EGF–BDNF–IGF-1 groups at day 6 after
fertilization. The results showed that the total cell number
was significantly increased but that the apoptotic cell number

FIG. 1. Human r2PN zygote
derived from tripronuclear
(3PN) zygote and their subse-
quent developmental compe-
tence. (A) 3PN zygote. (B)
r2PN zygote. (C) Develop-
mental efficiency at the eight-
cell and blastocyst stages was
significantly decreased. Bar =
50mm. * Indicates P < 0.05.
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was significantly decreased in the EGF–BDNF–IGF-1 group
compared with the non-supplemented group (P < 0.05), and,
thus, the apoptosis rate of the blastocysts in the EGF–BDNF–
IGF-1 group was significantly decreased (Fig. 3) (P < 0.05).

Effects of growth factor supplement
on chromosome aneuploidy in human
r2PN embryos

To identify chromosome euploidy, blastocysts in non-
supplemented and EGF–BDNF–IGF-1 groups were biopsied,

and a group of five to eight trophoblast cells was tested by the
CGH method. The results showed that *50% blastocysts (3/
6) showed chromosome segment loss in non-supplemented
groups. In contrast, only 23% blastocysts (3/13) showed
similar chromosome segment loss in the EGF–BDNF–IGF-1
group, suggesting that the chromosome euploidy ratio was
improved by the addition of growth factors in combination
(Fig. 4A). The representative aCGH images for normal an-
euploidy and abnormal chromosomes are shown in Figure 4B
and C. The results of chromosome euploidy analysis in total
human r2PN are summarized in Table 4.

FIG. 2. The expression
profiles of receptors for epi-
dermal growth factor (EGF),
brain-derived neurotrophic
factor (BDNF), and insulin-
like growth factor-1 (IGF-1) in
human r2PN zygotes (n = 30).
EGF, BDNF, and IGF-1 re-
ceptors (IGF-1Rs) were de-
tected in the membranes of
human r2PN zygotes. (A) EGF
receptor (EGFR). (B) IGF-
1 receptor (IGF-1R). (C)
BDNF receptor (TrkB). (A1–
A3) Show immunofluores-
cence for the three different
receptors, (B1–B3) show pro-
pidium iodide nuclear staining
and those in (C1–C3) show
the merged images. Scale
bar = 25mm.

Table 1. The Effects of Growth Factors Supplement on the Development of Human r2PN Zygotes

Growth factors Develop to

EGF BDNF IGF-1 No. of r2PN zygotes 2C 8C B

- - - 58 53 (91.4)a 19 (32.8)a 6 (10.3)a

+ - - 33 31 (93.9)a 12 (36.4)a 3 (9.7)a

- + - 32 29 (90.6)a 11 (34.4)a 2 (6.3)a

- - + 30 27 (90.0)a 11 (36.7)a 2 (6.8)a

+ + - 35 33 (94.3)a 15 (42.9)a, 6 (17.1)a

+ - + 34 30 (88.2)a 14 (41.2)a, 5 (14.7)a

- + + 30 28 (93.3)a 13 (46.7)a 2 (7.1)a

+ + + 48 45 (93.8)a 29 (60.4)b 13 (27.1)b

Values with different superscripts in the same column differ significantly (P < 0.05).
EGF, epidermal growth factor; BDNF, brain-derived neurotrophic factor; IGF-1, insulin-like growth factor-1.
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hESC line derivation from the blastocysts
that were derived from the r2PN blastocysts

