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Objective: To examine whether sequence variants within the FSHR and CYP19A1 genes are related to the ovarian response to
controlled ovarian stimulation (COS).
Design: Genetic association study using both single-gene and combined analyses of women with sequence variants undergoing
in vitro fertilization treatment.
Setting: Academic research institute hospital.
Patient(s): Seven hundred and five women undergoing ovarian stimulation with recombinant follicle-stimulating hormone (FSH).
Intervention(s): Peripheral blood extraction, DNA purification, and FSHR c.919G>A (rs6165, p.Thr307Ala) and CYP19A1 c.*19C>T
(rs10046) sequence variants analyses.
Main Outcome Measure(s): Single-gene statistical analysis and combined statistical analysis with the SPSS17.0 software; FSHR
c.919G>A and CYP19A1 c.*19C>T sequence variant genotypes and clinical parameters related to the COS response as oocyte retrieval
and hormone levels, doses of exogenous FSH.
Result(s): Women with genotype Ala/Ala at FSHR position 307 had higher basal levels of FSH and were more likely to have a low
ovarian response compared with other genotypes. Women with genotype TT at CYP19A1 yielded fewer oocytes after ovarian stimu-
lation. The combined analysis of these two sequence variants revealed that these two single-nucleotide variants have a synergistic effect
in conferring the risk of a low ovarian response.
Conclusion(s): Our results support an association of sequence variants in the genes that participate in estrogen synthesis, notably the
FSHR and CYP19A1 genes, with the outcome of COS. (Fertil Steril� 2019;-:-–-. �2019 by American Society for Reproductive
Medicine.)
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C ontrolled ovarian stimulation
(COS) is an essential prerequisite
step in assisted reproduction

techniques (ART) in which exogenous
gonadotropins are used to induce
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oocytes or cycle cancelation, to life-
threatening ovarian hyperstimulation
syndrome (OHSS) (1–3). The ability to
predict a favorable ovarian response
and thus tailor the dose of exogenous
follicle-stimulating hormone (FSH)
used for multifollicular development
has always been an intractable problem
in ART.

In clinical practice, several param-
eters either alone or in combination
have been used to optimize COS, such
as the age of the patient, the ovarian
reserve, and the endocrine state (4–6).
However, the predictive value of these
1
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markers is only moderately satisfactory, and 9% to 24% of
women are reported to respond poorly to recombinant FSH
stimulation (7). Currently, pharmacogenetic studies of COS
indicate that the individual responses to ovarian stimulation
aremost likely due to genetic differences amongwomen (8, 9).

Follicle-stimulating hormone, which plays an essential
role in follicle growth and development, acts by binding to
the FSH receptor, which is expressed on the plasmamembrane
of granulosa cells (10). This interaction results in an increase
in intracellular cyclic adenosine monophosphate, which acti-
vates cytochrome P450 (CYP19A1) aromatase. This enzyme
catalyzes a key step in the conversion of androgens to estro-
gens (11, 12). Therefore, the FSHR gene and the CYP19A1
gene are reasonable selections for a pharmacogenetic study
of COS.

The FSHR gene is located at chromosome region 2p21 and
consists of 10 exons and 9 introns (13). A total of 1,488 single-
nucleotide variants (SNVs) have been identified in FSHR
(http://snpper.chip.org); among these SNVs, p.Thr307Ala
(rs6165) and p.Asn680Ser (rs6166) have been the most studied
in COS (14). These two SNVs are in nearly complete linkage
disequilibrium. In most published studies, the FSHR 307 Ala
variant, corresponding to Ser at position 680, has been reported
to confer a risk of a low ovarian response to exogenous FSH
stimulation (15–17). However, there have been some
inconsistent results (18). For example, Mohiyiddeen et al. (19)
reported no association of FSHR sequence variants with
ovarian reserve markers and ovarian response during in vitro
fertilization (IVF) treatment. In a study of Indian women,
Achrekar et al. (20) concluded that patients with the
p.Ala307Ala genotype require only a low amount of FSH for
superovulation andhave an increased risk of developingOHSS.

