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Abstract

Purpose We aimed to evaluate the link between the GDF9 concentration in day 3 human embryo culture medium and embryo
quality and viability.

Methods Two independent, prospective, observational studies were conducted. In study 1, a total of 280 embryos from 70
patients who obtained at least 4 embryos with 6—10 blastomeres (2 transferable and 2 non-transferable embryos) at day 3
were enrolled. In study 2, a total of 119 embryos from 61 patients (29 fully implanted and 32 non-implanted patients) were
enrolled. The corresponding GDF9 concentrations in spent culture medium of embryos were quantified by ELISA assay.
The expression pattern of GDF9 in human embryos was investigated using Q-PCR and immunofluorescence.

Results GDF9 mRNA and protein were detected from human oocytes to eight-cell embryos and displayed a slow decreasing
trend. In study 1, GDF9 concentration in culture medium is lower for transferable embryos compared with non-transferable
embryos (331 pg/mL (quartiles: 442, 664 pg/mL) vs. 518 pg/mL (quartiles: 328, 1086 pg/mL), P <0.001), and increased
commensurate with the diminution of the embryo quality (P <0.001). In study 2, significantly lower GDF9 concentration
was detected for implanted embryos than non-implanted embryos (331 pg/mL (quartiles: 156, 665 pg/mL) vs. 518 pg/mL
(quartiles: 328, 1086 pg/mL), P <0.001). The same trend was found between the embryos that led to live birth and those
that failed.

Conclusion The GDF9 concentration in culture medium is linked to embryo quality and viability, and exhibited the potential
to be a non-invasive biomarker for embryo selection.
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Introduction

Infertility has become a major public health issue world-
wide, and the need for assisted reproductive technology
(ART) has therefore increased. Since the birth of the first
The authors consider that Jingyu Li and Chong Li should be baby from in vitro fertilization (IVF) [1], ART has become
regarded as joint first authors. increasingly widespread. Despite improvements in assisted
reproduction technologies and embryo culture conditions
[2-5], current success rates remain unsatisfactory [6].
Improving the accuracy of selecting embryos with
the greatest developmental potential may be expected to
increase the chances of healthy delivery. Embryo selec-
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blastomere size, and the rate of embryonic cleavage [7].
However, morphologic assessment does not reflect the
true status of the embryo [8], e.g., it is well known that
even embryos that are scored as “good quality” may
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not result in a successful pregnancy [9]. Non-invasive
approaches of embryo assessment have recently been pro-
posed, especially with respect to metabolomic analysis of
the embryonic culture medium [10-13]. Such analyses
are principally achieved by the measurement of glucose
[14], pyruvate [15], and amino acids in the spent culture
medium [16]. However, these biomarkers have not yet
been proven to be of true clinical significance. Therefore,
there is a need to identify novel non-invasive biomarkers
for improving the accuracy of embryo selection.

Growth differentiation factor 9 (GDF9) is a key oocyte-
secreted factor and a member of the transforming growth
factor beta (TGF-f) superfamily [17] that is essential for
the initial development of ovarian follicles [18]. Knock-
out of GDF9 in mice led to attenuation of granulosa cell
proliferation, abnormal oocyte growth, and obstructed
folliculogenesis at the primary stage [19]. Investigators
have previously demonstrated that higher GDF9 levels
in ovarian follicular fluid were significantly correlated
with oocyte maturation and embryo quality [20]. In addi-
tion, Li, Li [21] reported that the expression levels of
GDF9 in cumulus granulosa cells can be used as a new
biomarker for predicting oocyte developmental potential.
However, the procedure of using biomarkers from fol-
licular fluid or cumulus granulosa cells for embryonic
assessment presents limitations to clinical application,
as it is difficult in an actual clinical setting to collect the
respective follicular fluid samples or cumulus granulosa
cells corresponding to every oocyte retrieved.