Blastocysts from each group were used to derive hESCs,
and the hESCs derivation efficiency was compared between
non-supplemented and EGF–BDNF–IGF-1 groups. In the
non-supplemented group, a total of six blastocysts were put
onto the feeder layers, and three blastocysts attached and
formed small cell colonies by the fifth day. After 1 week, the
growing cell colonies were divided into four or five clumps,
and one hESC line was successfully derived. In the EGF–
BDNF–IGF-1 group, 13 blastocysts were put on feeder
layers, and nine small colonies were formed after 5 days,
resulting in four hESC lines that were successfully derived,
indicating significantly improved efficiency (Fig. 5A). The
data for ESC derivation in other groups are shown in Table 5.
The established hESC lines displayed normal morphology,
including distinct cell colony boundaries, high nuclear/
cytoplasm ratio, tightly packed colonies, and positive AP
staining (Fig. 5B, C). The pluripotent marker (OCT4, NA-
NOG) and cell surface marker (TRA-1-60) expression was
detected in the five hESC lines (Fig. 6). Karyotyping anal-
ysis showed that all the r2PN-hESC lines from human r2PN
blastocysts were diploid (three for 46XX and four for 46XY)
(Fig. 7A, B), and they also showed the normal chromosome

euploidy after long-term propagation tested by aCGH
(passage 15 and passage 30, Fig. 7C, D). These hESCs dif-
ferentiated to EBs in vitro and expressed SMA (mesoderm),
TUJ1 (ectoderm), and AFP (endoderm) markers indicative
of the three germ layers (Fig. 8A). In addition, RT-PCR
results confirmed the expression of marker genes of the
three germ layers (Afp-endoderm, Hbz-mesoderm, and
Neurod1-ectoderm) (Fig. 8B). Typical tissues from the three
germ layers, neuroectoderm (ectoderm), cartilage (meso-
derm), and glandular tissue (endoderm), were identified
using HE staining when the hESCs were injected into SCID
mice for 2 months (Fig. 8C).

Discussion

hESC lines are typically derived from the ICM of em-
bryos at the blastocyst stage. hESCs are self-renewing and
have the ability to differentiate into all cell types. These
characteristics provide HESCs with great potential for use in
modern regenerative medicine and cell-based drug discov-
ery. However, the destruction of normal fertilized embryos
and the derivation of hESCs for research has resulted in
polarized ethical debates, with most of the controversy
centered on embryo destruction [2]. The results from this
study suggest that modified diploid fertilized embryos from
polyspermic zygotes can be used to derive hESC lines, and
the derivation efficiency was comparable with that of nor-
mal fertilized embryos when cultured with the EGF–BDNF–
EGF-1 growth factor combination. Therefore, we have
demonstrated that these abnormal fertilized zygotes, which
are destined to be discarded in IVF cycles, are alternative
resources for hESC production. This option could be of
particular interest in countries where the use of normal
embryos or the creation of human embryos for stem cell
research is prohibited.

With the development of knowledge and technology,
more and more resources have been used to derive hESC
lines. Zhang et al. were the first to report that hESC lines
could be successfully derived using arrested development
embryos at the four- and eight-cell stages. In their study, the
embryos without any morphological changes within 48 h
after fertilization were designated as arrested development
embryos and co-cultured with hESCs to yield normal hESC
lines [29]. Chung et al. collected single blastomeres
from fertilized mouse embryos at the eight-cell stage using a

Table 2. The Effects of Growth Factors Supplement on the Quality of Human

Eight-Cell Embryos Resulting from r2PN Zygotes

Growth factors Eight-cell grading

EGF BDNF IGF-1 No. of eight-cell embryos 8G1 8G2 8G3 8G4

- - - 19 2 (10.5)a 6 (31.6)a 3 (15.8)a 8 (42.1)a

+ - - 12 1 (8.3)a 3 (25.0)a 3 (25.0)a 5 (41.7)a

- + - 11 0 (0)a 4 (36.4)a 2 (18.2)a 5 (45.5)a

- - + 11 2 (18.2)a 3 (27.3)a 0 (0)a 6 (54.5)a

+ + - 15 2 (13.3)a 6 (40.0)a 2 (13.3)a 5 (33.3)a

+ - + 14 1 (7.1)a 7 (50.0)a 2 (14.3)a 4 (28.6)a

- + + 13 1 (7.7)a 6 (46.2)a 1 (7.7)a 5 (38.5)a

+ + + 29 7 (24.1)a 14 (48.3)a 3 (10.3)a 5 (17.3)a

aDenote that values do not differ significantly within that column (P > 0.05).