The human CYP19 A1 gene is located in the chromosome
15q21.2 region (21). A common C/T SNV in the 3ʹ-untrans-
lated region (3ʹ-UTR) of CYP19A1 (rs10046) has been studied
in estrogen-dependent diseases, such as endometriosis and
breast cancer, and was shown to be associated with breast
cancer risk, tumor stage, and circulating sex hormone levels
(22). However, only one study to date, conducted in German
women by Binder et al. (23), has reported on the association
between CYP19A1 rs10046 sequence variants and ovarian
response in COS treatment. These investigators found that
this SNV appears to have no impact on OHSS or sterility.

In this study, we genotyped the variants of FSHR
c.919G>A(rs6165) and CYP19A1 c.*19C>T (rs10046) in Chi-
nese women undergoing their first cycle of COS for ART treat-
ment due to a tubal or male infertility factor. The association
was assessed with single-locus and combination analyses of
these two sequence variants.
MATERIALS AND METHODS
Patient Enrollment and Inclusion Criteria

A total of 705 women undergoing IVF with intracytoplasmic
sperm injection (ICSI) treatment at Shanghai First Maternity
and Infant Health Hospital were included in the present study
between January 2012 and September 2013. Recruitment
occurred when the couples were undergoing IVF-ICSI treat-
ment and before COS. The cause of infertility in the selected
2

women was a male or tubal factor only. To ensure the homo-
geneity of the parameters for the participants, all the women
were required to meet the following stringent criteria: [1]
normal karyotype; [2] in the first cycle of ovarian stimulation;
[3] a basal FSH level below 10 mIU/mL; [4] a body mass index
(BMI) of >19 and <25 kg/m2; [5] no previous history of
ovarian surgery; and [6] no other diseases affecting fertility,
such as polycystic ovary syndrome or endometriosis. All the
participants gave their written informed consent before
recruitment into the study. This study was approved by the
ethics committee of the Shanghai Institute of Planned Parent-
hood Research, People's Republic of China.

Ovarian Stimulation Protocol

Ovarian follicle stimulation was performed using a standard
short-term protocol. Briefly, the gonadotropin-releasing hor-
mone agonist buserelin (1.0 mg/day) was used for pituitary
desensitization, and recombinant FSH (Gonal-F; Merck-
Serono) was used to stimulate follicular growth. Our starting
dose was 150–225 IU/day from the second day of menstrua-
tion based on the basal follicle-stimulating hormone (FSH)
levels and antral follicles. Dose adjustment was allowed on
day 7 based on the serum estradiol (E2) levels and the number
and size of developing follicles. Ovulation was induced when
the levels of progesterone and luteinizing hormone had
increased substantially compared with the baseline (proges-
terone >2 ng/ml or luteinizing hormone two times higher
than the basic state) with 10,000 IU of human chorionic
gonadotropin (hCG, Profasi; Merck-Serono), and oocyte
retrieval was performed 33 to 36 hours later via ultrasound-
guided transvaginal aspiration.

Genotyping

Genomic DNA was extracted from venous blood with a
QIAamp DNA Blood Kit (QIAGEN) and was qualified with a
NanoDrop spectrophotometer (Thermo Scientific). Amplifica-
tion was performed with the GeneAmp PCR System 9700
(Applied Biosystems). The polymerase chain reaction was per-
formed with an initial denaturation stage at 95�C for 2 mi-
nutes, followed by 45 cycles at 95�C for 30 seconds, 56�C
for 30 seconds, and 72�C for 1 minute, with a final extension
for 5 minutes at 72�C. Primer extension genotyping was per-
formed using the Sequenom MassARRAY iPLEX platform
(Sequenom Inc.) according to the manufacturer's instructions.
The primer extension reaction included an initial denatur-
ation stage at 94�C for 30 seconds, followed by 40 cycles of
amplification, including 94�C for 5 seconds, 5 cycles at
52�C for 5 seconds, and 80�C for 5 seconds, with afinal exten-
sion for 3 minutes at 72�C. After purifying the products
and transferring the samples to a SpectroCHIP, MALDI
time-of-flight (TOF) mass spectrometry was used for the
SNV genotyping. And we followed the nomenclature rules
in Human Genome Variation Society (HGVS) recommenda-
tions (24).

