
ASSISTED REPRODUCTION TECHNOLOGIES

An integrated investigation of oocyte developmental competence:
expression of key genes in human cumulus cells, morphokinetics of early
divisions, blastulation, and euploidy

C. Scarica1,2 & D. Cimadomo3
& L. Dovere3

& A. Giancani1,3 & M. Stoppa3 & A. Capalbo4
& F. M. Ubaldi3 & L. Rienzi3 &

R. Canipari1

Received: 14 September 2018 /Accepted: 18 January 2019 /Published online: 1 February 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose To investigate the association of cumulus cell (CC)-related expression of a selected cluster of key genes (PTGS2,
CAMK1D, HAS2, STC1, and EFNB2) with embryo development to blastocyst.
Methods Exploratory study at a private clinic. Eighteen advanced maternal age patients were enrolled (37.3 ± 4.0 years).
Seventy-five cumuli were collected, whose oocytes resulted in either developmental arrest (N = 33) or blastocyst formation
(N = 42). The noninvasive CC gene expression was combined with time-lapse morphokinetic parameters and, for blastocysts,
with qPCR-based aneuploidy testing on trophectoderm biopsies.
Results The detection rate was 100% for all transcripts, but STC1 (96%) and CAMK1D (89%). Among amplified assays, CC
mean expression levels of CAMK1D, PTGS2, and HAS2were higher from oocytes that developed to blastocyst. No difference in
CC key gene expression was reported between euploid (N = 21) and aneuploid (N = 21) blastocysts. Some timings of early
embryo development were faster in embryos developing to blastocyst (time of pronuclei appearance and fading, division to two-
and four-cells, first and second cell cycles). However, the generalized linear models outlined increasing CAMK1D expression
levels as the strongest parameter associated with oocytes’ developmental potential from both a general (AUC = 0.78 among
amplified samples) and an intrapatient perspectives (AUC= 0.9 among patients obtaining ≥ 2 zygotes from the cohort with
different developmental outcomes).
Conclusions CAMK1D level of expression in CCs associated with blastocyst development. If confirmed from larger studies in
wider populations of patients, the investigation of CC key gene expression might suit IVF clinics not adopting blastocyst culture.
Future investigations should clarify the role of CAMK1D in ovarian physiology and could provide novel insights on how oocytes
gain competence during folliculogenesis.
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Introduction

The goal of IVF is to maximize couple’s reproductive poten-
tial and reduce their clinical risks. In this regard, frozen single-
embryo transfer (SET) on an unstimulated endometrium is
pivotal to minimize both ovarian hyperstimulation syndrome
and multiple pregnancies [1]. The need for novel biomarkers
of oocyte and embryo developmental and reproductive com-
petence, pivotal to prioritize the embryo(s) to transfer and
adopt a SET strategy, is indeed a central topic in modern
IVF. At present, embryo selection is still largely based on
morphological scoring, but embryo morphology in day 2 or
day 3 of preimplantation development showed a relatively low
predictive power upon the reproductive competence [2, 3].

C. Scarica and D. Cimadomo contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10815-019-01410-3) contains supplementary
material, which is available to authorized users.

* L. Rienzi
rienzi@generaroma.it

1 DAHFMO, Unit of Histology and Medical Embryology, Sapienza,
University of Rome, Rome, Italy

2 Present address: Casa di cura Villa Salaria, Rome, Italy
3 Clinica Valle Giulia, G.EN.E.R.A. Centers for Reproductive

Medicine, via G. De Notaris 2/b, Rome, Italy
4 Igenomix, Marostica, Italy

Journal of Assisted Reproduction and Genetics (2019) 36:875–887
https://doi.org/10.1007/s10815-019-01410-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-019-01410-3&domain=pdf
http://orcid.org/0000-0001-7630-6880
https://doi.org/10.1007/s10815-019-01410-3
mailto:rienzi@generaroma.it


Alternatively, many authors suggested blastocyst culture as a
more effective strategy to conduct a better selection of com-
petent embryo(s) [4, 5]. However, blastocyst culture requires
an upskilling of the lab, which needs to ensure accurate culture
conditions and an appropriate oxygen tension [6]. Time-lapse
morphokinetics (TLM) provided new promises for the predic-
tion of embryo competence. Indeed, different studies demon-
strated that morphokinetic evaluation at early stage of embryo
development could predict blastocyst formation [7, 8]. Other
authors proposed some algorithms to use morphokinetic pa-
rameters as indicators for improved clinical outcomes during
IVF [9]. However, to date, there is no consensus on which
algorithm may be clinically relevant, and a systematic review
showed no significant advance deriving from TLM [10].

Chromosomal aneuploidies per se represent the most im-
portant cause of implantation failure and miscarriage in
humans [11, 12]. The aneuploidy rate of the blastocysts in-
creases from a 25–30% baseline level in women younger
than 35, up to > 90% in women older than 42 [13, 14].
Therefore, in the last decades, preimplantation genetic test-
ing of aneuploidies (PGT-A) has been theorized and applied
to discriminate euploid from aneuploid embryos based on
the analysis of a biopsy. Euploid SET after PGT-A then,
regardless of woman age, allows a higher implantation rate
per transfer (~ 50%) and a lower miscarriage rate with re-
spect to standard IVF, as reported in two meta-analyses
[15, 16]. Yet, PGT-A should be conducted at the blastocyst
stage on trophectoderm (TE) biopsies through 24-
chromosome testing techniques, to obtain a reliable diagno-
sis and not to affect embryo reproductive competence [17,
18]. To date, reliable and solid noninvasive criteria that
might predict chromosomal constitution have not been de-
fined yet [19]. For instance, two studies outlined some TLM
criteria as predictive of embryo chromosomal constitution
[20, 21], but when tested on a different dataset, neither of
them was confirmed [22]. Therefore, novel biomarkers are
required in IVF to complement PGT-A and possibly increase
our predictive power upon implantation.