Table 3. Effects of EGF, BDNF,
and IGF-1 Supplements on the Quality Grading

of Human Blastocysts Resulting from r2PN Zygotes

Growth factors
No. of

Blastocyst grading

EGF BDNF IGF-1 blastocyst BG1 BG2 BG3

- - - 6 1 1 4
+ - - 3 0 1 2
- + - 2 0 1 1
- - + 2 1 0 1
+ + - 6 2 1 3
+ - + 5 1 2 2
- + + 2 1 0 1
+ + + 13 6 4 3

Sign of subtraction means that this kind of growth factor was not
present in culture medium.

Sign of addition means that this kind of growth factor was
supplemented in culture medium.
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biopsy method that was frequently applied in pre-implan-
tation genetic diagnosis (PGD) and co-cultured this single
blastomere along with mouse ESC. The blastomere even-
tually grew and propagated to form the mouse ESC line
[30]. Moreover, the feasibility of this method using human
embryos was demonstrated [31,32]. However, since all
hESC lines have chromosomal abnormalities, the risks in-

volved in this method need to be evaluated [33]. In our
previous study, we also indicated that the diploid hESC lines
can be derived from 3PN zygotes when one pronuclear is
removed [8], and Jiang et al. subsequently proved our results
[9]; however, the lower efficiency limited the development
of this method. Here, we have developed a new culture
system to promote the application of 3PN zygotes.

FIG. 3. The comparison of total cell number and apoptotic
cell number in r2PN blastocysts cultured with or without
EGF–BDNF and IGF-1 combination. A significant increase
in total cell number (A) and a significant decrease in apo-
ptotic cell number (B) were observed in blastocysts when
they were cultured with the EGF–BDNF and IGF-1
supplement. (C) The apoptosis rate of blastocysts in the
EGF–BDNF–IGF-1 group was significantly decreased. Six
blastocysts were tested in each group. * Indicates P < 0.05.

FIG. 4. Effect of EGF–BDNF–IGF-1 supplement on the
chromosome ploidy by array CGH method. (A) Half of the
blastocysts in the non-supplement group showed chromo-
some abnormality, but no more than a quarter of the blas-
tocysts in the EGF–BDNF and IGF-1 supplement group had
abnormal chromosomes. (B) A representative image for
normal chromosomes in trophectoderm (TE) cells by array
CGH. (C) A representative image for abnormal chromo-
somes in TE cells by array CGH. * Indicates P < 0.05.
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In the process of IVF, which is the most popular ART,
amount of sperms are added into the fertilization medium
containing the cumulus-oocyte complexes. Very often (5%–
7% incidence rate), two sperms enter the oocyte, forming
polyspermic zygotes (also named 3PN zygotes, because
three pronuclear ones are observed in these zygotes). In a
previous study, Fan et al. demonstrated that the cytoplasm of

3PN zygotes can reprogram human somatic cells by nuclear
transfer technology, indicating that the cytoplasm of 3PN
zygotes is comparable to that of normal zygotes [8], and
these results were further corroborated by Kawamura et al.
[24]. Therefore, the concern was whether diploid zygotes
could be obtained after the removal of a redundant pronu-
cleus. A study by Kattera and Chen showed for the first time
that 3PN embryos repaired by microsurgery could develop
into a viable offspring [7]. However, the lower develop-
mental efficiency of this process limited its application in
the clinical setting, and only about 10% of the repaired 3PN
zygotes could develop into the blastocyst stage [8,34]. Al-
though Jiang et al. showed that 25 r2PN embryos could
develop into blastocysts using this method, the fact that only
2 hESC lines were derived from 11 blastocysts indicated the
lower quality of the blastocysts obtained [9].