Statistical Analysis

The Hardy-Weinberg equilibrium was analyzed using STATA
(version10.0). An analysis of variance (ANOVA) was
VOL. - NO. - / - 2019
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performed to compare the patients' characteristics according
to their genotypes, with or without an adjustment for age
and BMI. The categorical data were analyzed using the Pear-
son chi-square test, and a multivariate logistic regression
analysis was used to adjust the P value. The genotype and
allele frequencies were compared using the online software
SHEsis (http://202.120.7.14/analysis/myAnalysis.php) (25).
All analyses were implemented with Statistical Package for
the Social Sciences (SPSS) version 17.0 software, and all
graphs were generated using GraphPad Prism 5.0 (GraphPad
Software). A two-sided P< .05 was considered statistically
significant. Generalized multifactor dimension reduction
was used to detect and characterize gene–gene interactions
between two single-nucleotide polymorphisms.
RESULTS
We performed SNV genotyping for c.919G>A of FSHR and
c.*19C>T of the CYP19A1 3ʹ-UTR on a total of 705 DNA sam-
ples. Because 10 samples were unsuccessfully genotyped, the
ovarian response association studies were conducted on 695
women. The genotype frequencies observed in this study
were consistent with the Hardy-Weinberg equilibrium law.

When the patients' clinical parameters were compared ac-
cording to the genotype distribution, we found that the basal
FSH level was associated with the FHSR genotype and that the
patients with the Ala/Ala genotype at position 307 had statis-
tically significantly higher basal levels of FSH than the Thr/
Thr and heterozygous carriers (P¼ .018) (Table 1). With the
adjustment for age and BMI, the results maintained statistical
significance (Padj¼ .023) (see Table 1). Furthermore, the basal
level of FSH decreased according to the FSHR genotype
in the order of homozygous p.Ala307Ala, heterozygous
p.Thr307Ala, and homozygous p.Thr307Thr (P¼ .009).

This polymorphism was also associated with the number
of oocytes retrieved. Fewer oocytes were retrieved from the
patients with the Ala/Ala genotype than from the p.Thr/Ala
and p.Thr/Thr groups (10.19 � 6.45 vs. 10.79 � 6.60 and
11.86 � 6.87, respectively; P¼ .048). However, the statistical
significance was reduced after adjustment for age and BMI.
Moreover, the number of oocytes retrieved also exhibited a
linear relationship with the p.Thr307Ala FSHR sequence var-
iants (P¼ .031).

Other features were not found to be associated with the
FSHR genotype. The patient parameters according to the
CYP19A1 c.*19C>T genotype are shown in Table 2. Women
with the TT genotype required larger doses of gonadotropin
for ovarian stimulation than those with the TC and CC geno-
types (P¼ .030; Padj¼ .036). This sequence variant of
CYP19A1 was also statistically significantly associated with
the number of oocytes retrieved (P¼ .010; Padj¼ .012). How-
ever, only the oocyte yield decreased linearly according to
the number of T alleles, with the patients who had the CC ge-
notype producing the most oocytes, followed by those with
the CT genotype; patients with the fewest oocytes had the
TT genotype (P¼ .004).

To evaluate the role of the two analyzed SNVs in the COS
outcome, we conducted an association analysis for each ge-
netic marker. Because there is no consistent definition of a
VOL. - NO. - / - 2019
poor ovarian response, we analyzed 2,000 IVF cycles per-
formed at the Shanghai First Maternity and Infant Health
Hospital between 2008 and 2012 (Supplemental Fig. 1, avail-
able online). The data were collected and compared only for
patients younger than 38 years old who were treated with
the protocol described in the Materials and Methods section.
Similar to the report of La Marca et al. (26), we defined a
low response in our patient population as those cycles in
which no more than the 25th percentile of oocytes were
retrieved (%5 oocytes/cycle). In our 695 successfully geno-
typed cycles, 143 cycles were considered to be a low response;
the other 552 cycles were considered a good response. None of
the patients in the good response group had OHSS.