Looking more deeply into the microenvironment in which
the oocyte acquires its developmental and reproductive com-
petence, cumulus (CC) and granulosa cells (GC) have been
proposed as a mirror of oocyte quality, mainly because of the
crucial crosstalk established during folliculogenesis between
these somatic cells and the oocyte [23]. Additionally, the oo-
cyte orchestrates its own microenvironment through the re-
lease of oocyte-secreted factors, like growth differentiation
factor 9 (GDF9) and bone morphogenetic protein 15
(BMP15), which in turn regulate CCs’ gene expression during
folliculogenesis [24–26]. Therefore, many authors focused
their interest on CCs’ gene expression to obtain more infor-
mation upon the oocyte health status. Many papers reported
different CCs’ gene expression patterns to be correlated with
several IVF outcomes, for instance prostaglandin-

endoperoxide synthase 2 (PTGS2) was positively correlated
with oocyte nuclear maturation [27]. Similarly, other interest-
ing studies revealed that the upregulation of hyaluronic acid
synthase 2 (HAS2), gremlin 1 (GREM1), and PTGS2 is asso-
ciated to oocyte developmental competence and increased
embryo morphological quality [28–30]. Other authors ana-
lyzed the mRNA expression levels of three genes in the
CCs, namely angiogenin (ANG), regulator of G protein sig-
naling 2 (RGS2), and perilipin 2 (PLIN2), as potential predic-
tors of blastocyst development [31]. In general, various stud-
ies identified genes expressed in CCs as candidate noninva-
sive biomarkers of oocyte and embryo quality and/or success-
ful clinical outcomes as recently reviewed by Kordus and
LaVoie [32]. All these papers shed light on basic mechanisms
of follicle biology, thereby underlining that what happens to
the oocyte during folliculogenesis may have an effect later on
embryo development. However, the endpoints were often het-
erogeneous, and this resulted in some discrepancies in the
results across the studies. For instance, ephrinB2 (EFNB2)
was found upregulated by Wathlet and colleagues in CCs of
embryos that resulted in a delivery after blastocyst SET [33].
In contrast, Burnik Papler and colleagues found that EFNB2
was downregulated in the CCs of embryos that resulted in a
pregnancy after SET [34], and imputed the discrepancy of the
results to the different primary outcome set, namely the live
birth in Whatlet’s study, and the clinical pregnancy in theirs.
To date, despite the intriguing hypotheses and the promising
results achieved, no clear data are yet available to define CCs’
gene expression as a noninvasive tool to assess oocyte
competence.

The purpose of this exploratory study was to validate ex-
pression patterns of previously described CC genes and to
correlate them with oocytes’ developmental competence to
blastocyst. Therefore, blastocyst prediction was set as primary
outcome of the analysis. Additionally, the main technologies
of embryo quality assessment currently applied in our clinic,
namely TLM and aneuploidy testing, were combined with
target gene expression of CCs to produce an integrated over-
view of oocyte competence.

Materials and methods

Selection of the five key genes to be analyzed
from the cumulus cells

We performed a systematic review of the studies published
from 2004 up to September 2015 that outlined putative bio-
markers of oocyte and embryo quality and/or pregnancy
among the genes expressed in the CCs. Pertinent research
articles published in English were acquired and reviewed.
The keywords included in the search were Bcumulus cells,^
Bgranulosa cells,^ Bgene expression,^ Bcumulus cells
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transcriptome,^ Boocyte competence,^ Bnon-invasive
biomarker,^ Bblastocyst stage,^ and Boocyte quality.^ We fo-
cused our investigation on CC gene expression of two genes
previously reported in many papers as involved in cumulus
expansion and correlated with good-quality embryo develop-
ment: HAS2 and PTGS2 [27, 28]. Then, we added to our
pattern another three candidate genes, namely ephrinB2
(EFNB2), calcium/calmodulin-dependent protein kinase 1D
(CAMK1D), and stanniocalcin-1 (STC1). The former two
(EFNB2 and CAMK1D) previously found upregulated, the
latter (STC1) instead downregulated, in the CCs of reproduc-
tively competent oocytes that resulted in a delivery after blas-
tocyst SET [33]. All these genes are involved in the regulation
of late folliculogenesis [35–38], but CAMK1D whose role in
the ovary is yet to be unveiled.

The purpose of this study was therefore to correlate the
expression of these five key genes in the CCs, to the in vitro
embryonic development up to the blastocyst stage.