In a previous study, Roblero and Garavagno proved that
the phenomenon of embryo loss would be reversed when the
steroid hormone-depleted mice were treated with proges-
terone and estrogen, which suggested that additional para-
crine factors were also key to the full complement of
preimplantation embryo development [35], though embryos
can develop to the blastocyst stage without these factors.
Paria and Dey proved that specific growth factors which
were secreted in an autocrine or paracrine manner regulated
the embryo development and were responsible for the re-
tarded development of preimplantation embryos in vitro

Table 4. Chromosome Euploidy Testing

by aCGH Method in Human r2PN Embryos Cultured

with EGF, BDNF, and IGF-1 Supplement

Growth factors
No. of

CGH testing

EGF BDNF IGF-1 blastocyst Normal Abnormal

- - - 6 3 3
+ - - 4 1 3
- + - 2 1 1
- - + 2 1 1
+ + - 6 4 2
+ - + 5 2 3
- + + 2 0 2
+ + + 13 10 3

Sign of subtraction means that this kind of growth factor was not
present in culture medium.

Sign of addition means that this kind of growth factor was
supplemented in culture medium.

FIG. 5. Derivation of human embryonic
stem cell (hESC) lines from r2PN blasto-
cysts cultured with or without the EGF–
BDNF–IGF-1 combination. (A) Derivation
efficiency, including primary colony for-
mation and ESC line establishment, was
significantly increased when the culture
medium was supplemented with EGF–
BDNF–IGF-1. (B) Expanded blastocysts in
r2PN cultured with EGF–BDNF–IGF-1. (C)
Primary colony at day 7 after inner cell mass
was implanted onto the feeder layers. (D)
Typical hESC colony with distinct bound-
ary, high nuclear/cytoplasm ratio, and
tightly packed together. (E) Positive AP
activity for hESC colony. Scale bar = 50mm.
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[11]. Recently, Pacella et al. indicated that follicular cell
metabolism and follicle fluid metabolites levels were altered
in the female patients with either reduced ovarian reserve or
advanced maternal age. More importantly, they suggested
that oocyte development competence would be impaired in
such a perturbed environment and resulted in a lower em-
bryo development outcome [36]. Varnagy also demonstrated
that the concentration of resistin factor was beneficial with
regard to the outcome of IVF [37]. Moreover, Petro et al.
proved that the fertilization rate was decreased and, conse-
quently, with a lower chance of an oocyte to develop into a
high-quality embryo if there are higher concentration en-
docrine disruptors in a follicle micro-environment [38].
Thus, these studies indicated that these autocined or para-
cined factors are responsible for the oocytes and the resul-
tant embryo development in mammals, and the dilution of
these factors which are released by the embryos in the
culture medium would probably result in the reduction of
developmental competence.

Growth factors, one kind of important autocined or
paracined factors, have been shown to exhibit tremendous
potential in the improvement of embryo development and
quality, and, more importantly, 3PN embryo development,
which is regarded as abnormal fertilization in the IVF pro-
cedure, can also be significantly improved by supplementing
seven growth factors [24]. Of these seven growth factors,
EGF, BDNF, and IGF-1 have been suggested to play a
significant role in improving human embryo development
and are the focus of this study. EGF, when used in combi-
nation with BDNF or EGF-1, significantly improved de-
velopmental efficiency, but the combination of BDNF and
IGF-1 had no effect, suggesting that EGF plays a key role in
the process. It is well known that EGF promotes oocyte
maturation in vivo and in vitro, and sufficient maturation has
been closely correlated with embryo development and
quality [19]. In addition, EGF has been suggested to directly
promote post-fertilization embryonic development [39].
However, in this study, the addition of EGF alone was un-
able to improve developmental efficiency, indicating that
BDNF and IGF-1 also play important roles. Similar to EGF,
IGF-I has traditionally been used as a growth factor in de-

velopment, and its positive effects on pre-implantation de-
velopment by autocrine stimulation of cumulus and/or
granulosa cells has been reported in pigs [40], cattle [41],
and mice [42]. In these earlier studies, IGF-1 was typically
used in combination with EGF to improve maturation and
development. A few recent studies investigating the role of
BDNF in embryo development have indicated that it im-
proves development at the eight-cell and blastocyst stages,
while a few other studies support its role in the cleavage or
four-cell stages [20,43].