As the expression of GDF9 is also detected during pre-
implantation embryonic development [22, 23], our objec-
tive in the present study was to investigate whether the
GDF9 concentration in day 3 culture medium was linked
to embryo quality and viability.
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Fig.1 The expression pattern of GDF9 in human oocytes and
embryos. A mRNA expressions of GDF9 detected by Q-PCR. B Pro-
tein expressions of GDF9 detected by immunofluorescence. MII, MII

Mil

@ Springer

Materials and methods
Patient characteristics

All patients participating in the study were recruited from
the ART center of Chongqing Maternal and Child Health
Care Hospital between March 2019 and May 2020. The
inclusion criteria included normal range of follicle-stimu-
lating hormone (FSH), luteinizing hormone (LH), and estra-
diol (E2), age <40 years, and BMI 18-30 kg/m”. Patients
with polycystic ovarian syndrome (PCOS), endometriosis,
or a history of endocrine disorders were excluded. The long
protocol was performed in all patients as described previ-
ously [24].

In study 1, we mainly focus on the relationship between
GDF9 concentrations in culture medium and embryo quality
defined by morphologic criteria; thus, only the patients who
obtained at least 4 embryos with 6-10 blastomeres each (2
transferable and 2 non-transferable embryos) on day 3 were
enrolled. The flow chart of patient recruitment for the study
1 is displayed in Fig. 1; and general information of patients
and clinical outcome is presented in Table 1. In study 2, ini-
tially, a total of 269 culture mediums from 137 patients were
collected. Then, only patients with fully implanted and non-
implanted, and the corresponding embryos were analyzed.

Embryo culture and transfer

Normal fertilized zygotes were individually placed into pre-
equilibrated culture dishes (Thermo Scientific) in 25-uL of
culture droplets (Vitrolife Sweden AB, Sweden), then cul-
tured in a SANYO incubator (MCO-5 M, Japan) at 37 °C
with 5% O, and 6% CO, until embryo transfer or cryopreser-
vation on day 3.

Generally, two embryos were transferred per patient,
and the transfers that led to full implantation or no

B
MII 1C 2C 4C 8C KGN  293T

oocytes; 1C, one-cell embryos; 2C, two-cell embryos; 4C, four-cell
embryos; 8C, eight-cell embryos. Scale bar: 50 um, 25um
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Table 1 General information for all the patients of study 1

Variable Value

Cases 70

Age (years) 31.46+3.68

BMI (kg/m?) 22.42+3.04
Basal FSH (mIU/mL) 5.52+1.71

Basal estradiol (pg/mL) 33.97+13.71
AMH (ng/mL) 3.16+1.73

Total gonadotropin dose (IU) 2152.78 +734.21
No. of oocytes retrieved per patient 13.34+5.23

No. of 2PN oocytes 9.46+3.75
Fertilization rate (%) 662/934 (70.88%)
No. of cleaved embryos 9.11+3.64
Cleavage rate (%) 638/662 (96.37%)
No. of transferable embryos 3.65+1.86

Categorical variables are presented as proportion (%). Continuous
variables are presented as mean +SD

BMI, body mass index; FSH, follicle-stimulating hormone; AMH,
anti-Mullerian hormone

implantation of the two embryos were retained. The
cases in which only one good quality embryo was used
for transfer were also retained. However, cases in which
two embryos were transferred but only one embryo was
implanted were also excluded because it was not possible
to distinguish which embryo was implanted and which was
not. Biochemical pregnancy and early miscarriages were
excluded. Finally, a total of 119 embryos from 61 patients
(29 fully implanted and 32 non-implanted patients) were
enrolled in the study 2. The corresponding GDF9 concen-
trations in culture medium were compared between fully
implanted and non-implanted embryos, and also between
embryos that led to twin live birth and embryos with no
live birth.

Embryo scoring

Day 3 embryos were morphologically scored according to
consensus guidelines of the European Society of Human
Reproduction and Embryology/Alpha [7]. Embryos
were scored according to blastomere number, symme-
try, and degree of fragmentation. Briefly, an embryo was
defined as “good” when blastomere shape was even and
showed < 10% fragmentation, embryos with uneven blas-
tomeres and 10-25% fragmentation were defined as “fair,”
and embryos with uneven blastomeres and >25% frag-
mentation were defined as “poor.” The embryos defined
as “good” and “fair” were transferable, and the “poor”
ones were non-transferable.

Culture medium collection

Spent embryo culture media were collected after fresh
embryo transfer or cryopreservation on day 3. The media
were then immediately frozen in sterile polymerase chain
reaction (PCR) tubes free from DNA, DNase, RNase, and
PCR inhibitors (Eppendorf, Germany), and stored at —80 °C
until evaluation with ELISA.