Study design and patient population

This is an exploratory study, approved by the IRB of Clinica
Valle Giulia, G.EN.E.R.A. Center for Reproductive Medicine
(Italy). From September 2015 to September 2016, 18 ad-
vanced maternal age (AMA) patients (37.3 ± 4.0 years; body
mass index 22.2 ± 3.6) provided informed consent and were
included in the study. Trying to limit any putative confounder
that could affect blastocyst formation, severe male factor
(sperm count lower than 1 × 106/mL), surgical sperm extrac-
tion, and female pathologies such as endometriosis and pre-
mature ovarian failure were set as exclusion criteria.
Controlled ovarian stimulation for the present study popula-
tion was performed only using GnRH antagonist protocol, as
previously described [1, 39]. All the enrolled patients
underwent ICSI [40]. We included only oocytes that fertilized
after insemination.

Collection of CCs and time-lapse embryo culture

The follicular fluid was retrieved 36 h after hCG triggering. It
was inspected under a laminar flow hood as described previ-
ously [41]. Cumulus oocyte complexes (COCs) were collect-
ed and incubated at 37 °C, 6% CO2, and 5%O2 for at least 2 h
in continuous single culture medium (CSCM, Irvine
Scientific, USA) until denudation and ICSI. Collection of
CCs was performed individually for each COC. Each COC
was cultured for 10 s into a droplet of Hepes-buffered medium
containing 20 IU/μL hyaluronidase (Irvine Scientific, USA)
and washed sequentially in two droplets of medium without
enzyme. CCs were mechanically removed using stripper pi-
pettes with decreasing diameters (170 μm and 140 μm, re-
spectively; COOK Medical, USA). Soon after dissociation
from the oocyte, the whole cumuli were washed in cold

PBS, centrifuged for 10 min at 1200 rpm, then further proc-
essed for RNA extraction. During ICSI and embryo culture,
the oocytes were kept individually to assess the correlation
with their respective CCs’ key gene expression. Injected oo-
cytes were transferred in EmbryoSlide microwells, each one
in 25 μl of CSCM (Irvine Scientific) at 37 °C, 6% CO2 and
5%O2 in a time-lapse culture system (Embryoscope, Vitrolife,
Sweden) up to the fully expanded blastocyst stage (tEB). The
blastocysts produced underwent TE biopsy [42] and qPCR-
based PGT-A [43, 44].

A total of 75 CC samples were individually collected and
analyzed for the expression of the 5 candidate key genes. The
primary outcome of this exploratory study was to outline the
correlation between CC key gene expression pattern and blas-
tocyst formation. We analyzed the CC key gene expression of
the whole cohort of zygotes produced by each patient, regard-
less of whether the embryos reached the blastocyst stage or
arrested their preimplantation development. Therefore, it was
possible to cluster the samples into two biological groups:
CCs whose oocytes arrested their preimplantation develop-
ment versus CCs whose oocytes reached the blastocyst stage.
Moreover, the blastocysts were subclustered according to their
morphology. Blastocyst quality was assessed immediately be-
fore TE biopsy, graded according to the criteria defined by
Gardner and Schoolcraft in 1999 and categorized in four
groups: excellent, group 1 (≥AA); good, group 2 (AB and
BA); average, group 3 (BB, AC and CA); poor, group 4
(<BB) based on inner cell mass (ICM) and TE quality score
[42, 45, 46].

TLM-based assessment of preimplantation development
was performed to determine whether any change in timings
could be associated to CC key gene expression and blastocyst
development. One embryologist performed the TLM parame-
ter annotations, as previously described [22]. The TLM pa-
rameters considered were second polar body extrusion (tPB2),
pronuclear appearance (tPNa), pronuclear fading (tPNf), and
completion of cleavage to two, three, four, and five cells (t2,
t3, t4, and t5, respectively). We also considered the length of
cell cycles at the first and second divisions (cc1 and cc2,
respectively) and the length of synchronization of cell divi-
sions (s2). All the timings from t8 (cleavage to eight cells) to
expanded blastocyst stage (tEB) were annotated but not com-
pared in the two groups. Indeed, the main stage of embryo
arrest during preimplantation development in humans corre-
sponds to the embryonic genome activation (EGA), which in
our species occurs between the four- and eight-cell stages
[47]. Beyond the t5, more than half of the embryos would
undergo arrest, thereby preventing a reasonable comparison
between the two groups (i.e., Barrested embryos^ versus
Bblastocysts^). Therefore, the purpose of the TLM compari-
son here conducted was to outline the predictivity on blasto-
cyst formation derived from embryo behavior during the very
first divisions.
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RNA extraction, cDNA synthesis, and qPCR

Total RNA was extracted using TaqMan Gene Expression
Cell-to-Ct Kit (Thermo Fisher Scientific, USA). The extrac-
tion protocol was performed using lysis solution with DNase I
(Thermo Fisher Scientific) following manufacturer’s instruc-
tion. Each CC sample was processed individually adding
50 μL of lysis solution with 0.5 μL of DNase I, for 5 min at
room temperature. Soon after, the reactionwas stopped adding
5 μL of stop solution to each CC sample, to avoid mRNA
degradation. The RNA extraction was concluded after the
incubation at room temperature for 2 min. Each sample was
then laid on ice until reverse transcription, which was per-
formed according to the manufacturer’s protocol in a final
100 μL reaction volume for each CC sample. The
thermocycler program used was 37 °C for 60 min, 95 °C for
5 min, and 4 °C ∞. For each experiment, we generated two
negative controls by omitting the reverse transcriptase enzyme
mix or the RNA in the reaction, respectively.

