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Context: Prokineticin 1 (PROK1), also called endocrine gland–derived vascular endothelial growth
factor, is a well-established regulator of endometrial receptivity and placental development. How-
ever, its clinical usefulness as a noninvasive predictive biomarker of embryo implantation is yet to
be validated.

Objective: The main objective of this article was to determine the relationship between PROK1
levels in the follicular fluid (FF) and fertilization culture media (FCM) and the reproductive outcome
in patients who received a first conventional in vitro fertilization–embryo transfer. The secondary
objective was to characterize the expression of PROK1 and its receptors (PROKRs) in the human
follicular microenvironment.

Design and Setting: We conducted a prospective study between January 2013 and June 2015 at the
University Hospital of Grenoble.

Patients: A total of 135 infertile in vitro fertilization patients and 10 women undergoing ovarian
tissue cryopreservation were included.

Interventions: The PROK1 concentration was measured by ELISA in FF and FCM collected on the day
of oocyte retrieval and the day of the oocyte denudation step, respectively. Follicular expression
of the PROK1/PROKR system was determined by immunohistochemistry, RT-quantitative PCR, and
ELISA.

Main Outcome Measure: Assessment of the clinical pregnancy rates was the main outcome.

Results: FF and FCM PROK1 levels were significantly higher in the embryo implantation group (P �

.001) and were predictive of subsequent embryo implantation (area under the receiver operating
characteristic curve, 0.91 [95% confidence interval, 0.81–1.00], P � .001; and 0.88 [0.72–1.00], P �

.001, respectively). FF and FCM PROK1 levels remain similar irrespective of the embryo morpho-
kinetic parameters (P � .71 and P � .83, respectively). The PROK1/PROKR system is expressed during
human folliculogenesis.

Conclusions: PROK1 levels in FF and FCM could constitute new predictive noninvasive markers
of successful embryo implantation in conventional in vitro fertilization-embryo transfer. (J Clin
Endocrinol Metab 101: 435– 444, 2016)
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Infertility affects 10% to 15% of couples worldwide (1).
Despite many advances in in vitro fertilization (IVF)

techniques, implantation failure is thought to be a major
limiting step in the success of these medically assisted preg-
nancies (2). To date, the criteria used to predict embryo
implantation potential have mostly included embryo mor-
phokinetic parameters, but their predictive value remains
limited (2, 3). In the last few years, analysis of oocyte-
derived products, such as follicular fluid (FF) and cumulus
cells (CC), has offered numerous candidates to assess
oocyte competence and embryo implantation ability (4–
7). However, the clinical validation of these biomarkers is
mandatory to significantly improve the IVF outcome.

Prokineticin 1 (PROK1), also named endocrine gland–
derived vascular endothelial growth factor, is a newly
identified angiogenic and proliferative factor, which is
predominantly expressed in the ovary and the placenta (8,
9). Its biological activity is mediated by 2 G protein–cou-
pled receptors, prokineticin receptor (PROKR) 1 and
PROKR2. PROK1 has major functions in the female re-
productive tract with key roles in endometrial receptivity
and placental development (9–11). In the endometrium,
PROK1 protein expression peaks at the midluteal phase of
the menstrual cycle, corresponding to the window of em-
bryo implantation, and has been reported as a biomarker
of human endometrial receptivity (12–14). Moreover,
PROK1 directly enhances the expression of endometrial
implantation genes and increases human trophoblast ad-
hesion to extracellular matrix proteins (15–18), suggest-
ing a direct role of this cytokine in the cross-talk between
embryo trophectoderm and endometrial cells during the
implantation window. In the placenta, the PROK1/
PROKR system is highly expressed and plays multiple
roles in placental angiogenesis and trophoblast prolifera-
tion, survival, migration, and invasion (9, 19–22). During
pregnancy, PROK1 circulating levels increase from ap-
proximately 50 pg/mL in nonpregnant women to approx-
imately 250 pg/mL during the first trimester of pregnancy,
before declining during the second and the beginning of
the third trimester (�70 pg/mL) (21).

