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Abstract

Background Adrenocortical hyperplasia is an autosomal recessive disorder characterized by congenital metabolic
dysfunction, resulting in endocrine disturbances and abnormal sexual development (such as female masculinity),
requiring lifelong hormonal therapy. Notably, non-classical congenital adrenal hyperplasia (NCCAH) exhibits clinical
manifestations resembling polycystic ovary syndrome (PCOS), yet their therapeutic approaches in fertility treatment
differ substantially. Importantly, NCCAH carries the risk of delivering offspring with severe adrenal hyperplasia, which
presents far graver consequences than PCOS. Accurate differentiation between these two conditions is therefore
crucial for proper clinical management. However, to date, no large-scale screening studies have been conducted to
investigate the prevalence and carrier status of NCCAH among PCOS populations.

Methods A total of 1,372 suspected PCOS patients were genotyped by long-read sequencing in this study. To further
clarify phenotypic characteristics, detailed clinical evaluation and laboratory analysis were conducted on 947 of these
patients.

Results The prevalence of NCCAH in suspected PCOS patients was 0.73%o (95% Cls: 0.02-4.05%o; 1/1,372). The carrier
rate for the CAH variants in PCOS patients was 4.45% (61/1,371, 95% Cls: 3.42-5.68%), of which 78.69% were CYP21A2
variants. The carrier frequencies for classic CAH and NCCAH in PCOS patients were 1.46% (95% Cls: 0.89-2.24%)

and 2.04% (95% Cls: 1.36-2.94%), respectively. PCOS patients with hirsutism exhibited a significantly higher NCCAH
carrier rate compared to those without hirsutism (3.90% vs. 0.37%, p<0.001). However, other clinical features such as
irregular menstrual cycles, insulin resistance, and obesity showed no correlation with CAH carrier status. No significant
differences in clinical or paraclinical characteristics were found among CAH carriers.
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Conclusions PCOS patients had similar CAH carrier rates with the general population in China, and carriers of CAH

variants are generally asymptomatic.

Keywords Non-classical congenital adrenal hyperplasia, PCOS, Long-read sequencing, Prevalence, Carrier

Introduction

Congenital Adrenal Hyperplasia (CAH) refers to a group
of autosomal recessive disorders caused by defects in
various catalytic enzymes at different stages of the adre-
nal cortex steroid synthesis pathway, leading to impaired
steroid synthesis [1]. The most common form of CAH,
21-hydroxylase deficiency (21-OHD), is caused by patho-
genic variants in the CYP21A2 gene and accounts for
90-95% of CAH cases [2]. Other genes implicated in
CAH include CYP11B1, HSD3B2, CYP17A1, POR, STAR,
and CYPIIAI [3]. Based on clinical phenotypes and
residual 21-hydroxylase activity, 21-OHD is classified
into classical and non-classical CAH (NCCAH). Classi-
cal CAH includes salt-wasting (SW) and simple-virilizing
(SV) forms, which are typically diagnosed at birth or early
in life and can result in life-threatening consequences if
untreated. In contrast, NCCAH generally presents with
mild phenotypes and may be identified in female patients
with hirsutism, acne, menstrual disorders, or impaired
fertility [4, 5].

Polycystic ovary syndrome (PCOS), characterized by
hyperandrogenism, ovulatory dysfunction, and polycys-
tic ovaries, is the most common endocrinopathy affect-
ing 5-15% women of reproductive age [6—8].Notably,
reproductive-aged women with NCCAH often exhibit
PCOS-like clinical features, including oligo-ovulation
and elevated androgen levels [9-11]. However, due to
the insidious clinical presentation and limited screen-
ing methods, NCCAH is often overlooked, thus delay-
ing opportunities for treatment. Differential diagnosis
of NCCAH in women suspected of PCOS can improve
female fertility and health. Traditional CAH screening
via blood 17«-hydroxyprogesterone (17a-OHP) mea-
surement is prone to false-negative and false-positive
results [12]. Genetic testing has now become the gold
standard for diagnosing CAH. NCCAH results from low
21-hydroxylase activity due to variants in a key disease-
causing gene, CYP21A2 [13]. The CYP21AIP pseudogene
shares 99.8% homology with the functional CYP21A2
gene, which complicates the identification of pathogenic
variants. Additionally, the two genes can form complex
rearrangements through multiple recombination events.
Most laboratories detect pathogenic variants for CAH
using multiplex ligation-dependent probe amplifica-
tion (MLPA) and next-generation sequencing or Sanger
sequencing. However, combining these methods is cum-
bersome and technically challenging, limiting their large-
scale clinical application [14, 15]. Long-read sequencing
(LRS) has numerous technical advantages, such as the

ability to sequence long reads and accurately sequence
complex structures (i.e., high GC content regions and
highly repetitive regions), and base-free preference, mak-
ing it particularly useful for accurately distinguishing
between CYP21A2 and CYP21AIP. Our team has previ-
ously developed an LRS-based CAH diagnostic approach
which can effectively distinguish between functional gene
and pseudogene, thus accurately identifying point vari-
ants, indels, deletions, duplications, and large fragment
gene rearrangements [15].