Quantitative PCR for the selected key genes was performed
using ViiA7 Real-Time PCR System (Thermo Fisher
Scientific) in a 20 μL reaction, of which 10 μL of gene ex-
pression master mix, 5 μL of pure water, 1 μL of Taqman
primers for CAMK1D, STC1, EFNB2, PTGS2,HAS2 (the five
target key genes), B2M or UBC (the two selected endogenous
controls) (Supplementary Table 1), and 4 μL of cDNA for
each gene. The program was 50 °C for 2 min, 95 °C for
10 min, then 40 cycles of 95 °C for 15 s and 60 °C for
1 min. Each reaction was performed in triplicate. The geomet-
ric mean of the Ct values of B2M and UBC was adopted to
normalize the gene expression. Both these genes were already
suggested to be stable in human CCs through the geNorm
program and adopted from previous studies [33, 48, 49].
PCR no-template control was included for each experiment.
The levels of gene expression are reported as 2−dCT [50]. In
case of failure of detection of a given gene, the Ct value was
neither replaced with an arbitrary value (e.g., B40^), nor esti-
mated based on the other transcripts detected from the same
CCs sample, since both these strategies might result in a bias
greater than excluding them [51].

Statistical analysis

Continuous data are presented as mean ± SD and range.
Shapiro–Wilk tests were conducted to investigate a normal
distribution of the data. Mann–Whitney U or Kruskal–Wallis
tests were conducted to assess heterogeneity and homogenei-
ty. Categorical variables are presented as absolute and percent-
age. Fisher’s exact or chi-squared tests were used to assess
differences between categorical variables. A p value ≤ 0.05
was considered significant. The software G*Power was used
to define the effect sizes and for post hoc power analyses. The

software R was used for statistics, generalized linear models,
and receiver operating characteristic (ROC) curve analyses.

Results

Embryo development and morphokinetic analysis

Figure 1a shows the developmental outcome of the 75 oocytes
whose cumuli were isolated to be included in this study from 18
consenting patients. During in vitro preimplantation develop-
ment, 33 embryos arrested (44.0%), while 42 developed to the
blastocyst stage (56.0%). The chromosomal status of the em-
bryos that reached blastocyst stage was assessed by qPCR.
Twenty-one embryos were euploid (50.0%) and 21 aneuploid
(50.0%). No difference was reported in terms of timing of CC
sampling from the trigger in the two study groups (4.7 ± 0.7 h,
2.8–6.3 h vs 4.6 ± 0.7 h, 2.8–6.1 h). Among the 33 arrested
embryos, only 4 arrested before the t8 (12.1%), most of them
arrested their development at the t8 (N = 13, 39.4%), the rest at
the time of morula formation (tM; N = 7, 21.2%) or of starting
and full blastulation (tSB and tB, N = 9, 27.3%) (Fig. 1b). We
compared the recorded timings from the embryos that arrested
versus the embryos that developed to blastocyst up to t5 (i.e.,
five-cell stage). Significant differences, namely slower kinetics,
were reported in embryos that arrested their development with
respect to embryos that reached the blastocyst stage for tPNa,
tPNf, t2, cc1, t4, and cc2 (Table 1; Supplementary Table 2).

Cumulus cell expression of EFNB2, PTGS2, HAS2,
STC1, CAMK1D versus oocyte developmental
competence and chromosomal constitution

The qPCR analysis outlined comparable mean Ct values in the
two groups for B2M and UBC (Supplementary Fig. 1). The
expression of STC1, EFNB2, CAMK1D, PTGS2, and HAS2
was therefore analyzed and correlated to embryo developmen-
tal competence. EFNB2, PTGS2, and HAS2 were amplified
from all the tested samples; STC1 was amplified in 97% (n =
32/33) of the cumuli from arrested embryos and 95.2% (n =
40/42; p = 1.0) of those from blastocysts; CAMK1D was de-
tected in 94% (n = 31/33) of the cumuli from arrested embryos
and 87% (n = 36/42; p = 0.45) of those from blastocysts. For
both of these key genes, the geometric mean of B2M andUBC
Ct values was significantly lower from the samples that
showed amplification than from the samples resulting in no
detection, thereby suggesting either a lower efficiency of the
qPCR reaction or a lower number of cells collected
(Supplementary Fig. 2).

The levels of CAMK1D (mean 2−dCT in arrested embryos
versus blastocysts: 0.025 ± 0.018, 0.003–0.066 versus 0.07 ±
0.056, 0.006–0.241; p = 0.01), PTGS2 (0.22 ± 0.21, 0.008–
0.954 versus 0.59 ± 0.78, 0.027–4.336; p = 0.05) and HAS2
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(0.24 ± 0.29, 0.015–1.304 versus 0.53 ± 0.73, 0.056–3.575;
p = 0.03) were significantly lower in the CCs isolated from
oocytes that resulted into embryo developmental arrest rather
than reaching the blastocyst stage (Fig. 2a–c). No statistically
significant difference was instead found in the expression
levels of STC1 and EFNB2 in the two study groups
(Supplementary Fig. 3).

A subanalysis ofCAMK1D, PTGS2, andHAS2 data among
CCs related to oocyte developing as euploid or aneuploid
blastocysts was conducted, but no significant difference was
reported (Supplementary Fig. 4). Nonetheless, the samples
size was limited; therefore, it cannot be excluded an effect to
be reported from future studies targeting blastocysts’ chromo-
somal constitution as primary outcome.