Recently, PROK1 circulating levels have been reported
to positively correlate with embryo cohort quality and to
be associated with the pregnancy outcome in women un-
dergoing IVF treatment (23). These data suggest a direct
role of PROK1 in oocyte competence acquisition and in
the implantation potential of the subsequent embryo (23).

However, little is known regarding the ovarian expression
of the PROK1/PROKR system and its role in human fol-
liculogenesis (12, 24, 25). Therefore, we decided to char-
acterize the expression of the PROK1/PROKR system in
the human ovary and to investigate the relationship be-
tween follicular PROK1 levels and the reproductive out-
come in patients undergoing conventional in vitro fertil-
ization–embryo transfer (IVF-ET).

Subjects and Methods

Subjects
The study recruited 135 infertile patients between January

2013 and June 2015: 67 women and 34 IVF couples and 10
women undergoing ovarian tissue cryopreservation (Figure 1
and Supplemental Tables 1 and 2). All women met the following
inclusion criteria: (1) both ovaries present and exempt of mor-
phological abnormalities or surgical history; (2) basal FSH cir-
culating level of �10 IU/L on the third day of the unstimulated
cycles; (3) no current or past disease affecting the ovaries; and (4)
no current or past chemotherapy and/or radiotherapy treatment.
Women with ovarian hyperstimulation syndrome, tobacco use,
recurrent pregnancy loss, or/and ectopic pregnancy were not
enrolled, as deregulation of the PROK1/PROKR has been re-
ported under these conditions (26–32). All of the samples were
included in the GERMETHEQUE Biobank after signed in-
formed consent was received from all of the patients (the pro-
cedure was approved by the institutional ethics review board,
CPP Sud-Ouest).

Tissue collection and immunohistochemistry
A series of 40 experiments were carried out using fresh human

ovarian tissue from 10 pubescent patients (14–30 years of age)
undergoing unilateral oophorectomy for ovarian cryopreserva-
tion (Supplemental Table 1). The samples were fixed overnight
at 4°C in 4% (v/v) paraformaldehyde, embedded in paraffin, and
cut into 5-�m sections. Immunohistochemistry was performed
as described previously (20). In brief, sections were incubated
with anti-PROK1 (rabbit polyclonal anti-human PROK1 1:50,
0.48 �g/mL; Covalab), anti-PROKR1 (rabbit polyclonal anti-
human PROKR1, 1:200, 0.84 �g/mL; Covalab), and anti-
PROKR2 (rabbit monoclonal anti-human PROKR2 1:200, 0.84
�g/mL; Covalab) antibodies. Negative controls were conducted
as described previously (22).

IVF stimulation
The patients undergoing IVF were superovulated by treat-

ment with FSH or human menopausal gonadotropin after down-
regulation with GnRH agonists. Monitoring of follicle develop-
ment by real-time ultrasonic scans and estimation of serum
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estradiol (E2) levels were performed from the seventh day of
stimulation to the day of ovulation induction. Once at least 3
follicles had reached a size of �16 mm, with an appropriate
serum peak E2 level (but �3000 pg/mL), ovulation was triggered
with 5000 IU of human chorionic gonadotropin hormone (hCG)
administered intramuscularly.

Oocyte retrieval
Oocyte retrieval (OR) was performed with Flushing medium

with heparin (10 IU/mL; Origio). FF was aspirated from mature-
sized follicles (16–20 mm diameter) under transvaginal ultra-
sound guidance at the time of OR, approximately 36 hours after
administration of hCG, and maintained at 37°C until collection
of the cumulus-oocyte complexes (COCs).

Follicular cell collection and processing
Follicular cells were taken from 67 women undergoing IVF

with intracytoplasmic sperm injection (ICSI) for male infertility.

Mural granulosa cell (mGC) collection
After COC retrieval from the fluid, mGCs were isolated from

FF as described previously (33). At the end of the procedure,
mGCs were washed twice in PBS medium (Gibco) and centri-
fuged at 350 � g for 5 minutes at room temperature.