The results of the association study are shown in Table 3.
It is evident that both the FSHR and the CYP19A1 genetic
variants were associated with the ovarian response. The fre-
quency of the p.Ala307 allele in FSHRwas statistically signif-
icantly higher in the low responders than in the good
responders (P¼ .0006), and the risk of a low response
increased with the number of FSHR p.Ala307 alleles
(P¼ .0008). By applying a different test for the association
as reported elsewhere (27), the maximum P value was
observed after applying the allele positivity test (P¼ .0003).
A logistic regression analysis with coding the genotypes as
0, 1, and 2 revealed that Thr/Thr versus Ala/Ala had the
most statistically significant difference (OR 2.20; 95% CI,
1.14–3.58, P¼ .015). Moreover, the regression analysis indi-
cated that the OR for Thr/Thr versus Thr/Ala also had statisti-
cal significance (OR 2.02; 95% CI, 1. 43–3.40, P¼ .0003). In
contrast, there was no obvious difference for Thr/Ala versus
Ala/Ala (OR 0.92; 95% CI, 0.54–1.55, P¼ .753), indicating
that a dominant model of inheritance can explain the effect
of the FSHR SNV in modulating the risk for a low ovarian
response. Accordingly, we performed an analysis in a domi-
nant model (see Table 3), combining the genotypes Thr/Ala
and Ala/Ala as X/Ala.

The same analysis performed for the CYP19A1 c.*19C>T
sequence variant revealed that the T allele conferred a risk of a
low response in ovarian stimulation, and this risk increased
with the T allele number (P¼ .018). A logistic regression anal-
ysis revealed that the risk of a low ovarian response for the
women carrying the TT genotype was 1.86 (TT vs. CC); there
were no statistically significant differences when comparing
TT versus CT and CT versus CC (see Table 3). When comparing
TT versus CX (OR 1. 12; 95% CI, 1.04–2.52, P¼ .047), there
was still statistical significance. Hence, the association of
this genotype with the ovarian response is consistent with a
recessive model.

To determine the potential synergistic effect of the SNVs,
we performed an association study combining the genotypes
of FSHR and CYP19A1. Only the homozygotic genotypes
were included to explore the true allelic impact on the ovarian
response to gonadotropin stimulation (see Table 3). We
found that the OR for subjects with the FSHR Ala/Ala and
CYP19A1 TT genotypes versus patients with the FSHR Thr/
Thr and CYP19A1 CC genotypes was 11.40, which was
obviously larger than the OR for the patients with the FSHR
Ala/Ala genotype versus those with the Thr/Thr genotype
and the OR for the CYP19A1 genotypes TT versus CC
3
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TABLE 1

Clinical characteristics of the infertile women enrolled in the in vitro fertilization/intracytoplasmic sperm injection program based on the FSHR c.919G>A(rs6165) genotype and CYP19A1
c.*19C>T (rs10046) genotype.

Genotype n Age (y)
BMI

(kg/m2)
Basal FSH
(IU/L)a AFC (n)

Gn administration E2 level on
the trigger
day (pmol/L)

No. of oocytes
retrievedb,c

Fertility
rate (%)

Clinical
pregnancy
rate (%)Dosage (IU) Days

FSHR c.919G>A
Thr/Thr 277 31.45 � 3.70 22.51 � 1.77 7.19 � 1.56 10.81 � 2.32 2,071 � 631 10.79 � 2.14 2,117 � 1,253 11.86 � 6.87 75.22 � 7.87 27.07 (75/277)
Thr/Ala 315 31.29 � 3.61 22.60 � 1.68 7.46 � 1.64 11.02 � 2.41 2,159 � 681 11.03 � 2.17 1,946 � 1,297 10.79 � 6.60 75.82 � 7.80 28.25 (89/315)
Ala/Ala 103 32.07 � 3.40 22.90 � 1.85 7.67 � 1.46 10.44 � 2.38 2,093 � 589 10.55 � 2.16 1,935 � 1,047 10.19 � 6.45 76.10 � 8.09 26.21 (27/103)
P value .161 .124 .018 .092 .248 .112 .198 .048 .522 .952
Padj value .023 .188 .177 .189 .195 .056 .763 .912

CYP19A1 c.*19C>T
CC 163 31.47 � 3.52 22.38 � 1.80 7.31 � 1.49 11.10 � 2.28 2,094 � 606 10.79 � 1.97 2,021� 1,108 12.06 � 6.95 74.82 � 7.56 28.22 (46/163)
CT 335 31.38 � 3.60 22.70 � 1.72 7.48 � 1.66 10.82 � 2.40 2,064 � 584 10.89 � 2.26 2,060 � 1,301 11.34 � 6.74 74.90 � 7.79 27.46 (92/335)
TT 197 31.61 � 3.75 22.64 � 1.86 7.38 � 1.59 11.21 � 2.55 2,216 � 768 10.87 � 2.15 1,923 � 1,260 10.00 � 6.30 77.51 � 8.02 26.90 (53/197)
P value .786 .163 .344 .164 .030 .891 .469 .010 .622 .961
Padj value .290 .225 .036 .893 .518 .012 .820 .924