In a further subanalysis, we clustered the CC samples,
whose oocytes developed to blastocyst, according to embryo
morphological quality (i.e., Bhigh^ defined as morphological
classes 1 and 2, Blow^ defined as morphological classes 3 and
4): (i) all the three key genes showed significant differences
between high-quality blastocysts and arrested embryos
(p < 0.01), (ii) only CAMK1D showed significant differences
between low-quality blastocysts and arrested embryos (p =
0.02), and (iii) only PTG2 showed a significant difference
between high- and low-quality blastocysts (p = 0.02)
(Supplementary Fig. 5).

Generalized linear models and ROC curve analyses

Supplementary Table 2 shows the results of the generalized
linear models performed to test the association between early
time-lapse parameters and selected key gene expression in the

cumulus cells with the primary outcome (i.e., developmental
arrest/blastocyst formation). The data confirmed that tPNa,
tPNf, t2, cc1, t4, cc2, as well as CAMK1D, PTGS2, and
HAS2 expression associate with the chance of a zygote to
reach the blastocyst stage.

Importantly, the Kruskal–Wallis tests highlighted that the
CC key gene expression was patient-specific; indeed, the
mean values were significantly different across the 18 women
included in the study (p < 0.01 for all the key genes analyzed;
Supplementary Fig. 6). Figure 3a–c shows the expression
values for CAMK1D, PTGS2, and HAS2 from each CC sam-
ple analyzed clustered according to the Bpatient^ and by de-
fining its related final outcome (arrested development/blasto-
cyst). For each of these three key genes, but especially for
CAMK1D, it is evident that higher gene expression levels
characterize the cumuli of oocytes developing to the blasto-
cyst stage from both an overall perspective and a patient-
specific one. Standing this evidence and since the value of
each putative predictor of oocyte developmental competence
(including the TLM parameters) had to be assessed within
each cohort, we included the Bpatient^ variable in the gener-
alized linear models. Due to the low number of patients en-
rolled in this study, we could not evaluate if and which specific
woman’s characteristic (e.g., maternal age, body mass index,
FSH) [52] might modulate CC key gene expressions; there-
fore, a deeper insight is eagerly required from future studies.
Only t2, as well as CAMK1D and PTGS2 expression main-
tained a significant association within each cohort (data not
shown). Therefore, we created a model that included all these
three parameters and the Bpatient^ variable. Table 2 shows this
model that outlined CAMK1D as the only significant putative

Fig. 1 a Characteristics of the
patients and related oocytes
whose cumulus cells were
included in the study. b Timings
of developmental arrest for the 33
arrested embryos. Second polar
body extrusion (tPB2),
completion of cleavage to two,
three, four, five and eight cells (t2,
t3, t4, t5, and t8, respectively),
time of morula formation (tM),
time of starting blastulation (tSB),
time of full blastulation (tB)
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predictor of oocyte developmental competence. Indeed, the
partial eta squared, the power and the R2 parameters of a
model based only on the expression level of this transcript
corrected per Bpatient^ (0.16, 0.86, and 0.44, respectively)
testify its promising value.

To conclude, the overall predictive power of CAMK1D
upon oocyte developmental competence was therefore esti-
mated through a ROC curve analysis that showed an area
under the curve (AUC) 0.78, 95% CI 0.67–0.89, p < 0.01
among the samples expressing this key gene (Supplementary
Fig. 7a). The same analysis was conducted by adding the
Bpatient^ variable, which outlined an AUC 0.9, 95% CI
0.83–0.97, p < 0.01, among the cohorts of zygotes where a
comparison between arrested embryos and blastocysts was
doable (Supplementary Fig. 7b; Fig. 3a).

Discussion

In the present study, we analyzed the association between the
expression pattern of selected key genes in the CCs and the
developmental potential of the oocytes they surrounded dur-
ing folliculogenesis. Since the blastocyst population is not
homogeneous, we also analyzed the expression of our five
target key genes in the CCs according to their corresponding
blastocyst morphological quality and chromosomal constitu-
tion. All the embryos were cultured individually in an undis-
turbed time-lapse incubator with the same continuous media,
thereby preventing any putative stress deriving from the envi-
ronment and/or the manipulation. To further improve the ob-
jectivity in the assessment of embryo development, we also
correlated the CC gene expression to the main morphokinetic

Table 1 Time-lapse morphokinetic (TLM) parameters investigated in the cumulus cells from oocytes resulted in embryo developmental arrest (n = 33)
or blastocyst formation (n = 42)

Arrested embryos, n = 33 Blastocysts, n = 42 p value

tPB2

N (%) 33 (100) 42 (100) 0.44
Mean ± SD (min–max) 3.7 ± 1.3 (2.1–7.6) 3.5 ± 1.2 (1.9–8.6)

tPNa

N (%) 33 (100) 42 (100) 0.03
Mean ± SD (min–max) 10.5 ± 3.5 (5.4–21.3) 8.8 ± 2.1 (5.4–13.7)

tPNf

N (%) 33 (100) 42 (100) 0.04
Mean ± SD (min–max) (h) 25.8 ± 3.7 (18.6–32.5) 24.3 ± 2.1 (19.8–32.5)

t2

N (%) 32 (97) 42 (100) 0.02
Mean ± SD (min–max) (h) 28.7 ± 3.5 (21.1–35.1) 26.9 ± 3.0 (22.6–36)

cc1 (t2-tPB2)