CC collection
COCs were pooled in Universal IVF medium with phenol red

(Origio) and denuded of their surrounding CCs both enzymat-
ically and mechanically using 80 IU/mL of hyaluronidase (JCD)
and Stripper tips (Origio). CCs were collected and centrifuged at
350 � g for 5 minutes at room temperature.

Processing for CC and mGC mRNA, protein, and
cell culture studies

The harvested cells were directly stored at �196°C for future
mRNA isolation or suspended in 100 �L of ice-cold radioim-
munoprecipitation assay lysis buffer (Pierce) and stored at
�20°C for future protein extraction, as described previously
(20). For cell culture studies, the harvested cells were suspended

in culture medium (CM) (DMEM-F12 medium [Gibco] supple-
mented with 10% heat-inactivated fetal bovine serum [Gibco]
and 1 IU/mL penicillin/streptomycin [PAA Cell Culture Com-
pany]). Triplicate portions of CC and mGC suspensions (1 � 104

viable cells in CM per well) were seeded into plastic culture
dishes. CC and mGC viability was assessed by 1% (wt/vol)
trypan blue dye exclusion. One day later, the cells were rinsed 3
times with CM to remove the remaining red blood cells or leu-
kocytes (34) and incubated in 500 �L of fresh CM. This day was
designated as day 0. The cells were then incubated at 37°C in a
humidified tissue culture incubator gassed with 95% air and 5%
CO2. The supernatants were collected after 2, 3, and 5 days of
culture.

FF and fertilization culture media (FCM) collection
A prospective study was performed between January 2013

and January 2014 at the center for Assisted Reproductive Tech-
niques of the University Hospital of Grenoble, France. FF and
FCM were taken from 34 couples undergoing a first conven-
tional IVF treatment to avoid the male factor in the etiology of
the infertility. Immediately after collection of the oocytes (day 0),
the FFs of each woman were pooled and centrifuged at 350 � g
for 10 minutes at room temperature to eliminate cellular ele-
ments and subsequently frozen within 30 minutes after collection
at �80°C for future analysis. Conventional fertilization was per-
formed in ISM1 medium (Origio) on the day of OR (day 0). Three
COCs were inseminated with 100 000 motile spermatozoa in a
total volume of 600 �L of ISM1 per well (day 0). FCM of each
couple were collected and pooled after the oocyte denudation
step (ODS) 18 hours later (day 1).

Fertilization and cleavage assessment, embryo
transfer, and pregnancy assessment

After OR (day 0), fertilization was assessed after the ODS 18
hours later (day 1). The presence of 2 pronuclei signified a suc-
cessful fertilization. On day 2, embryo morphokinetic parame-
ters were evaluated before transfer (Supplemental Table 3). The
present study only included fresh transfers of a single embryo on
day 2. Thus, the morphokinetic parameters of all implanted em-

Figure 1. Flowchart of the study group and experiments. cIVF, conventional in vitro fertilization.
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bryos were identified. Embryo implantation success was defined
by clinical pregnancy, assessed with the presence of a gestational
sac with fetal heartbeat around 7 weeks of gestation.

RNA isolation, RT, and quantitative PCR (qPCR)
analysis

Total RNA was extracted from CCs and mGCs using a Nucle-
oSpin RNA XS kit (Macherey Nagel). RT-qPCR was performed
as described previously (20). Data for mRNA expression are
shown as the relative amount normalized to that of glyceralde-
hyde-3-phosphate dehydrogenase. To assess the linearity and
efficiency of PCR amplification, standard curves for all tran-
scripts were generated by using serial dilutions of cDNA. A melt
curve analysis was performed on the products of the amplifica-
tion reaction to ascertain the melting temperature of the product.

Western blotting
CC and mGC protein samples were denatured, separated, and

electrically transferred onto nitrocellulose membranes as de-
scribed previously (20). Membranes were blotted with antibod-
ies against PROKR1 and PROKR2, both used at a final concen-
tration of 0.84 �g/mL, as described previously (22). To
standardize for sample loading, the blots were subsequently
stripped using a commercially available kit following the man-
ufacturer’s instructions (Reblot; Millipore) and reprobed with a
�-actin antibody (Sigma-Aldrich) as an internal control of pro-
tein loading.