Note: Data are shown as the mean� standard deviation for the quantitative variables and n (%) for the qualitative variables. The uncorrected P values were obtained using a one-way analysis of variance (ANOVA) test for the quantitative data and chi-square tests with a
Pearson 3�3 test for the categorical data. P< .05was considered statistically significant. adj¼ adjusted P value derived by a covariant or multivariate logistic regression analysis for potential confounders, including age and BMI; AFC¼ antral follicle count; BMI¼ bodymass
index; E2 ¼ estradiol; FSH ¼ follicle-stimulating hormone; Gn ¼ gonadotropin.
a Linear relation of basal FSH according to FSHR c.919G>A(rs6165) genotype, P¼ .009.
b Linear relation of the number of oocytes retrieved according to FSHR c.919G>A(rs6165) genotype, P¼ .031.
c Linear relation of the number of oocytes retrieved according to CYP19A1 c.*19C>T (rs10046) genotype, P¼ .004.
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TABLE 2

Genotypic and allelic frequencies of FSHR and CYP19A1 and their association with the ovarian response.

SNV ID SNV type

Responders

P value OR (95% CI)
P value (adjusted
for age and BMI)Low (n [ 143) Good (n [ 552)

FSHR p.Thr307Ala Thr/Thr 38 (26.6%) 239 (43.3%) .0006a 2.02(1.43–3.40) 0.0003 (Thr/Thr vs. Thr/Ala)
Thr/Ala 78 (54.5%) 237 (42.9%) .0007b 0.92 (0.54–1.55) .753 (Thr/Ala vs. Ala/Ala)
Ala/Ala 27 (18.9%) 76 (13.8%) .004c 2.20 (1.14–3.58) .015 (Thr/Thr vs. Ala/Ala)
Thr 154 (53.8%) 715 (64.8%) .0003d 2.15 (1.42–3.26) .0002 (Thr/Thr vs. Ala/X)

CYP19A1 c.*19C>T Ala 132 (46.2%) 389 (35.2%) .0008e 1.30 (0.85–1.99) .216 (TT vs. CT)
TT 50 (35.0%) 147 (26.6%) .016a 0.70 (0.42–1.16) .169 (TC vs. CC)
CT 68 (47.6%) 267 (48.4%) .173b 1.86 (1.08–3.20) .023 (TT vs. CC)
CC 25 (17.5%) 138 (25.0%) .019c 1.12 (1.04–2.524) .047 (TT vs. CX)
T 168 (58.7%) 561 (50.8%) .048d 1.30 (0.85–1.99) .216 (TT vs. CT)
C 118 (41.3%) 543 (49.2%) .018e

Note: Ala/X ¼ Thr/Ala þ Ala/Ala; BMI ¼ body mass index; CX ¼ CT þ TT; OR ¼ odds ratio; SNV ¼ single-nucleotide variant.
a Allele frequency differences test.
b Heterozygous test.
c Homozygous test.
d Allele positivity test.
e Trend of chi-square test.
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(i.e., 2.20 � 1.86 ¼ 4.09) (see Table 3). Comparing the param-
eters of the ovarian response according to the combined
FSHR/CYP19A1 genotypes, we observed a gradual reduction
in the number of oocytes and the level of E2 on the day of hCG
injection with the FSHR Thr allele/CYP19A1 C allele homo-
zygotes and the FSHR Ala allele/CYP19A1 T allele homozy-
gotes (P¼ .032 and P¼ .029, respectively) (Fig. 1). The
presence of the FSHR Thr and CYP19A1 C alleles was associ-
ated with higher oocyte numbers and levels of E2 on the day of
hCG injection, while the presence of the FSHR Ala and
CYP19A1 T alleles was associated with lower oocyte numbers
and levels of E2 on the day of hCG injection.

Additionally, we tested generalized multifactor dimen-
sion reduction–based predictive models for gene–gene inter-
actions or best interaction model along with the adjustment
for BMI and age. Two locus models (FSHR c.919G>A and
CYP19A1 c.*19C>T) showed the highest cross validation con-
sistency and highest accuracy (P¼ .01) (Supplemental Table 1,
available online).