N (%) 32 (97) 42 (100) 0.04
Mean ± SD (min–max) (h) 24.8 ± 3.5 (17.5–31.1) 23.4 ± 2.5 (18.6–31.9)

t3

N (%) 31 (94) 42 (100) 0.48
Mean ± SD (min–max) (h) 38.8 ± 8.7 (28.1–70.4) 36.6 ± 5.7 (24.5–51.8)

t4

N (%) 31 (94) 42 (100) 0.05
Mean ± SD (min–max) (h) 44.3 ± 10.0 (28.6–75) 40.0 ± 4.4 (33.2–53.1)

cc2 (t4-t2)

N (%) 31 (94) 42 (100) 0.03
Mean ± SD (min–max) (h) 15.6 ± 8.1 (1.6–39.9) 13.1 ± 2.7 (10.0–22.4)

s2 (t4-t3)

N (%) 31 (94) 42 (100) 0.36
Mean ± SD (min–max) (h) 5.5 ± 6.9 (0.2–31.5) 3.4 ± 3.4 (0.2–12.3)

t5

N (%) 29 (87.9) 42 (100) 0.12
mean ± SD (min–max) (h) 55.3 ± 12.7 (41.4–94.3) 49.8 ± 9.0 (33.7–72.3)

Both the absolute number and the rate of samples for which each parameter could be analyzed are shown. The p values have been calculated on the mean
values for each parameter in the comparison between the two groups. For the TLM parameters, the comparison has been performed up to t5. Mann–
Whitney U tests were performed, and p values lower than 0.05 have been considered significant. Time of second polar body extrusion (tPB2); timing of
pronuclear appearance (tPNa); timing of pronuclear fading (tPNf); timing of completion of cleavage to two, three, four, and five cells (t2, t3, t4, and t5,
respectively); duration of cell cycles at the first and second division (cc1 and cc2, respectively); length of synchronization of cell divisions (s2)
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parameters of early embryo preimplantation development.
Three of the five key genes we analyzed showed a higher
mean expression level in the CCs whose oocytes developed

to the blastocyst stage, namely CAMK1D, PTGS2, and HAS2.
While EFNB2 and STC1 showed no correlation.

Importantly, since mRNA levels of PTGS2, CAMK1D, and
HAS2 increase a few hours before ovulation, the timing be-
tween hCG administration and COC denudation is crucial to
exclude stochastic or biased results. However, this was not the
case here, since similar timings between triggering and CCs
sampling were reported for all the patients included in the
analysis.

The results on CAMK1D, PTGS2, and HAS2 expression
levels are in line with the previous literature [28, 29, 33], while
the data related with EFNB2 and STC1 do not confirm what
reported by Wathlet and colleagues [33]. Probably the reason
is the different endpoints among ours and Wathlet’s studies,
since we limited the investigation to the developmental rather
than reproductive competence.

In our clinical setting, PGT-A allows the identification of
aneuploid blastocysts, which are not transferred. Such strate-
gy, by preventing the impact of chromosomal aneuploidies on
pregnancy outcomes, ensures per se a good predictivity upon
embryo reproductive competence [1, 15]. For this reason, we
set the endpoint of this study as the blastocyst development
rather than embryo implantation, since the former is expected
to be more probably associated with the dialog between CCs
and the oocytes during folliculogenesis. In fact, recently,
Green and collaborators set the endpoint as live birth and
analyzed the CCs’whole transcriptome byRNA-seq in sibling
oocytes searching for biomarkers of embryo reproductive
competence, but could not find any significant association
[53].

Importantly, the levels of these key gene expression from
CCs was shown to be patient-specific. Therefore, we conduct-
ed the analyses also within each cohort of zygotes. PTGS2,
but especially CAMK1D, showed high association with blas-
tocyst development also from these analyses. Clearly, the low
number of patients here included limits the general value of
such finding. Nonetheless, it supports the evidence previously
reported by Adriaenssens and colleagues [54] and encourages
future investigation to address which woman’s characteris-
tic(s) influence the expression of these key genes in the CCs.

In the present study, only the expression ofCAMK1D in the
CCs was confirmed as a significant predictor of blastocyst
formation from both an overall perspective (AUC = 0.79)
and a patient-specific one (AUC = 0.9). Clearly, the former
evidence is limited to the samples that resulted in the detection
of this transcript, while the latter one is limited to the patients
enrolled from this cohort of selected women and showing at
least two zygotes with different developmental outcomes. Yet,
the effect size and post hoc statistical power achieved are
sufficiently high to support future investigation on a larger
sample size and a wider patient population. Additionally, the
level of expression of CAMK1D seems to be lower with re-
spect to the other transcripts; indeed, it might go undetected if

Fig. 2 Relative expression levels of CAMK1D (a), PTGS2 (b), andHAS2
(c) from the cumulus cells of developmentally incompetent versus
competent oocytes. Total RNA was extracted from cumulus cells
obtained from oocytes that resulted in either arrested embryos or
blastocysts after IVF. Quantitative-PCR was conducted using Taqman
primers. Each reaction was performed in triplicate. Each sample was
normalized to its B2M and UBC mRNA content. For each key gene,
the boxplots of the 2−dCT data are shown and the median of their distri-
bution among all the samples analyzed is highlighted by a dotted line.
Mann–Whitney U tests were conducted to assess statistically significant
differences. Circles and stars represent outlier values
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less CCs are collected or in case of a lower qPCR efficiency.
Future studies should therefore consider its preamplification
after the retrotranscription step and before conducting qPCR.