This study aims to use long-read CAH sequencing
to screen for NCCAH in women suspected of PCOS in
clinic, assess the prevalence and carrier rates, and analyze
associated genotypes and phenotypes. These findings
will contribute to the accurate identification of NCCAH
patients, CAH carriers, and support genetic counseling
for Chinese PCOS women.

Materials and methods

Study population and design

From July 2023 to July 2024, we recruited female patients
from the Reproductive Center of Peking University
Third Hospital for infertility evaluation with suspected
PCOS. The diagnosis of suspected PCOS was based on
the standard 2003 Rotterdam criteria, confirmed by the
presence of at least two of the following three features:
hyperandrogenism (clinical or biochemical), irregular
menstrual cycles (oligo- or amenorrhea), and polycys-
tic ovary morphology (defined as > 12 antral follicles, 2
to 9 mm in diameter, in unilateral or bilateral ovaries,
or an ovarian volume >10 cm? on ultrasonography) [6].
Patients with Cushing syndrome, hyperprolactinemia,
adrenal or ovarian virilizing tumors, or thyroid dysfunc-
tion were excluded from the study. Additionally, none of
the patients had received hormonal therapy for at least 12
weeks prior to testing. A total of 1,372 patients with clini-
cally suspected PCOS were enrolled.

Long-read sequencing analysis

Peripheral blood samples were collected from all enrolled
subjects and sent to Berry Genomics Corporation, which
used Comprehensive Analysis of CAH (CACAH) for
detection of CAH-associated variants using long-read
sequencing (LRS) based on single-molecule real-time
(SMRT) technology [15]. LRS can be demonstrated as a
highly efficient tool for the precision genetic diagnosis of
CAH, with high analytical sensitivity/specificity in prior
studies [15—18]. Briefly, genomic DNA was isolated and
amplified using multiplexed PCR primers that covered
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the full-length sequences of the CYP21A2, CYP2IAIP,
CYPI11B1, CYP17A1, HSD3B2, and STAR genes. The PCR
products were then purified, end-repaired, and ligated to
barcode adapters at both ends. Libraries were prepared
using the Sequel Binding and Internal Ctrl Kit 3.0 (Pacific
Biosciences, Menlo Park, CA) and sequenced on the
PacBio Sequel II platform. Raw sub-reads were processed
and analyzed using the CCS software application to gen-
erate circular consensus sequence (CCS) reads, which
were then aligned to the GRCh38 reference genome using
BLASR [19]. The FreeBayes software (Biomatters, Inc.,
San Diego, CA) was used to call single nucleotide vari-
ants (SNV) and small insertions and deletions (indels).
Structural variants were identified based on reads con-
taining CYP21A2, CYP21A1P, TNXA and TNXB primer
pairs. For quality control, CCS reads were considered
valid if the target sequences were completely detected
at least three times. After barcode demultiplexing, the
analysis criteria were considered met if > 200 valid CCS
reads were obtained for CYP2IA2 + CYP21A1P, > 60 for
CYP11B1, and > 30 for CYP17A1, HSD3B2, and STAR.
Pathogenic variants in the CYP21A2 gene lead to varying
degrees of 21-hydroxylase deficiency. Variants that com-
pletely abolish enzyme activity are typically associated
with the SW phenotype. Variants that reduce activity to
approximately 2% are linked to the SV phenotype, while
those that retain 10% to 75% of activity are generally
associated with the milder NC phenotype [1, 20]. In this
study, classification (SW/SV/NC) of the identified vari-
ants was categorized using European Molecular Genetic
Quality Network (EMQN), and the pathogenicity was
categorized according to the American College of Medi-
cal Genetics and Genomics (ACMG) criteria [21, 22].
NCCAH was determined when both pathogenic variants
were present, with at least one allele being an NCCAH
variant. CAH carriers were identified when a pathogenic
variant was present on one allele, which included the
classic CAH carrier, NCCAH carrier, and other carriers
(CYPI11BI1, CYPI7A1, STAR, and HSD3B2). A normal
genotype was assigned when no pathogenic variants were
detected in the CYP21A2, CYP11BI, CYP17A1, STAR,
and HSD3B2 genes. Individuals carrying benign Q319*
variant with duplication were considered non-carriers
and were not included in the carrier-associated analyses
of this study.