Assay of embryo culture medium for GDF9

GDF9 concentrations in culture medium were assayed using
a commercial GDF9 enzyme-linked immunosorbent assay
(ELISA) kit (AL-176, Ansh Labs, USA). Briefly, medium
samples (10-pL embryo culture medium diluted with 40-pL
calibrator A) were first added to GDF9 antibody-coated
microtiter wells and incubated for 3 h at room temperature.
Then, the plates were washed 5 times, and this was fol-
lowed by incubation with biotinylated GDF9 antibody for
1 h at room temperature. Then, we incubated the wells with
streptavidin horseradish peroxidase conjugate (SHRP) for
half an hour at room temperature. Then, 100 pL of tetra-
methylbenzidine (TMB) substrate was added and incubated
for 17 min at room temperature. We added 100 pL of an acid
solution to stop the colorimetric reaction, and detected the
antibody-antigen-biotin conjugate-SHRP complex bounding
by the enzyme-—substrate reaction. The degree of enzymatic
turnover of the substrate was determined by dual-wave-
length absorbance measurement at 450 nm. Concentrations
of GDF9 in the culture medium were determined using a
calibration curve of solutions with known concentrations of
GDF9 (from 0 to 5800 pg/mL). For each experiment, two
positive controls (control I, GDF9 concentration is 320 pg/
mL; control II, 3585 pg/mL) and negative control (blank
embryo culture medium) were tested. Furthermore, GDF9
concentrations of the positive controls fall within estab-
lished confidence limits indicated the reagent non-pollution
and stability. The GDF9 concentrations of 16 replicates of
calibrator A (0 pg/mL) and calibrator B (48 pg/mL) were
assayed for analyzing the specificity and sensitivity, and all
the true positive and true negative were detected, indicating
the accuracy of this assay (n=3 tests).

Quantitative reverse transcription PCR

RNA was extracted from 20 oocytes or 3PN embryos using
QIAGEN RNeasy Mini Kit, and cDNA was made by using
PrimeScript™ RT Master Mix (Takara, Japan). Quantita-
tive reverse transcription PCR (Q-PCR) was performed by
using a Bio-rad CFX96 Real-Time System and TB Green
Real-Time PCR Master Mix (Takara, Japan). The primers for
GDF9 and p-actin were as follows: GDF9: forward 5'-GGC
AAATTCTACCACCATTTGGA-3', reverse 5'-GAGGAC

@ Springer



120

Journal of Assisted Reproduction and Genetics (2022) 39:117-125

ACCGCCTTTAACCT-3"; p-actin: forward 5'-CTCCATCCT
GGCCTCGCTGT-3', reverse 5'-GCTGTCACCT TCACCG
TTCC-3". The 272ACt algorithm was used to calculate the
GDF9 mRNA levels relative to the p-actin level. Experi-
ments were performed at least three times.

Immunofluorescence

Oocytes and embryos were fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS, pH 7.4) for 30 min
and then permeabilized for 20 min with 0.5% Triton X-100
in PBS at room temperature. Then, samples were blocked
with 3% BSA in PBS for 1 h and incubated with anti-GDF9
antibody (1:100, Sangon Biotech, China) at 4 °C overnight.
After washing 3 times with 0.1% Tween-20 in PBS, samples
were incubated with Alexa Fluor 488-conjugated goat anti-
rabbit IgG (Invitrogen, USA) for 1 h at room temperature.
Then samples were counterstained with Hoechst for 10 min.
Finally, samples were mounted on glass slides and observed
under a laser scanning confocal microscope (SP8, Laica,
Germany).

Statistical analyses

We performed statistical analysis using SPSS software ver-
sion 22.0, 2013 (SPSS, Chicago, IL, USA). Continuous vari-
ables are presented as the mean + standard deviation, and
categorical variables are presented as n (%). Data of GDF9
concentrations are presented as the median and quartiles.
For continuous variables, we used a paired Student’s ¢ test
to assess differences between 2 groups, and Duncan’s mul-
tiple-range test to assess the differences among 3 groups.
A chi-square test was used for dichotomous variables. The
correlations between factors and the clinical outcome were
analyzed using a binary logistic regression model, and the
odds ratio (OR) and 95% confidence interval were calcu-
lated. P <0.05 was considered to be statistically significant.