Although the combination of EGF and BDNF or IGF-1
promotes the developmental efficiency of r2PN embryos,
the quality of eight-cell embryos and blastocysts signifi-
cantly increases only in the EGF–BDNF–IGF-1 combina-
tion group. This result indicates that embryos cultured with

Table 5. Summary of ES Derivation

from Human r2PN Blastocysts Cultured

with EGF, BDNF, and IGF-1 Supplement

Growth factors
No. of

ES derivation

EGF BDNF IGF-1 blastocyst Primary colony ESC lines

- - - 6 3 1
+ - - 3 1 0
- + - 2 1 0
- - + 2 2 1
+ + - 6 2 1
+ - + 5 3 1
- + + 2 1 0
+ + + 13 9 4

Sign of subtraction means that this kind of growth factor was not
present in culture medium.

Sign of addition means that this kind of growth factor was
supplemented in culture medium.

ESC, embryonic stem cell.

FIG. 6. The expression of specific markers of hESC lines.
The hESCs express the pluripotent markers (OCT4 and
NANOG) and the hESCs surface marker (TRA-1-60). Scale
bar = 50 mm.
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growth factor supplement may promote the developmental
efficiency and embryo quality, and infertile couples can
obtain better quality embryos for transfer. Embryo quality
was assessed based on embryo grading criteria, cell number,
and apoptotic cell number. The embryo grading criteria are
used in ART centers worldwide to evaluate embryo devel-
opment competence by non-invasive observation using an
optic microscope. Typically, embryos are graded at four
stages, including oocyte, zygote, eight-cell, and blastocyst
stages [22,44], although the latter two grading stages are the
most popular. The other criterion that reflected quality was
the cell number of blastocysts. It is well established that
successful embryo implantation is determined by blastocoel
expansion-induced blastocyst hatching. Blastocoel forma-
tion is a normal developmental period in which a sufficient
number of cells is generated by mitosis. In this study, de-
creased blastocyst cell numbers and increased apoptotic cell
numbers were observed in embryos cultured without growth
factor supplement, suggesting that they would probably fail
to form blastocoels, thereby arresting further embryo de-
velopment. Furthermore, the enzymes secreted by the cells
would most likely be insufficient to digest the zona pellu-
cida, leading to failure in hatching. Kawamura et al. ob-
served that several blastocysts which developed from 3PN
zygotes failed to expand and hatch, which can be explained
by the fewer cells in those blastocysts [24].

Chromosome euploidy has been closely correlated with
embryo quality [45]. In our previous study, we found that
aneuploidy was higher in r2PN embryos compared with
normal 2PN embryos and could potentially contribute to the
lower quality of the r2PN embryos [8]. Reverte et al. ob-
served that abnormal spindle positioning and movements

might also interfere with cytokinesis and lead to the accu-
mulation of tetraploid cells [46]. In our previous study,
fluorescence in situ hybridization (FISH)-based identifica-
tion of chromosome euploidy and aneuploidy was specifi-
cally performed for chromosomes 18, X and Y only, and not
the entire set [8]. In this study, an array-based CGH analysis
was performed for all 23 chromosomes together. Lestou et
al. applied this method to screen chromosomal aneuploidy
in the clinical setting and confirmed that CGH is a molecular
cytogenetic method which enables easier analysis of both
embryonic (amnion) and extraembryonic (chorion) cell lin-
eages compared with FISH [47]. Subsequently, in the PGD
procedure, the chromosomes of blastomeres at the eight-cell
or blastocyst stages were analyzed by CGH instead of tra-
ditional PCR or FISH [22,48]. The application of CGH
analysis in blastocyst biopsy is regarded as one of best
methods of single embryo transfer in IVF. Moreover, Sher et
al. demonstrated that the transfer of previously vitrified
blastocysts derived from CGH-normal embryos significantly
improves implantation and birth rates per embryo trans-
ferred and reduces the rate of miscarriage [49]. In this
study, the EGF–BDNF–IGF-1 group had fewer embryos
with small chromosome section loss, strongly suggesting
the higher quality of blastocysts and increased hESC der-
ivation efficiency.