CAMK1D is a member of the calcium/calmodulin-
dependent protein kinase 1 family and has been associated
with multiple functions, e.g., regulatory or gene activation
ones, regulation of granulocyte function, aldosterone synthe-
sis, differentiation and activation of neutrophil cells, and apo-
ptosis of erythroleukemia cells. To date, no ovarian function
has yet been reported for CAMK1D; only a higher expression
in CCs has been reported by Wathlet and colleagues in com-
petent oocytes resulting in positive pregnancy outcomes after
transfer [33]. In their paper, the authors suggested that

CAMK1Dmight be involved in the regulation of steroidogen-
esis during folliculogenesis. Qin and collaborators recently
described a role for CAMK1D in trophoblast cells.
Intriguingly, these authors demonstrated a crosstalk between
eukaryotic initiation factor 5A (eIF5A), a highly conserved
protein which is involved in various cell functions (i.e., pro-
tein translation, migration, proliferation, apoptosis, cell cycle
progression, inflammation, and tumorigenesis) [55, 56], and
CAMK1D aimed at the activation in trophoblast cells of spe-
cific pathways of cell proliferation, migration, and invasion
[57]. Furthermore, they demonstrated, through RNA interfer-
ence, thatCAMK1D overexpression acts also as an inhibitor of
apoptosis in vitro [57]. In human hepatocytes, CAMK1D is

Fig. 3 CAMK1D (a), HAS2 (b),
and PTGS2 (c) 2−dCT data of each
cumulus cell (CC) sample clus-
tered according to its related pa-
tient and developmental outcome
(arrested embryos represented by
gray stars; blastocysts represented
by orange circles). For CAMK1D,
patients 1 and 18 showed no am-
plification from a CCs sample
whose oocyte resulted into devel-
opmental arrest, while patients 3,
7, 12, 13, 16, and 17 showed no
amplification from a CC sample
whose oocyte resulted into blas-
tocyst development. For HAS2
and PTGS2, all CC samples were
amplified. The median general
expression value has been report-
ed for each key gene as a contin-
uous black line. Overall, the CC
samples whose oocytes devel-
oped to the blastocyst stage
mostly clustered above the medi-
an, but in general, they showed
higher expression than sibling
arrested embryos within each
patient-specific cohort of zygotes
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instead involved in the regulation of glucose metabolism in an
insulin-independent way [58]. A similar mechanism might be
crucial also in the oocyte microenvironment during
folliculogenesis, where the regulation of glucose or pyruvate
uptake during maturation could affect subsequent embryo de-
velopment. CAMK1D overexpression is also associated to
breast cancer proliferation, where it induces loss of cell–cell
adhesion, a characteristic typical of cells undergoing epithelial
to mesenchymal transition [59]. Our study strongly suggests
further investigations ofCAMK1D in the acquisition of oocyte
developmental competence to blastocyst. In this regard, its
putative role in the mediation of glucose uptake in the oocyte
during the latest phases of the folliculogenesis, as well as its
antiapoptotic function should be both assessed.

To provide an even more comprehensive insight, we fur-
ther inspected the data according to the morphological quality
of the blastocysts obtained (i.e., good- or low-quality).
Besides CAMK1D, also PTGS2 and HAS2 showed signifi-
cantly higher level of expression in CCs associated to good-
quality blastocysts, thereby confirming the results produced
from previous investigations [28, 33]. PTGS2 is an enzyme
involved in prostaglandin biosynthesis, that when is produced
by CCs covers a crucial role in the cumulus expansion and
oocytematuration duringmeiotic resumption [60, 61]. Indeed,
the mice knock-out for this gene (PTGS2−/−) showed a failure
in the cumulus expansion and extrusion of the first polar body
[62–64]. HAS2 instead is crucial for the production of
hyaluronic acid (HA), the key component of the matrix of
the expanded mature cumulus [65–67]. An overexpression
for both of these key genes in the last phases of
folliculogenesis might therefore entail beneficial effects to
the oocyte quality lasting up to full blastulation.

A correlation of CAMK1D, PTGS2, and HAS2 CC gene
expression with blastocyst morphology did not correspond
to an equal correlation with blastocyst chromosomal constitu-
tion. In fact, these last two variables are just mildly correlated
among each other [42, 68]. To date, only the introduction of