Results
Expression pattern of GDF9

The expression pattern of GDF9 in human in vitro matured
MII oocytes and 3PN embryos was investigated by Q-PCR
and immunofluorescence. As expect, the high expression
level of GDF9 mRNA and protein was detected in oocytes.
After fertilization, the GDF9 mRNA and protein were
also present from zygote to eight-cell embryo, with a slow
decreasing trend, which in line with previous studies and the
data from published single cell RNA-seq [22, 23] (Fig. 1 and
Supplementary Fig. 1). The KGN and 293 T cells were used
as positive and negative control, respectively.
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GDF9 concentrations and embryo quality

The flow chart of patient recruitment for the study 1 is dis-
played in Fig. 2, and general information of patients and
clinical outcome is presented in Table 1. A total of 70
patients were enrolled, and 66 patients (94%) showed a
lower GDF9 concentration in the spent medium from trans-
ferable embryos compared with medium from non-transfer-
able embryos (Supplementary Fig. 2). The medium from the
transferable embryos exhibited a significantly lower GDF9
concentration relative to non-transferable embryos on the
whole (331 pg/mL (quartiles: 442, 664 pg/mL) vs. 518 pg/
mL (quartiles: 328, 1086 pg/mL), P<0.001, Fig. 3A). The
ROC curve for predicting transferable embryos using GDF9
concentration had an area under the curve (AUC) of 0.785,
with a sensitivity of 61.31%, and a specificity of 89.47%
(Fig. 3B). Moreover, GDF9 concentration in the spent
culture medium increased significantly with the decreas-
ing of the embryo quality (good, 336 pg/mL (quartiles:
181, 530 pg/mL); fair, 540 pg/mL (quartiles: 313, 902 pg/
mL); and poor, 956 pg/mL (quartiles: 478, 1509 pg/mL);
P <0.001; Fig. 3C).

GDF9 concentrations and implantation

The flow chart of patient recruitment for the study 2 is dis-
played in Fig. 4, and patient information is presented in
Table 2. Only the age showed significantly higher in the non-
implanted group (P=0.022). However, the GDF9 concen-
tration was not different between young group (< 35 years)
and old group (> 35 years) (469 pg/mL (quartiles: 188,

70 patients who obtained at least four embryos at Day3

(2 transferable and 2 non-transferable embryos with 6-10 blastomeres)

—» Morphological assessment

v

Spent culture medium

l l

140 medium from non-

140 medium from

transferable embryos transferable embryos

l GDF9 assay l

133 medium assayed

137 medium assayed

successfully successfully

Fig.2 Flow chart of culture medium collection in study 1
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Fig.3 The relationship between GDF9 concentration in culture
medium and embryo quality. A Boxplot of GDF9 concentration
between all transferable and non-transferable embryos, using Stu-

dent’s ¢ test was performed. B ROC analysis for obtaining transferable

Fig.4 Flow chart summarizing
the patients and the embryos
enrolled in the study 2

823 pg/mL) vs. 555 pg/mL (quartiles: 306, 731 pg/mL),
P=0.353; Fig. 5A). In addition, correlation analysis also
demonstrated that the GDF9 concentration is not associated

assay failure

11 cycles excluded for GDF9

45 cycles were half-implanted
(1 embryo implanted and 1 was not)

embryos predicted by GDF9 concentrations in spent medium. C Box-
plot comparing GDF9 concentration among spent media of embryos
graded as good, fair, or poor, using Duncan’s multiple-range test
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29 cycles fully implanted
(58 embryos fully implanted)

32 cycles not implanted
(61 embryos not implanted)
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22 cycles with twin live birth
(44 embryos led to live birth )

32 cycles with no live birth
(61 embryos led to no live birth )

with age, BMI, and AMH, and the coefficients of correla-
tion were 0.041 (P=0.655), 0.096 (P =0.300), and 0.087
(P=0.345), respectively (Supplementary Fig. 3). The GDF9
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Table 2 General information for

. Implanted embryos Non-implanted embryos ~ P-value
all the patients of study 2 (n=>58) (n=61)