PROK1 ELISA
PROK1 protein levels were quantified as described previously

(35). We used a commercially available ELISA kit (PeproTech)
according to the manufacturer’s instructions. All samples were in
the linear range of the standard curves when a 5-fold dilution of
FF was used. Each sample was run in triplicate with �5% intra-
assay and �9% interassay coefficients of variation.

Statistical analysis
Statistical analyses were performed with R 3.0 (R Core Team,

2014; R Foundation for Statistical Computing, http://www.R-
project.org/) and GraphPad Prism 5.0 (GraphPad Software Inc).
Statistical significance was defined as a P value of �.05.

To investigate the relationship between FF and FCM PROK1
levels with the embryo implantation potential, 11 couples were
required for each group to provide the target sample size with
90% as the power and 5% as the � level (9.451–6.682 and
18.5–3.1 as mean differences and �, respectively). The data are
summarized as means � SEM or interquartile range for contin-
uous quantitative data and number and proportion for qualita-
tive data. The normality of the data was assessed first by histo-
gram in addition to the formal tests used for normality such as the
Shapiro test. With 2 groups, a nonparametric t test (Mann-Whit-
ney) was used. With more than 2 groups, the Kruskal-Wallis
ANOVA by ranks was used as a nonparametric method. Re-
ceiver operating characteristic (ROC) curve analysis was per-
formed on FF and FCM PROK1 levels using the clinical preg-
nancy outcome as the basis for truth to determine the respective
performances and the sensitivity/specificity. The area under the
curve (AUC) indicates the degree of the predictive ability of FF
and FCM PROK1 levels as follows: 0.5 to 0.6, no discrimination;
0.6- to 0.7, poor discrimination; 0.7- to 0.8, fair discrimination;

0.8 to 0.9, good discrimination; and 0.9- to 1, excellent separa-
tion. The overall accuracy, the Youden index, and the 95% con-
fidence interval of the AUC complete the analysis. The AUC was
tested with the P � .5 hypothesis. The Fisher exact test was used
to evaluate the significance of the odds ratio.

Results

Experimental design and patient clinical
characteristics

The experimental design is illustrated in Figure 1. Pa-
tient characteristics are detailed in Supplemental Tables 1
and 2.

PROK1/PROKR protein localization in the human
ovary

Figure 2 shows representative immunohistochemistry
results for PROK1/PROKR localization in ovarian tissues
(Figure 2, A–I) from women undergoing ovarian cryo-
preservation (n � 10) in comparison with those for neg-
ative controls (Figure 2, J–L). PROK1, PROKR1, and
PROKR2 are present in primordial follicles (Figure 2, A,
D, and G, respectively), primary follicles (Figure 2, B, E,
and H, respectively), and antral follicles (Figure 2, C, F,
and I, respectively). In antral follicles, PROK1 and
PROKR1 show strong staining in the oocytes with slight
staining in the granulosa and theca cells, whereas
PROKR2 displays strong expression in the oocytes and the
theca cells with slight staining in the granulosa cells.