Clinical evaluation and laboratory analysis

Among these 1,372 patients, 947 subjects underwent
further evaluation, including a complete clinical history
and physical assessment. Both reproductive and general
medical histories were obtained, with self-reports on
the duration of infertility, menstrual cycle and history
of spontaneous abortion. A regular menstrual cycle was
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defined as intermenstrual intervals between 21 and 35
days [23].

Additionally, body mass index (BMI, weight/height?),
waist-to-hip ratio, and hair distribution were assessed.
The Modified Ferriman—Gallwey (mFG) score was used
to evaluate the degree of hirsutism. Hair growth in nine
areas of the body and face (upper lip, chin, arms, chest,
upper and lower abdomen, thighs, and upper and lower
back) was scored on a scale of 0—4, and the total mFG
score was the sum of all individual scores. Given that
Asian populations generally exhibit lower mFG score dis-
tributions, the Chinese Expert Consensus on the Diagno-
sis and Management of PCOS recommended mFG score
> 4 to define hirsutism, we likewise adopted this cutoff
value in this study [23]. All evaluations were performed
by a single investigator to minimize intersubject variabil-
ity. The presence of acne was also recorded according to
the Global Acne Grading System (GAGS).

In line with the 2023 International Evidence-based
Guideline for the Assessment and Management of
Polycystic Ovary Syndrome, tandem mass spectrom-
etry (LC-MS/MS) was utilized for biochemical evalua-
tion of hyperandrogenism [23]. Peripheral blood serum
from all subjects was collected, and the androgen levels
including total testosterone (T), dihydrotestosterone,
androstenedione, dehydroepiandrosterone (DHEA), and
dehydroepiandrosterone-sulfate (DHEAS) were mea-
sured. Biochemical hyperandrogenism was defined as a
total T level >0.60 ng/mL. Reference values were deter-
mined by the endocrine laboratory based on supplier
information and controls derived from local population
testing.

Statistical analysis

The primary outcome of this study was the prevalence
of NCCAH patients and CAH carriers in the suspected
PCOS population. The 95% confidence intervals (Cls)
for prevalence and carrier rates were calculated using
the Exact Clopper-Pearson method. Data analysis was
performed using SPSS 26.0 (IBM, Armonk, NY, USA).
Continuous variables are presented as means * standard
deviations. Student’s t-test was used for normally dis-
tributed continuous variables, while the Mann-Whitney
test was applied for continuous data that did not follow a
normal distribution. Categorical variables are expressed
as counts and percentages. Comparisons between groups
were performed using the x2 test (Pearson chi-square
when no expected cell count was less than 5; Fisher’s
exact test when one more cells had expected counts less
than 5). P<0.05 was considered statistically significant.
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1,372 suspected PCOS patients were enrolled for LRS analysis
from July 2023 to July 2024

425 early-phase participants lacked
standardized phenotyping

947 participants with standardized phenotyping

CAH carrier
(n=16)

Normal genotype
(n=409)

NCCAH patient

CAH carrier
(n=45)

Normal genotype
(n=901)

(n=1)

Fig.1 Flow diagram of the participants in this study. Abbreviations: PCOS polycystic ovarian syndrome, LRS Long-read sequencing, CAH congenital adre-

nal hyperplasia, NCCAH non-classical congenital adrenal hyperplasia

classical, N —
75% . SW, 1.09%
Other 429 1:46% L
genes, NC, ‘
0.95% 2.04% SV, 0.36%

CYP21A2
, 3.50%

C

Fig. 2 Prevalence of CAH carriers in PCOS patients. Note: The outer ring values in each pie chart display the carrier frequencies of respective variants (carri-
ers/total screened, n=1,371). The inner sectors show: (A) Variant distribution among all carriers (n=61), Other genes included CYP11B1, CYP17A1, STAR, and
HSD3B2; (B) Distribution of carrier types in CYP21A2 variant carriers (n=48); (C) Subtype distribution among classical CAH carriers (n=20). Abbreviations:

NC non-classical, SW salt-wasting, SV simple virilizing

Result

Prevalence of NCCAH patient and CAH carrier in PCOS
patients

The flow diagram of the participants in this study was
summarized in Fig. 1. A total of 1,372 suspected PCOS
patients underwent LRS analysis in the study. Among
them, only one patient was genetically diagnosed with
NCCAH, resulting in a prevalence rate of 0.73%o (1/1,372;
95% Cls: 0.02—4.05%o). The identified NCCAH patient
was a normal-sized woman with oligo-ovulation and
mild hyperandrogenemia (mFG score of 4). Her genotype
was CYP21A2: ¢.518T > A/c.844G > T, compound hetero-
zygous (verified by a confirmational test performed on
the parents). After the genetic diagnosis of NCCAH, the
patient was referred for endocrine evaluation where sub-
sequent 17-hydroxyprogesterone testing demonstrated
elevated levels (basal: 7.2 ng/mL; 60-minute post-cosyn-
tropin stimulation: 59.76 ng/mL). Following initiation of
oral glucocorticoid therapy by the endocrinology team,

the patient achieved spontaneous conception and deliv-
ered a healthy female infant at term.

61 patients were identified as CAH carriers in this
study, yielding a carrier rate of 4.45% (61/1,371; 95% Cls:
3.42-5.68%). The details of the variants were presented in
supplemental Table 1. As shown in Fig. 2, of the 61 car-
riers, 48 patients (48/61, 78.69%) were CYP21A2 vari-
ant carriers, and 13 patients carried non-CYP21A2 gene
variants. The carrier frequency of CYP2IA2 was 3.50%
(48/1,371; 95% ClIs: 2.59-4.62%) in PCOS population.
Among them, 58.33% carried NCCAH variants (2.04% in
total, 28/1,371; 95% Cls: 1.36—2.94%), and 41.67% carried
classic CAH variants. (1.46% in total, 20/1371; 95% ClIs:
0.89-2.24%).

Among the classic CAH carriers, 75% carried SW CAH
variants (15 cases) and 25% carried SV CAH variants (5
cases). For patients identified as carriers of classic CAH
variants, we recommend subsequent LRS analysis for
their spouses to assess the risk of transmitting the con-
dition to their offspring. Notably, in one case of a SW
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CAH carrier (genotype c.1451_1452delinsC), the spouse
was also found to be a carrier of SW CAH (genotype
CYP21A2: ¢.293-13 C>G/+). In this case, their offspring
would have a 25% risk of developing classic CAH. After
reproductive genetic counseling, this couple opted for in
vitro fertilization with preimplantation genetic testing
(IVE-PGT) for assisted reproduction. Following transfer
of a single PGT-M-screened blastocyst free of pathogenic
variants, she is currently at 22 weeks’ gestation.

Comparison of CAH carrier frequency among different
clinical features of PCOS

A detailed medical history, physical examination and
androgen determination were performed on 947 patients.
After excluding one patient diagnosed with NCCAH,
a total of 946 PCOS patients were included in analysis.
The patients were divided into subgroups according to
menstrual cycle characteristics, presence of hirsutism,
biochemical hyperandrogenism, insulin resistance, and
obesity. The differences in the total CAH carrier rate,
classical CAH carrier rate, NCCAH carrier rate, and
other CAH carrier rate were further analyzed across
these subgroups. Irregular menstrual cycle was defined
as the occurrence of eight or fewer menstrual cycles per
year or menstrual cycles>35 days. Biochemical hyperan-
drogenism was defined as total T level >0.60 ng/ml. Insu-
lin resistance was assessed using the HOMA-IR index,
calculated as fasting blood glucose (mmol/L) x fasting
insulin (pU/mL)/22.5, with a value of >2.69 considered
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indicative of insulin resistance. Hirsutism was defined by
mFG score >4 and obesity was defined by BMI > 28.

As shown in Table 1, the carrier rate of CAH was higher
in PCOS patients with hirsutism than patients without
hirsutism (6.34% vs. 3.54%, p=0.045). Further subdi-
viding by the types of variants carried showed that the
NCCAH carrying rate was remarkably higher in patients
with hirsutism (3.90% vs. 0.37%, p<0.001), while the car-
rier rates of classical CAH and other CAH variants were
similar between the two groups. However, when patients
were grouped by the presence of biochemical hyperan-
drogenism, no significant difference was found in either
total CAH nor NCCAH carrier rates (1.35% vs. 2.15%,
p=0.402). Additionally, the NCCAH carrier rate showed
no significant correlation with menstrual regularity,
insulin resistance, or obesity. Specifically, the NCCAH
carrier rates in the irregular menstruation group and
the regular menstruation group were 1.88% and 2.04%,
respectively (p=0.751); the NCCAH carrier rates in the
insulin resistance group and the non-insulin resistance
group were 2.41% and 1.08%, respectively (p=0.213);
and the NCCAH carrier rates in the obese group and
the non-obese group were 2.38% and 1.58%, respectively
(P=0.380). These results suggest that the NCCAH carrier
status may not be significantly correlated with the meta-
bolic characteristics of PCOS patients. The 95% ClIs for
the carrier rate across different clinical characteristics of
the PCOS patients were provided in Supplemental Table
2.