Age (years) 29.72+3.83 31.97+3.62 0.02
BMI (kg/m?) 21.67+2.99 22.14+3.21 0.56
Basal FSH (mIU/mL) 8.42+5.41 5.67+1.62 0.06
Basal estradiol (pg/mL) 46.80+6.97 34.45+14.30 0.24
AMH (ng/mL) 2.21+0.87 2.96+2.39 0.60
Total gonadotropin dose (IU) 4.64+1.75 3.09+1.11 0.08
Endometrial thickness (cm) 1.04+0.17 0.98+0.15 0.95
No. of oocytes retrieved per patient 10.45+3.82 10.28 +4.03 0.86
Quality of transferred embryo 0.26
Good (%) 30(51.72) 25 (40.98)

Fair (%) 28 (48.28) 36 (59.02)

Categorical variables are presented as proportion (%). Continuous variables are presented as mean +SD

BMI, body mass index; FSH, follicle-stimulating hormone; AMH, anti-Mullerian hormone
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concentration in the spent medium from implanted embryos
was significantly lower than that for the non-implanted
embryos (331 pg/mL (quartiles: 156, 665 pg/mL) vs. 518 pg/
mL (quartiles: 328, 1086 pg/mL), P <0.001; Fig. 5B). After
adjusting for the age, BMI, and AMH factors, a high GDF9
concentration (P=0.002, OR=0.533, CI (0.359, 0.790))
was a statistically significant risk factor for the probability
of embryo implantation.

GDF9 concentrations and live birth

As described in Table 2, a total of 58 embryos from 29
patients were fully implanted in study 2. Of these, 44
embryos from 22 patients led to twin live birth. Then, only
the patients with twin live birth were included in the subse-
quently analysis of the correlation between the GDF9 con-
centration and live birth. No significant differences were
detected between the two groups. The GDF9 concentra-
tion was significantly lower in the spent medium from the
embryos that led to live birth respect to those that failed
(320 pg/mL (quartiles: 156, 593 pg/mL) vs. 518 pg/mL
(quartiles: 328, 1086 pg/mL), P <0.005; Fig. 6A). To predict
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live birth, the ROC analysis was performed. The AUC was
0.680, with a sensitivity of 88.52% (Fig. 6B). After adjusting
for the age, BMI, and AMH factors, a high GDF9 concentra-
tion (P=0.001, OR=0.451, CI (0.287, 0.707)) was a statisti-
cally significant risk factor for the probability of live birth.

Discussion

Although embryo selection currently primarily relies on
morphological criteria, however, morphologic assessment
does not reflect the true status of the embryo. Elucidation of
novel non-invasive biomarkers that correlate with develop-
mental potential of embryo is helpful in increasing the accu-
racy of embryo selection. In the present study, we demon-
strated for the first time that GDF9 concentrations in human
embryo culture medium were associated with embryo qual-
ity and clinical outcome.

Several studies have confirmed that embryos secrete a
large variety of proteins into the culture medium [25], and
the sources of these proteins can then regulate pre-implan-
tation embryonic development [26, 27]. We found herein
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that 96% of culture-medium samples contained GDF9 pro-
tein, indicating its release by human embryos. A series of
new non-invasive approaches for assessing embryo has been
developed over the past decade using proteomics, metabo-
lomics, and small non-coding RNA [28, 29] to target analy-
sis of Alpha-1 [30], SOD [31], mitochondrial DNA [32, 33],
hCG [34], HLA-G [35, 36], soluble CD146 [37], or sets
of proteins. LC-MS and MALDI-TOF-MS have also been
used to identify new peptides, proteins, or mass ranges as
biomarkers for embryonic assessment [38, 39].