PROK1/PROKR expression in isolated CCs and
mGCs

To investigate the expression of PROK1/PROKR in
follicular cells, both CCs and mGCs were isolated from
women undergoing IVF-ICSI treatment. Figure 3A shows
comparisons of the expression levels of PROK1,
PROKR1, and PROKR2 transcripts by RT-qPCR analy-
sis. PROK1 and PROKR mRNAs were detected in both
CCs and mGCs. The relative expression of PROK1 tran-
scripts was significantly higher in mGCs than in CCs with
no significant difference in PROKR1 and PROKR2
mRNA expression (Figure 3A, n � 30, P � .04, P � .16,
and P � .61, respectively). Moreover, PROK1 protein
content was significantly higher in mGCs than in CCs
(Figure 3B, left, n � 13, *** P � .001). A time course
secretion of PROK1 in primary CC and mGC cultures
during 5 days of culture showed a significant increase in
PROK1 secretion in both CC and mGC culture media over
time (Figure 3B, right, n � 5, * P � .05). From day 2 to day
5 of culture, the PROK1 levels increased 5 times in primary
CC and 1.5 times in mGC culture media. Moreover,
PROK1 secretion was significantly higher in primary
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mGC cultures than in CC cultures at day 2, day 3, and day
5 (* P � .05, * P � .05, and ** P � .01, respectively). A
representative Western blot analysis showed that PROK1
receptors were detected in all follicular cell samples with
large interindividual variability (Figure 3C, n � 11).
Taken together, these data demonstrate that the PROK1/
PROKR system is highly expressed in human follicular
cells.

FF and FCM PROK1 content in first conventional
IVF and pregnancy rate

To determine the relationship between PROK1 and the
embryo implantation potential, we determined the con-
centrations and levels of this growth factor in FF and FCM
samples obtained from 34 patients receiving a first con-
ventional IVF: no embryo implantation (group A, n � 13),
embryo implantation (group B, n � 12), and no embryo
transfer (group C, n � 9). The patient characteristics are

detailed in Table 1. PROK1 was detected in all FF and
FCM samples. High intra- and interindividual variabilities
were observed. The mean value of the FF PROK1 concen-
tration on the day of OR was 1.62 � 0.18 ng/mL, ranging
from 93.3 to 3.39 ng/mL (Supplemental Table 2). On the
day of ODS, the mean PROK1 concentration in FCM was
109.85 � 13.18 pg/mL, ranging from 3.29 to 372.76
pg/mL (Supplemental Table 2). Overall, the fresh single-
embryo transfer rate was 73.5% (25 of 34). Of the 25
patients with fresh transfers, 12 (48%) patients were clin-
ically pregnant (Figure 1 and Table 1). No miscarriage or
nonprogressing biochemical pregnancy was observed in
the present cohort. No significant difference was observed
for women’s age, women’s body mass index, duration of
infertility, and serum peak E2 among the 3 groups (Table
1). However, the number of collected oocytes, the number
of embryos and good-quality embryo ratio at day 2, and

Figure 2. Localization of PROK1/PROKR in ovarian cortex (n � 10). A–I, Immunohistochemical staining for PROK1 (A–C), PROKR1 (D–F), and
PROKR2 (G–I) in ovarian cortex, showing expression (brown staining) of the PROK1/PROKR system in primordial, primary, and antral follicles
(original magnification, �200, �400, and �200, respectively). All sections were counterstained with hematoxylin and eosin. J–L, Negative
controls. af, atretic follicle; fc, follicular cells; gc, granulosa cells; oo, oocyte; pf, primordial follicle; tc, theca cells; zp, zona pellucida.
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the distribution of the best embryo score in the cohort were
significantly different in the 3 groups (Table 1, *, P � .05
and ***, P � .001). FF and FCM PROK1 concentrations
and levels were significantly different in the 3 groups (Ta-
ble 1; *, P � .05, **, P � .01, and *** P � .001).

FF and FCM PROK1 levels in relation to IVF-ET
outcome

FF and FCM PROK1 levels were significantly predic-
tive of subsequent implantation (Table 2). The optimal
threshold according to the ROC curve for FF PROK1 was

Table 1. Patient Characteristics in the 3 Postdefined Groups of IVF Outcome

Characteristic

Group A: No Embryo

Implantation (n � 13)

Group B: Embryo

Implantation (n � 12)

Group C: No Embryo

Transfer (n � 9)