Table 1 CAH carrier rates across different clinical characteristics in PCOS patients

Clinical characteristics Total CAH Classic CAH NCCAH Other types
n (rate) P n (rate) P n (rate) P n (rate) P
Irregular menstrual cycle Yes 40/799 0401 14/799 0.489 15/799 0.751 11/799 0.704
(5.01%) (1.75%) (1.88%) (1.38%)
No 5/147 1/147 3/147 17147
(3.40%) (0.68%) (2.04%) (0.68%)
Biochemical hyperandrogenemia Yes 11/296 0.310 5/296 0.863 4/296 0402 2/296 0.359
(3.72%) (1.69%) (1.35%) (0.68%)
No 34/650 10/650 14/650 10/650
(5.23%) (1.54%) (2.15%) (1.54%)
Hirsutism Yes 26/410 0.045 5/410 0430 16/410 <0.001 5/410 0.906
(6.34%) (1.22%) (3.90%) (1.22%)
No 19/536 10/536 2/536 7/536
(3.54%) (1.87%) (0.37%) (1.31%)
Insulin resistance Yes 13/249 0.395 4/249 0.798 6/249 0213 3/249 1.000
(5.22%) (1.61%) (2.41%) (1.20%)
No 14/369 5/369 4/369 5/369
(3.79%) (1.36%) (1.08%) (1.36%)
Obesity Yes 18/378 0.995 5/378 0.598 9/378 0.380 4/378 0.772
(4.76%) (1.32%) (2.38%) (1.06%)
No 27/568 10/568 9/568 8/568
(4.75%) (1.76%) (1.58%) (1.41%)

Chi square test was used in the categorical data (Pearson chi-square when no expected cell count was less than 5; Fisher’s exact test when one more cells had

expected counts less than 5). P < 0.05 was considered statistically significant

CAH Congenital adrenal hyperplasia, NCCAH Non-classical congenital adrenal hyperplasia
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Comparison of CAH carrier rates among four PCOS
phenotypes
PCOS is a heterogeneous disorder that presents with
different phenotypes. According to the Rotterdam crite-
ria, PCOS is classified into four phenotypes: Phenotype
A (olig-anovulation + hyperandrogenism + polycystic
ovary morphology), Phenotype B (olig-anovulation +
hyperandrogenism), Phenotype C (hyperandrogenism +
polycystic ovary morphology), and Phenotype D (olig-
anovulation + polycystic ovary morphology) [6]. In this
study, the most common phenotype among the included
PCOS patients was Phenotype A (56.13%, n = 531), while
Phenotype B represented the smallest proportion (4.5%,
= 43). Additionally, 119 patients had Phenotype C
(12.58%), and 253 patients had Phenotype D (26.74%).
The carrier rates of total CAH, classical CAH, and
NCCAH were evaluated across the four PCOS pheno-
types. As shown in Table 2, although the carrier rates of
classical CAH and NCCAH were higher in Phenotype B
compared to the other phenotypes, the differences were
not statistically significant. Overall, no significant differ-
ences were observed in either the total CAH or NCCAH
carrier rates across the four PCOS phenotypes. Corre-
sponding 95% Cls for these rates were provided in Sup-
plemental Table 3.

Demographic and clinical characteristics of the PCOS
participants

The 946 PCOS patients were divided into two groups
based on the presence of CAH pathogenic variants.
The demographic and clinical characteristics of the two
groups were compared. The analysis revealed that CAH
carriers had a significantly higher proportion of hirsut-
ism (57.8% vs. 42.6%, p=0.045) and a lower fasting blood
glucose (FBG) level (4.83£0.55 vs. 5.09+0.83, p=0.032).
However, other parameters, including waist-to-hip ratio,
years of infertility, history of spontaneous abortion, blood
lipid levels, baseline hormone levels, and AMH were
comparable between the two groups (Table 3). To elimi-
nate the influence of confounding factors on the results,
multivariate analyses (generalized linear models for
FBG levels and logistic regression analysis for hirsutism)
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were performed. The variables included in the analysis
comprised maternal age, BMI, waist-to-hip ratio, AMH,
HOMA-IR, menstural cycle, presence of PCOM, carrier
status for total CAH and NCCAH variants. The result
demonstrated no significant association between CAH
variant carrier status and either hirsutism (p=0.186) or
FBG (p=0.224) (Supplemental Tables 4 and 5). While
NCCAH mutation carrier significantly increased hir-
sutism risk (OR=24.63, 95% CI 1.899-319.4, p=0.014)
(Supplemental Table 4). Given the low prevalence of
NCCAH carriers in non-hirsute patients, the resulting
OR had an excessively wide confidence interval, limiting
the statistical power of the analysis.