DISCUSSION
In this study, we analyzed the association between sequence
variants in two genes that participate in follicular develop-
TABLE 3

Risk of a low ovarian response associated with the FSHR genotype
combined with the CYP19A1 genotype adjusted for age and body
mass index.

Genotype

Low
responders

n (%)

Good
responders

n (%) P value OR 95% CI

Thr/Thr-CC 3 (8.3) 52 (32.1) 1.00 Reference
Thr/Thr-TT 14 (38.9) 68 (41.9) .051 3.67 0.99–13.60
Ala/Ala-CC 11 (30.5) 29 (17.9) .006 6.81 1.73–26.71
Ala/Ala-TT 8 (22.2) 13 (8.0) .001 11.40 2.61–49.86
Note: CI ¼ confidence interval; OR ¼ odds ratio.
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ment and the ovarian response in COS. Our results confirmed
that FSHR genetic variants correlate with the ovarian
response to exogenous gonadotropin. We found that the basal
level of FSH gradually increased with the number of Ala al-
leles and that patients who were homozygous for the Ala
allele had the highest levels of basal FSH compared with those
with the other genotypes. Although there was no statistically
significant difference between the genotypes in the number of
oocytes yielded after adjusting for age and BMI (Padj¼ .056),
the oocyte yield decreased in the order Thr/Thr, Thr/Ala,
and Ala/Ala. Furthermore, we observed that the patients
with the Ala/Ala genotype had a 2.2-fold increased risk of be-
ing low responders compared with the Thr/Thr genotype.

A dominant model can explain this risk of a low ovarian
response for FSHR variants. The same analysis conducted
with the CYP19A1 c.*19C>T variant indicated that patients
with the TT genotype required higher doses of exogenous
FSH in COS and yielded fewer oocytes. Notably, only the
oocyte number was found to have a linear relationship ac-
cording to the CYP19A1 genotype. Furthermore, the risk of
being a low responder increased with the T allele number,
and a recessive model can explain this effect. A combined
FSHR/CYP19A1 genotype analysis revealed that there was
a synergistic effect between the FSHRAla and CYP19A1 T al-
leles in the risk of having a low response.

With regard to the OR, the women with the FSHR Ala/Ala
and CYP19A1 TT genotypes had a higher value than the
FSHR Thr/Thr genotype and the CYP19A1 CC genotype.
The women with the FSHR Ala/Ala genotype versus the
FSHR Thr/Thr genotype and the CYP19A1 TT genotype
versus the CYP19A1 CC genotype was11.40 versus 2.20 and
11.40 versus 1.86, respectively.

To date, the FSH receptor gene has been the most studied
genetic factor in relation to COS (18, 28, 29); among the
sequence variants in FSHR, two common genetic variants,
p.Thr307Ala and p.Asn680Ser, which are in nearly
completed linkage disequilibrium, are the most well studied.
Unlike most studies that focused on position 680, we
5



FIGURE 1

Association of the combined homozygotic FSHR/CYP19 genotypes with (A) oocyte number and (B) estradiol (E2) level at human chorionic
gonadotropin administration.
Song. FSHR and CYP19A1 variants and ovarian response. Fertil Steril 2019.
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analyzed the association of the FSHR p.Thr307Ala variant
with the ovarian response in a relatively large sample size
of women participating in IVF treatment; p.Thr307Ala is
located in the extracellular domain of FSHR, which is the
hormone-binding region, and may be involved in FSH-
mediated signal transduction (30). Although the few studies
evaluating in vitro bioactivity of the FSH receptor isoforms
at positions 307 and 680 have revealed no significant differ-
ences in cAMP production in response to FSH in COS-7 or
293T cells (31, 32), there was sufficient clinical evidence to
state that the FSHR p.Thr307Ala variant has an association
with the ovarian response in COS. Our data also confirmed
that the FSHR variant affected the ovarian response to
exogenous FSH treatment, with the minor allele Ala
conferring a risk of having a low ovarian response.