To explore the potential mechanism of action of the
growth factors, the expression of growth factor receptors in
r2PN embryos was investigated. The embryos were found to
express receptors for EGF, BDNF, and IGF-1 on their
membranes, indicating that EGF, BDNF, and IGF-1 are able
to enter into the cytoplasm via their corresponding receptors
and carry out their functions in the oocytes. In the ooplasm,

FIG. 7. Chromosome euploidy
identification by cell karyotyping
and aCGH methods. (A) Karyo-
typing for male r2PN-hESCs (46,
XY); (B) Karyotyping for female
r2PN-hESCs (46, XX); was ob-
served in r2PN-hESC. (C) aCGH
chart for female r2PN-hESC iden-
tification at passage 15; (D) aCGH
chart for female r2PN-hESC identi-
fication at passage 30. No chromo-
some abnormalities were detected.

572 FAN ET AL.



EGF, IGF-1, and BDNF have been shown to bind to their
respective receptor tyrosine kinases to activate downstream
phophotidyinositol-3-kinase-Akt (PI3-K) signaling [24,50].
PI3-K is a regulator of several physiological responses, in-
cluding cellular proliferation, growth, survival, and glucose
metabolism, and is vital for preimplantation embryo sur-
vival and development [51,52]. Consistent with our results,
some reports have shown that inhibition of PI3-K induces
apoptosis in blastocysts [53,54]. The other role of the PI3-K
pathway is to regulate glucose uptake mainly via the
translocation of glucose transporter proteins to the plasma
membrane. A study by Riley demonstrated that iodoacetate,
a glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
inhibitor, induces apoptosis in blastocysts and TE cells,
suggesting that the maintenance of glycolysis is important
for embryo survival because the inhibition of this pathway
induces cell death [54].

In our previous study, we derived one hESC line using
five blastocysts developed from 2PN zygotes repaired by
microsurgery [8]. Jiang et al. also indicated the lower effi-
ciency of hESC lines derivation using similar r2PN embryos
(2 cell lines from 11 blastocysts) [9]. In another study, Lerou
et al. derived hESC lines using poor-quality embryos such as
early arrested or highly fragmented embryos and suggested

a statistical correlation between the developmental stage of
such poor-quality embryos and the yield of hESC lines [55].
Improvements in hESC derivation efficiency have also been
reported in previous studies. Using murine embryos, Cortes
et al. developed a new strategy based on the combination of
whole blastocyst culture followed by laser drilling destruc-
tion of the trophoectoderm for improving the efficiency of
ICM isolation and ESC derivation [56]. They went on to
demonstrate that the ROCK inhibitor Y23672 increases
post-thaw embryo survival and that hESCs may also facil-
itate the efficiency of hESC derivation from frozen, poor-
quality embryos [57]. Whichever method was applied, an
improvement in embryo quality was essential for enhancing
hESC line derivation efficiency. In this study, only one
hESC line was established from six blastocysts that were
developed from the repaired 2PN zygotes, which is con-
sistent with the efficiency observed in the previous study.
However, this number was significantly increased when the
repaired 2PN zygotes were cultured with EGF–BDNF–IGF-
1, resulting in 5 hESC lines that were successfully derived
from 13 blastocysts. The derived hESC lines shared features
with normal hESCs [1], including similar morphology,
normal karyotype, expression of alkaline phosphatase and
pluripotency genes such as OCT4 and NANOG, expression
of the cell surface marker TRA-1-61, and the ability to form
teratomas in SCID mice and to differentiate in vitro into
cells with three embryonic germ layers.

In summary, our results show that r2PN zygotes from
polyspermic zygotes have the potential to be an alternative
resource for deriving hESC lines. The quality of r2PN zy-
gotes was significantly improved when they were cultured
with the EGF–BDNF–IGF-1 cocktail and resulted in more
efficient hESC derivation. Moreover, the expression of EGF,
BDNF, and IGF-1Rs on the membrane of r2PN zygotes is
essential for improving embryo development and quality.
Our data will facilitate the development of hESC line der-
ivation in subsequent studies and will also provide an ad-
ditional choice for infertile couples.
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