Kruskal-Wallis

P

Women’s age, y 32.1 [29–35] 32.3 [31–33] 38.9 [31–40] NS; .13
Women’s body mass index, kg � m�2 22.3 [21–27] 25.9 [22–27] 25.0 [20–26] NS; .43
Duration of infertility, y 3.4 [3–4] 3.0 [2–5] 3.6 [3–5] NS; .73
Peak E2, pg/mL 1606 [788–2429] 1850 [912–3093] 1214 [955–1690] NS; .47
No. of oocytes 8 [8–17] 7 [5–10] 4 [1–3] .014*
No. of day 2 embryos 5 [3–8] 4 [4–6] 2 [1–3] .021*
Day 2 embryos/oocytes ratio 0.75 [0–1] 0.66 [1–1] 0.62 [1–1] NS; .96
Day 2 good-quality embryos ratio 0.54 [0–1] 0.55 [0–1] 0 [0–0] .0001c

Best embryo score in the cohort, % (n) A: 84.6 (11/13)

B: 7.7 (1/13)

C: 7.7 (1/13)

D: 0.0 (0/13)

A: 83.3 (10/12)

B: 0.0 (0/12)

C: 16.7 (2/12)

D: 0.0 (0/12)

A: 0 (0/9)

B: 0 (0/9)

C: 55.6 (5/9)

D: 44.4 (4/9)

.00001***

FF PROK1 concentration, ng/mL 0.95 [0.5–1.2] 2.8 [1.8–3.1] 1.4 [0.7–1.9] .003**
FF PROK1 level, ng/follicle 5.6 [3.0–6.3] 18.8 [7.3–26.5] 10.9 [7.6–16.5] .0008***
FCM PROK1 concentration, pg/mL 79.2 [43 982] 163.5 [117 189] 84.3 [337 131] .045*
FCM PROK1 level, pg/COC 15.8 [12–27] 43.2 [31–50] 29.8 [15–46] .014*

Abbreviation: NS, not significant. Values are given as medians [interquartile range]. Data were analyzed with the Kruskal-Wallis test.

Significant differences: *, P � .05; **, P � .01; ***, P � .001.

Figure 3. PROK1/PROKR system in human follicular cells. Results are reported as means � SEM. Data were analyzed with the Mann-Whitney U
test (significant differences, *, P � .05; **, P � .01; ***, P � .001). A, Expression of PROK1/PROKR mRNA in isolated CCs (n � 30) and mGCs
(n � 30). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control for mRNA loading. B, PROK1 protein expression
and secretion in human follicular cells. PROK1 protein content in isolated CCs (n � 13) and mGCs (n � 13) (left) and the time course of PROK1
secretion by CCs (n � 5) and mGCs (n � 5) during 5 days of culture (right). C, Representative Western blots for PROKR1 and PROKR2 protein
expression in homogenates of isolated CCs and mGCs (n � 11). Actin (42 kDa) was used as an internal control for protein loading.

440 Alfaidy et al PROK1 Is a New Biomarker of Embryo Implantation J Clin Endocrinol Metab, February 2016, 101(2):435–444

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/2/435/2810569 by guest on 19 M
ay 2023



5.47 ng/follicle, with an overall accuracy of 84% (21 of
25), a high sensitivity for identifying successful pregnancy
outcomes of 92% (11 of 12), a good specificity for iden-
tifying failed pregnancy outcomes of 77% (10 of 13), a
good positive predictive value (79%, 11 of 14), and a high
negative predictive value (91%, 10 of 11). In addition, the
optimal threshold according to the ROC curve for FCM

PROK1 was 29.05 pg/COC, with an overall accuracy of
88% (22 of 25), a high specificity (92%, 12 of 13), a good
sensitivity (83%, 10 of 12), a high positive predictive value
(91%, 10 of 11), and a good negative predictive value
(86%, 12 of 14). The AUCROC evaluating the perfor-
mance of FF and FCM PROK1 levels in predicting ongo-
ing pregnancy reached 0.916 (95% confidence interval,
0.813–1.000) and 0.878 (0.717–1.000), respectively;
which is significantly �0.5 (random chance prediction)
(P � 7 � 10�15 and P � .0004, respectively) and indicates
excellent discriminatory power (Table 2 and Supplemen-
tal Figure 1). The FF and FCM PROK1 levels remain sim-
ilar irrespective of day 2 embryo morphokinetic parame-
ters (Figure 4, P � .71 and P � .83, respectively).