In earlier reports it was shown that GDF9 and BMP15,
members of the TGF-beta family, play an important role
in the folliculogenesis and oocyte development [40]. Previ-
ous studies also showed that GDF9 and BMP15 promoted
proliferation and differentiation of granulosa cells and
oocyte maturation through paracrine and autocrine signal-
ing pathways [40, 41]. In addition, the supplement of GDF9
in oocyte maturation medium can enhance the embryonic
development and fetal viability in mice [41]. And several
recent studies indicated that GDF9 has the potential to be a
novel biomarker for predicting embryo quality. Gode, Gule-
kli [20] reported that increased levels of GDF9 in follicular
fluid were significantly correlated with oocyte maturation
and embryo quality using western immunoblotting, and Li,
Li [21] found that the expression levels of GDF9 mRNA in
cumulus granulosa cells were closely associated with oocyte
maturation, embryo quality, and pregnancy outcome. How-
ever, relative to these aforementioned studies, the measure-
ment of GDF9 levels in culture medium from day 3 embryos
is simpler, rapid, and non-invasive. Furthermore, a non-inva-
sive approach using ELISA is more practical in eventual
clinical assessment compared with western blotting, qPCR,
or mass spectrometry.

During the measurement of GDF9, no GDF9 was
detected in the negative control spent medium (with-
out embryos), suggesting that the GDF9 was secreted
by the embryo. Generally, the fertilization was checked
at 17+ 1 h post-insemination, according to the Istanbul
consensus [7]. Then, the normal fertilized embryos were

moved into the new culture medium from IVF medium
following the cumulus cells removal. Therefore, the GDF9
detected in culture medium in this study was secreted dur-
ing the developmental process from late stage of zygote to
day 3 embryo. In addition, we also detected the persistent
expression of GDF9 mRNA and protein in early human
embryos, in line with previous studies [22, 23] and that
data from other high-throughput sequencing of human
embryos [42], which confirming the ability of secreting
GDF9 by human embryos.

In study 1, we explored the correlation between GDF9
concentrations in culture medium and embryo quality. Only
four culture medium samples that corresponded to two trans-
ferable and two non-transferable embryos per patient were
used, which obviated any negative effects from patient het-
erogeneity. In fact, 94% couples displayed higher GDF9 con-
centrations in spent medium from non-transferable embryos
compared with transferable embryos. Another very impor-
tant aspect of our work was that all the culture media were
collected from day 3 embryos, and that the embryos were at
their expected cell stage of 610 blastomeres. Thus, we posit
that our work is more suitable to the actual clinical setting,
in which we generally select the embryo with a normal cell
number for transfer on day 3.

After confirming the association between the GDF9
concentrations in culture medium and embryo qual-
ity defined by morphologic criteria, we further examine
the question of whether GDF9 concentrations are linked
to implantation and live birth potential. In study 2, we
showed a significantly lower GDF9 concentrations in cul-
ture medium from embryos that led to successfully implan-
tation and live birth. Moreover, the analysis of binary
logistic regression taking into account the factors identi-
fied in the study as being linked with the clinical outcome
(age and GDF9 concentrations in culture medium) indi-
cated a close independent relationship between the GDF9
concentrations in culture medium and implantation and
live birth potential. No significant difference between the
live birth and the no live birth group in terms of embryo
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quality, suggesting that the GDF9 concentrations in culture
medium may be used as a biomarker of embryo viability.

Maternal mRNA clearance is an essential process that
occurs during maternal-to-zygotic transition (MZT) [43,
44]. We postulated that GDF9 is one of the maternal genes
that needed to be decayed to some extent, then activate
the zygotic genome. The mRNA level of GDF9 in eight-
cell embryos has been decreased by 70%, compared with
oocytes, which verified our hypothesis. Therefore, the
inadequate degradation of GDF9 mRNA leading to the
high level of GDF9 might be one reason of poor devel-
opmental potential. In addition, the high GDF9 concen-
trations in culture medium might be due to the high bio-
logical activity in poor embryos, including the process of
releasing the extracellular vesicle containing GDF9. Our
finding supports the “quiet embryo” hypothesis, which
proposes that the better viable embryos exhibit relatively
lower metabolic activity [45, 46]. The reason of the high
GDF9 concentrations in culture medium of poor develop-
mental embryos needs further exploration.

Despite the small size of our population, these results
shown in the present paper suggested that the detection of
GDF9 concentrations in culture medium may have applica-
tion prospects in embryo selection. Larger and prospective
studies are needed for confirming these preliminary results
before considering any use in clinical application.

Conclusions

In the present study, we demonstrated that GDF9 con-
centration in spent culture medium is linked to embryo
quality and viability. Thus, GDF9 in culture medium has
the potential to constitute a non-invasive biomarker for
embryo selection.
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