Discussion

Our study represents the first large-scale investigation
utilizing LRS technology to screen for CAH-related genes
in a PCOS cohort. The genetic analysis covers nearly all
types of CAH-related variant sites, therefore providing
reliable data on the prevalence of NCCAH patients and
carriers in the PCOS population.

NCCAH is a common autosomal recessive disease,
with its frequency varying across different ethnicities.
To date, population-based data on the prevalence of
NCCAH is still scarce, as neonatal screening is relatively
insensitive in identifying children affected by NCCAH
[10]. As the exclusion of NCCAH is mandatory for diag-
nosing PCOS [24, 25], a significant body of data on the
prevalence of NCCAH among hyperandrogenic women
is available. However, the prevalence reported in the lit-
eratures varies greatly, ranging from 1% to 10%, depend-
ing on the ethnicity of the study population [26-35].
Given that hyperandrogenism affects approximately 10%
of the female population [24, 25], it can be estimated that
NCCAH affects between 1:1000/2000 and 1:100 women
in the general population. A meta-analysis of published
studies achieved a more accurate estimation, suggesting
that the worldwide prevalence of NCCAH among hyper-
androgenic women was 4.2% [10].

In contrast to the high prevalence of NCCAH reported
in previous studies, the prevalence of NCCAH among
Chinese PCOS patients in our study is less than 1 in 1000,

Table 2 Comparison of CAH carrier rates across four PCOS phenotypes

Carrier rate Phenotype A Phenotype B Phenotype C Phenotype D P

n (rate) n (rate) n (rate) n (rate)
Total CAH 28/531(5.27%) 4/43(9.30%) 4/119(3.36%) 9/253(3.56%) 0.296
Classical CAH 8/531(1.51%) 2/43(4.65%) 1/119(0.84%) 4/253(1.58%) 0.349
NCCAH 13/531(2.45%) 2/43(4.65%) 2/119(1.68%) 1/253(0.40%) 0.072
Other types 7/531(1.32%) 0/43(0.00%) 1/119(0.84%) 4/253(1.58%) 0.953

Chi square test was used in the categorical data (Pearson chi-square when no expected cell count was less than 5; Fisher’s exact test when one more cells had
expected counts less than 5). P < 0.05 was considered statistically significant. Phenotype A was defined as olig-anovulation + hyperandrogenism + polycystic ovary
morphology, Phenotype B was defined as olig-anovulation + hyperandrogenism; Phenotype C was defined as hyperandrogenism + polycystic ovary morphology;

Phenotype D was defined as olig-anovulation + polycystic ovary morphology

CAH Congenital adrenal hyperplasia, NCCAH Non-classical congenital adrenal hyperplasia
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Table 3 Demographic and biochemical characteristics of CAH

carriers in PCOS patients

Clinical characteristics Normal CAH carrier P
genotype (n=45)
(n=901)
Demographic characteristics
Maternal age (year) 30.80+3.79 31.02+4.10 0.631
Duration of infertility (year) ~ 3.00+2.68 2.50+2.79 0.065
BMI (Kg/mz) 26.85+527 26.71+520 0.907
Waist (cm) 8339+11.54 84.13+1217 0.786
Hip (cm) 100.34+1052 10042+1052 0.735
Waist-to-hip ratio 0.83+0.06 0.84+0.08 0.878
mFG score 343+388 4.36+4.70 0174
Hirsutism mFG 384 (42.6%) 26 (57.8%) 0.045
score>4
mFG score 517 (57.4%) 19 (42.2%)
<4
Acne Yes 306 (34.0%) 20 (44.4%) 0.150
No 594 (66.0%) 25 (55.6%)
History of Yes 163 (18.1%) 4 (8.9%) 0114
spontaneous
abortion
No 738 (81.9%) 41 (91.1%)
Menstrual <35days 142 (15.8%) 5(11.1%) 0.696
cycle
36-45 days 139 (15.4%) 7 (15.6%)
>45 days 620 (68.8%) 33(73.3%)
Biochemical characteristics
Basal PRL(ng/ml) 1495+10.14 13471827 0.236
Basal LH (mIU/ml) 849+644 748+6.02 0.202
Basal P (nmol/L) 1.54+2.59 1.36+1.03 0.636
Basal FSH (mIU/ml) 552+1.62 559+149 0.808
Basal E2 (pmol/L) 150441119  166.6+202 0.497
AMH (ng/ml) 9.13+5.29 10.98+6.37 0.127
Fasting blood glucose level 5.09+0.83 4.83+£0.55 0.032
(mmol/L)
HOMA-IR 296+344 2.86+1.61 0.450
ALT (U/D) 2406+1946  2644+1908 0.299
AST (U/L) 22.99+15.51 24141945 0.136
Total cholesterol (mmol/L) 541+16.13 499+0.75 0.147
Triglyceride (TG, mmol/L) 1.85+5.56 1.62+0.85 0573
High-density lipoprotein cho-  1.24+047 1.25+0.51 0.592
lesterol (HDL-C, mmol/L)
Low-density lipoprotein cho-  2.96+1.03 3.06+0.79 0.446
lesterol (LDL-C, mmol/L)
250H-vitamin D (ng/mL) 2384+1195 2353+1163 0982
Total testosterone (ng/mL) 0.54+041 049+0.35 0.338
Androstenedione (ng/mL) 230+1.32 207+1.13 0.181
Dihydrotestosterone (pg/mL)  121.17+66.85 131.60+74.86 0.561
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Table 3 (continued)