PGT-A allowed the identification of euploid blastocysts for
transfer from a cohort produced by a couple during IVF, there-
by improving the efficiency of embryo selection (i.e., higher
implantation success per transfer and lower miscarriage rate
were achieved with respect to non-PGT-A cycles) [15, 16].
However, an invasive TE biopsy is needed that, even if report-
ed safe for the blastocyst [17, 18], still requires specific de-
vices (e.g., laser-equipped micromanipulator) and skills (e.g.,
blastocyst culture, biopsy, and vitrification). Therefore, a quest
of widely applicable noninvasive parameters to conduct em-
bryo selection has started, which is still ongoing. For instance,
Fragouli and colleagues analyzed the CCs’ gene expression of
oocytes that underwent also polar body biopsy; the authors
found tumor protein P53 inducible protein 3 (TP53I3) and
SplA/ryanodine receptor domain and SOCS box containing
2 (SPSB2) to be underexpressed in aneuploid oocytes [69].
Since then, other groups started analyzing the gene expression
patterns in CCs, but the data were not consistent and repro-
ducible among the studies, therefore requiring further investi-
gation [70]. Nonetheless, we still cannot exclude that an asso-
ciation exists between CCs’ gene expression and chromosom-
al aneuploidies. Indeed, if meiotic chromosomal impairments
(i.e., the only ones identifiable by qPCR on a TE biopsy in this
study) seem not be correlated with the expression level of our
selected key genes, mitotic ones instead could be. In fact, this
latter kind of aneuploidies have been proposed as a significant
cause of embryo arrest during development, especially after
the EGA [71–73], which in humans occurs between the four-
and eight-cell transitions [47]. In particular in the first 3 days
of development, the embryo is in fact under the exclusive
control of maternally derived transcripts and no cell cycle
checkpoint is in place. Therefore, a role especially for
CAMK1D in the prevention of chromosomal missegregation
during this delicate phase of embryo development cannot be
disregarded and deserves investigation from future studies.

All the embryos included in the analysis were cultured in a
time-lapse system and the morphokinetic parameters up to t5

Table 2 Generalized linear model corrected per Bpatient^ to test the
association between t2, as well as PGTS2 and CAMK1D expression in
the cumulus cells, with the primary outcome of the study (i.e.,

developmental arrest/blastocyst formation). The R2 was 0.47 (adjusted
0.25). t2, time of division to two cells, p values lower than 0.05 have
been considered significant

Variable Type III sum of squares Variance F p value Partial eta squared Noncentrality parameter Observed power

Corrected model 7.72 0.41 2.16 0.02 0.47 41.04 0.95

Intercept 1.21 1.21 6.44 0.01 0.12 6.44 0.70

t2 (h) 0.72 0.72 3.82 0.06 0.08 3.82 0.48

CAMK1D (2−dCT) 1.16 1.16 6.18 0.02 0.12 6.18 0.68

PTGS2 (2−dCT) 0.03 0.03 0.15 0.70 0.003 0.15 0.07

Patient no. 3.66 0.23 1.22 0.29 0.30 19.47 0.66

Error 8.65 0.19

Total 36.00

Total adjusted 16.36
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were compared between arrested embryos and blastocysts.We
confirmed that faster kinetics of early embryo development
could predict blastocyst formation as suggested in many pre-
vious papers [8, 9, 21, 74]. Namely, tPNa, tPNf, t2, cc1, t4,
and cc2 were significantly faster in oocytes that developed to
the blastocyst stage, but in general, all the early timings up to
t5 were associated, if slower, with the risk of developmental
arrest and degeneration. The t2 was the only early TLM pa-
rameter that maintained a significant association with blasto-
cyst development also when corrected per each specific
Bpatient^ (i.e., within each cohort of zygotes) and suggests
that cellular impairments already in the very first karyokinesis
and cell division might be detrimental for the developing em-
bryo. Yet, embryo arrest before t5 is minimal [75]. Mainly the
t8, and to some extent the following stages up to the tEB,
represent the graveyard of developmentally incompetent em-
bryos, possibly for the same reasons described above.

In this study, we combined morphokinetic parameters with
the CC key gene expression aiming at providing an integrated
noninvasive evaluation of oocyte developmental competence.
To the best of our knowledge, only Hammond and colleagues
[76] proposed a comparable approach. The authors reported
that the embryos undergoing an earlier division to the four-cell
stage have a higher chance to develop into high-quality blas-
tocysts on day 5, and the predictivity was boosted if they
included also the CC expression of several genes in a multi-
variate model. In our setting, however, when combining the t2
with PTGS2 and CAMK1D CCs’ expression corrected per
Bpatient,^ only CAMK1Dmaintained a significant association
with the primary outcome. Still, the limited sample size of this
study might have hindered the additional effect of those var-
iables, which needs to be addressed from future analyses.

The main strength of our study was that CC key gene
expression was corrected across each Bpatient.^ If on the one
hand this correction prevented us from discriminating which
woman’s specific characteristic might modulate such expres-
sion, on the other hand, it implicitly encompassed all the pu-
tative confounding factors, such as maternal age, BMI, num-
ber of zygotes obtained per cohort, male factor, and timing of
CC sampling. As stated previously, future studies from a
wider patient populationmight provide a more detailed insight
to address this issue. From a laboratory perspective, embryo
culture was here conducted in a controlled undisturbed incu-
bator and with a continuous media to limit any putative stress
derived from the environment and/or embryo manipulation.
All these characteristics increased the objectivity of the end-
point, which was set as blastocyst development. The morpho-
logical evaluation of blastocyst quality and the qPCR-based
definition of the chromosomal constitution represented further
subanalyses that provided a comprehensive overview upon
oocyte developmental competence.

To conclude, the interesting finding that CAMK1D level of
expression is associated with blastocyst development should

encourage future investigations to understand how oocytes
gain competence during folliculogenesis. Concurrently, the
improvement of our knowledge about the role of CAMK1D
in CCs during the last crucial steps of folliculogenesis could
conduct to a better fine-tuning of follicular stimulation, or to
new advances in in vitro maturation protocols.
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