Discussion

In the present study, we characterized the local expression
of the PROK1/PROKR system in the human follicular mi-
croenvironment and investigated the potential of FF and
FCM PROK1 measurements in routine IVF. Our results
confirmed that FF contains high levels of PROK1 (23, 26)
and demonstrated for the first time the detection and rel-
evance of FCM PROK1 protein quantification in routine
IVF. We demonstrated that PROK1 was highly expressed
in human follicles, with major expression and secretion
from the mGCs compared with that from the CCs, sug-
gesting that FF PROK1 might mainly reflect the local se-
cretion from mGCs, whereas CC secretion could be the
major source of FCM PROK1. The absence of PROK1
detection in sperm preparation and in denuded oocyte
culture medium is in agreement with this hypothesis (data
not shown). The 30-fold higher levels of PROK1 in FF
(�1.5 ng/mL) than those found in the serum (�50 pg/mL)

Table 2. Specific Predictive Accuracies and Predictive
Power of Global FF and FCM PROK1 Levels

FF PROK1
Levels per
Follicle,
% (no.)

FCM PROK1
Levels
per COC,
% (no.)

Overall accuracy 84 (21/25) 88 (22/25)
Sensitivity 92 (11/12) 83 (10/12)
Specificity 77 (10/13) 92 (12/13)
Positive predictive value 79 (11/14) 91 (10/11)
Negative predictive

value
91 (10/11) 86 (12/14)

Odds ratio for successful
outcome (95% CI)

36.7 (3.3–412.3) 27.5 (3.2–233.5)

P value .001 .001
AUC � SE 0.916 � 0.053 0.878 � 0.082
95% CI 0.813–1.000 0.717–1.000
Prob. (AUC � 0.5) 7 � 10�15 .0004
Cutoff value �5.47 ng �29.05 pg

Abbreviation: CI, confidence interval. Expression of PROK1 was
determined in 25 global FF and FCM samples of IVF-ET attempts. The
overall accuracy was defined as true positive 	 true negative/total
population. Sensitivity was defined as true positive/condition positive,
and specificity was defined as true negative/condition negative. The
positive predictive value was defined as the proportion of embryo
transfer predicted as successful that implanted [true positive/(true
positive 	 false positive)], and the negative predictive value was
defined as the proportion of embryo transfer predicted as unsuccessful
that failed to implant [true negative/(false negative 	 true negative)].
Prob. (AUC � 0.5) is the degree of predictive ability (P value)
significantly �0.5 (random chance prediction). The cutoff value was
defined as the optimal threshold, which minimizes misclassification of
prediction (Youden index).

Figure 4. Box plot of FF (A) and FCM (B) PROK1 level distribution in accordance with the best embryo score of the cohort in the 3 postdefined
groups of IVF outcome (n � 34). Embryo morphokinetic categories: A, excellent (n � 21); B, intermediate (n � 1); C, poor (n � 8); and D,
discarded (n � 4). The box shows the 25th and 75th percentiles of the data; the whiskers are the most extreme points not considered outliers.
Data were analyzed with the Kruskal-Wallis test (not significant, P � .71 and P � .83, respectively).
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(21, 23) suggest that PROK1 may cross the blood-follicle
barrier and therefore constitute one of the main sources of
circulating PROK1 in nonpregnant women. Up to now,
PROK1 circulating and FF level modulation during the
human menstrual cycle are still unknown. Further studies
with multiple time point measurements are required to
evaluate the relevance of circulating PROK1 quantifica-
tion during the IVF cycle.