Clinical characteristics Normal CAH carrier P
genotype (n=45)
(n=901)
DHEA (ng/mL) 6.17+3.22 5734295 0.325
DHEAS (ng/mL) 2482.8+1131  2306.1£99%4 0314

Categorical data: n (rate). Continuous data: mean+SD. Student’s t test or Mann-
Whitney test were used in the continuous data. Chi square test was used in the
categorical data (Pearson chi-square when no expected cell count was less than
5; Fisher’s exact test when one more cells had expected counts less than 5). P <
0.05 was considered statistically significant

CAH Congenital adrenal hyperplasia, BMI Body mass index, AMH Anti-
Mullerian hormone, E2 Estradiol, P Progesterone, PRL Prolactin, LH Luteinizing
Hormone, FSH Follicle-Stimulating Hormone, mFG Modified Ferriman-
Gallwey, HOMA-IR Homeostatic Model Assessment of Insulin Resistance,
ALT Alanine Aminotransferase, AST Aspartate Aminotransferase, DHEA
Dehydroepiandrosterone, DHEAS Dehydroepiandrosterone Sulfate

which is consistent with the general population. This dis-
crepancy may be attributed to several factors, includ-
ing ethnic diversity, diagnostic methodology variability
(e.g., genetic confirmation versus biochemical criteria)
and differences in inclusion criteria. The participants in
our study were infertility patients who sought treatment
at the reproductive center and were clinically diagnosed
with PCOS based on the Rotterdam criteria. In contrast,
the majority of the previous studies included individu-
als who sought treatment at endocrinology or gynecol-
ogy departments due to concerns over hirsutism or other
symptoms of hyperandrogenism, which put them at a
higher risk for NCCAH. Therefore, our results provide
a more accurate reflection of the true prevalence rate of
NCCAH in suspected PCOS patients and suggest that
the PCOS phenotype does not show a higher prevalence
of NCCAH in the population.

The prevalence of CAH carrier rates in the general
population varies largely by ethnicity. Additionally,
genetic testing methods play a key role in these differ-
ences, as level of comprehensiveness in tests carried out
in different studies vary widely due to the complexity of
the CYP21A2 gene locus. Through neonatal screening
programs, the prevalence of classical CAH is more clearly
defined. Data from roughly 6.5 million newborn infants
screened in 13 countries showed an overall prevalence
of one in 15,000 livebirths for the classical CAH [36].
Thus, the CYP21A2 carrier frequency of classical CAH
is estimated to be about one in 60 individuals, with salt-
wasting CAH accounting for 67% of cases and simple vir-
ilizing CAH accounting for 33% [37]. Consistent with the
estimate, a carrier screening study in China reported a
classical CAH carrier frequency of 1.61% (47/2928) in the
general Chinese population [38]. A study from Bulgaria
also demonstrated an allele frequency of 1.67% (1/60)
for the classical CAH carrier in Eastern European PCOS
patients [39]. Our result revealed a similar finding, with
a classical CAH carrier rate of 1.46%, consistent with the
carrier rate in the general population. Currently, specific