Although the mechanism by which the FSHR
p.Thr307Ala variant affects the FSHR function remains un-
clear, it is possible that an amino acid substitution changes
the binding activity with FSH or alters FSH-mediated signal
transduction; alternatively, the effects may merely be due to
linkage with other functional sequence variants, such
p.Asn680Ser. Furthermore, Gerasimova et al. (33) reported
that genetic variants at FSHR position 307 may be involved
in aberrant splicing, resulting in variants of FSHR mRNA.
These investigators found alternatively spliced FSHR products
associated with the ovarian response to COS with FSH. The
exact mechanism bywhich FSHR sequence variants influence
ovarian reactivity deserves further study.

The CYP19A1 gene encodes aromatase, one of the key
enzymes in ovarian steroidogenesis, and studies in CYP19
knockout mice have demonstrated that this gene plays an
important role in the development of genital organs (34–
36). A c.*19C>T single nucleotide variant located in the 3ʹ-
UTR of the CYP19A1 gene (rs10046) has been related to
levels of circulating E2 and to the estradiol/testosterone
ratio (37, 38). Several studies have linked this variant with
breast cancer risk (39). Sequence variants in linkage
disequilibrium with rs10046, as in the case of a
tetranucleotide repeat variants (TTTA)n in intron 4, have
also been reported to affect ovarian aromatase activity and
6

to be associated with breast cancer survival (40–42). Altmae
et al. (43) reported that women with shorter (TTTA)n repeats
exhibit decreased ovarian FSH sensitivity in COS. However,
there was no any association of the CYP19A1 c.*19C>T
(rs10046) variant on the ovarian response to exogenous
FSH and on the etiology of OHSS was reported (23).

In this study, we analyzed for the first time the association
of CYP19A1 sequence variants with the ovarian response in a
Chinese population. Notably, our results indicated that the
CYP19A1 c.*19C>T variant can be used as amarker to predict
the ovarian response to exogenous gonadotropin. Women
with the TT genotype are at a 1.86-fold greater risk of having
a low ovarian response in a standard ovarian stimulation pro-
tocol compared with the CC genotype, suggesting that the
dose of gonadotropin used for ovarian stimulation can be
tailored according to the CYP19A1 genotype. The discrep-
ancy with other studies may be attributed to ethnicity. Never-
theless, a study with increased sample sizes is required to
confirm our results.

Further analysis combining the FSHR c.919G>A(rs6165)
and CYP19A1 c.*19C>T (rs10046) variants indicated that
there was a synergistic effect of the above sequence variants
on the ovarian response to COS, indicating that the specificity
and sensitivity of a single genetic marker may be too low for it
to be employed as a predictive biomarker. Indeed, a combined
model of FSHR-ESR1-ESR2 variants has been shown to be a
promising predictive tool to predict ovarian response (27).
Lazaros et al. (44) also reported that a combination of the
FSHR-SHBG-CYP19 genotypes is associated with ovarian
response. Because the outcome of COS may be a polygenic
trait, a multilocus analysis rather than a marker-by-marker
statistical analysis is potentially a powerful tool to reveal
the true genetic factors that influence the ovarian response
to exogenous gonadotropin.

In conclusion, our results indicated that FSHR and
CYP19A1 genetic variants are associated with the outcome
of COS in the Chinese population, and we observed a syner-
gistic effect between these two genes in influencing the
ovarian response. Our findings suggested that the outcome
of COS is determined by genetic variability.
VOL. - NO. - / - 2019
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SUPPLEMENTAL FIGURE 1

Oocytes retrieved per ovarian stimulation cycle, cumulative results
from the Shanghai First Maternity and Infant Health Hospital
between 2008 and 2012. The number of oocytes that mark the
25% and 75% intervals are shown on the right. These numbers
define the low and high responses to FSH in our patient
population. A graph depicting these data (left). The gray areas
represent the lower and higher 25th percentiles of the number of
oocytes per cycle.
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SUPPLEMENTAL TABLE 1

Interaction models by GMDR analysis

Treatment outcomes Best interaction model
CV testing
accuracya CV consistency P value OR 95% CIa

Treatment response FSHR c.919G>A 0.52 10/10 0.37 1.39 (1.15-1.69)
Treatment response FSHR c.919G>A，CYP19A1 c.*19C>T 0.55 10/10 0.01 1.81 (1.01-3.25)
Note: CV ¼ cross validation.
a Values rounded up to 2 decimal places.
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