To date, very limited data are available regarding
PROK1/PROKR system expression during human follicu-
logenesis (10). In this report, we characterized the local-
ization of PROK1/PROKR protein expression in follicles
at different stages of development and observed a dynamic
profile during folliculogenesis with strong staining in pri-
mordial/primary follicles compared with that in antral fol-
licles. These results should be interpreted with caution
because all ovarian tissues were derived from patients with
cancer. However, our observations are in agreement with
those of previous studies on PROK1 transcript expression
throughout folliculogenesis (8). This dynamic profile sug-
gests differential hormonal regulation of PROK1 expres-
sion during follicle maturation. Moreover, its up-regula-
tion by hCG in cultures of luteinized granulosa cells (25)
and in the placenta (35) supports an increase in PROK1
expression and secretion in response to the physiologic LH
surge and to hCG injection during IVF cycles, suggesting
that this factor could be a new actor in final oocyte mat-
uration. Moreover, we observed a discrepancy of PROKR
localization in antral follicles, suggesting some speci-
ficity of actions of PROK1 on CCs, mGCs, and theca
cells via PROKR1 or PROKR2 through autocrine or
paracrine mechanisms. Recently, selectivity of the ef-
fects of PROK1 receptors was found in the heart (36)
and the placenta (19). Whereas PROKR1 was prefer-
entially involved in proliferation and angiogenic pro-
cesses, PROKR2 was mainly implicated in cell perme-
ability. Further studies are necessary to differentiate
between the functions of the two types of receptors in
human folliculogenesis and to validate the role of
PROK1 on oocyte competence acquisition and subse-
quent embryo implantation potential.

Noninvasive embryo quality assessment remains one of
the major challenges encountered in IVF. In this report, we
demonstrated that FF and FCM PROK1 levels were sig-
nificantly predictive of subsequent embryo implantation,
supporting the hypothesis of a direct link between the abil-
ity of cumulus and granulosa cells to secrete PROK1 and
the functional quality of the oocyte as reflected by its com-
petence to become an embryo endowed with adequate
implantation potential. The feasibility of the ELISA meth-
odology to quantify FF and FCM PROK1 contents pres-
ents several advantages including time and cost savings,

suggesting that PROK1 quantification could represent an
additional noninvasive tool to predict IVF outcome. How-
ever, the importance of sample collection and processing
in affecting the validity of the measurement of PROK1 in
biological fluids is crucial. We found that dilution of
samples is required for optimal quantification as well as
sample storage, because aliquots of pooled FF must be
used as inter-run calibrators. This could explain the
lower FF PROK1 concentrations (�800 pg/mL) (23, 26)
and the absence of an association with the IVF outcome
(23) reported by the group of Zhang. In our study, we
found similar results without any dilution of FF
(722.1 � 306.2 pg/mL) (data not shown). Therefore,
appropriate processing of FF samples to measure
PROK1 content is strongly required for clinical routine
applications. Furthermore, PROK1 content assessment
is easily added to the IVF routine, as FF and FCM
PROK1 quantification could be obtained within the 5
hours after sample collection.

More importantly, FF and FCM PROK1 levels remain
similar irrespective of day 2 embryo morphokinetic pa-
rameters. Although the morphokinetic parameters of
early embryo development are limited predictors of em-
bryo quality (37), these results suggest that global FF and
FCM PROK1 levels could represent additional criteria to
determine the number of embryos to transfer. With the
presence of top-quality embryos in the cohort, one could
speculate that high FF and FCM PROK1 levels (ie, �5.47
ng/follicle and �29.05 pg/COC, respectively) could
support the single-embryo transfer strategy to minimize
the risk of multiple pregnancies and their related mor-
bidity and mortality. Conversely, low FF and FCM
PROK1 levels may constitute additional criteria in fa-
vor of extended embryo culture and/or double-embryo
transfer to improve IVF outcome. Furthermore, high FF
and FCM PROK1 levels might encourage the transfer of
embryos with intermediate morphokinetic parameters.
Further studies are required to confirm the predictive
value of FF and FCM PROK1 levels in embryo transfer
decisions.

In conclusion, these results demonstrate that the pro-
duction of PROK1 in the follicle is high with potential
autocrine and/or paracrine functions within the follicular
microenvironment. Furthermore, PROK1 measurement
in global FF and FCM appears to be a new noninvasive
biomarker of global oocyte competence and embryo im-
plantation potential that could represent a quick routine
test to predict and improve the embryo transfer outcome
in the future.
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