Huang et al. Journal of Ovarian Research (2025) 18:252

data on the carrier rate of NCCAH in the general Chi-
nese population remain unavailable. However, existing
carrier screening studies for monogenic diseases sug-
gest a combined (classical and NCCAH) CYP21A2 car-
rier frequency of 2.81-2.98% in this population [40, 41].
Our study identified a similar carrier frequency (3.50%,
48/1,371) in PCOS patients, similar with these population
estimates. However, some small-scale screening studies
have reported higher carrier frequencies in other ethnic
populations. Baumgartner-Parzer et al. demonstrated a
carrier frequency of 9.5% in an unselected middle Euro-
pean (Austrian) population, with 5.5% of individuals car-
rying the so-called “classic” variant and 4% carrying the
“non-classical” CYP21A2-gene aberrations [42]. In New
Zealand, the carrier frequency of CYP21A2 was 2.8% for
classical CAH, and 2.0% for non-classical CAH in neo-
nates [43]. A recent screening study in Turkey revealed a
surprisingly high prevalence of NCCAH (7 of 270, 2.2%)
and high variant-carrier frequency in randomly-selected
Turkish women. The carrier frequency for CAH due to
21-OHD was found to be 12.6%, with 9.3% associated
with classical CAH, and 3.3% associated with non-classi-
cal CAH in the study group [44].

The significance of being a CAH carrier in relation to
clinical PCOS symptoms remains unclear. Admoni et
al. found that carriers of CYP21A2 variants are at risk
of clinically significant hyperandrogenism [45]. Simi-
larly, a study in a Sicilina cohort revealed that heterozy-
gous carriers of CYP21A2 variants are at increased risk
of developing hyperandrogenism and related comor-
bidities, and they frequently show hirsutism, oligomen-
orrhoea, overweight and a PCOS-like phenotype [46].
However, other researchers hold the opposite view that
carriers of CYP21A2 variants exhibit only subtle abnor-
malities in the functioning of the HPA axis. Carriers are
mostly asymptomatic, without experiencing adrenal cri-
ses, hyperandrogenic symptoms, or growth and puberty
disorders [37, 47]. Besides, no significant differences in
the frequency of CYP2IA2 variant carriers (not specifi-
cally classified as classical or non-classical) were found
between hirsute/hyperandrogenic patients and healthy
controls [44, 48-50]. As for PCOS patients, a cross-
sectional study in adolescents demonstrated that the
frequencies of heterozygous carriers of NCCAH varia-
tions were similar between PCOS patients (3/55, 5.45%)
and healthy controls (3/49,6.12%) [51]. S. Polat et al.
also found that the PCOS group (16.6%) had a similar
CYPI2A2 carrier frequency to the control group (13.2%)
[44]. These findings collectively suggest that carrying the
CYP21A2 variant is often asymptomatic and does not
appear to increase the risk of hyperandrogenism, hirsut-
ism, or PCOS in the general population. Contrary to the
above data, our results showed that PCOS patients who
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are NCCAH carriers exhibited a higher proportion of
hirsutism.

It is noteworthy that our result demonstrated a rela-
tively low incidence of CAH carrier status in PCOS
patients, with 1.46% carrying classical CAH and 2.04%
carrying NCCAH, which is comparable to the general
population [38, 40, 41]. This finding is important, as it
suggests that having PCOS does not increase the risk of
CAH in offspring. Therefore, carrier screening in PCOS
patients can be approached in the same manner as in the
general population of women of reproduction age. Nota-
bly, during the screening process, a couple was unexpect-
edly identified as both being carriers of classical CAH.
Through genetic counseling and PGT, the risk of their
offspring inheriting classical CAH was mitigated. While
this case shows the potential benefits of genetic coun-
seling, it does not alter population-level screening rec-
ommendations. Routine CAH genetic testing remains
unnecessary for PCOS patients.

Although the PCOS population as a whole does
not exhibit an increased prevalence or carrier rate of
NCCAH, the carrier rate of NCCAH variants is sig-
nificantly higher among PCOS patients with hirsutism
compared to those without. This suggests that carrying
NCCAH variants may play a role in the development of
hirsutism in Chinese women, though the specific mech-
anisms remain unclear and require further study. Addi-
tionally, although we did not find a statistical difference
in carrier rates among different PCOS phenotypes, this
may be due to small sample size. The limited number of
patients with certain phenotypes, particularly Pheno-
type B, may have impacted statistical analysis. While our
data provides novel insights into NCCAH epidemiology
in PCOS patients, the small number of carriers in cer-
tain subgroups limit the clinical interpretability of these
results. Larger sample sizes are required to validate these
findings and improve the statistical power for rare variant
analyses.

Conclusion

PCOS patients had similar CAH carrier rates with the
general population in China, and carriers of CAH vari-
ants are generally asymptomatic.
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