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Abstract
BACKGROUND
CYP21A2 gene mutations may all cause reduction or loss of 21-hydroxylase activity, leading to development of congenital adrenal hyperplasia (CAH) with different clinical phenotypes. For families with CAH children, genetic testing of the parents and genetic counseling are recommended to assess the risk of recurrence.

CASE SUMMARY
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]We report a case of CAH with a high suspicion before delivery. The risk of the child suffering from CAH during the pregnancy had been underestimated due to the deviation of genetic counseling and genetic testing results. Our report confirmed a CYP21A2 homozygous deletion in this case, CYP21A2 heterozygous deletion in the mother, and a rare 2+0 CYP21A2 deletion in the father.

CONCLUSION
It is important to analyze the distribution of CYP21A2 gene in the two alleles of parents of children with CAH.
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[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Core Tip: This study suggests that carriers of type 2+0 are likely to be a trap in genetic testing and genetic counseling.


INTRODUCTION
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Congenital adrenal hyperplasia (CAH) is a group of autosomal recessive genetic diseases caused by adrenocortical hormone synthesis disorders[1]. Enzyme deficiencies involving adrenocortical hormone synthesis disorders include 21-hydroxylase deficiency (21-OHD), 11-β OHD, 17-OHD, 3β-hydroxy steroid dehydrogenase deficiency and 18-OHD, of which 21-OHD is the most common type and is the cause of > 90% of CAH cases[2]. Deficiency of enzymes leads to corticosteroid synthesis disorders, accumulation of precursor substances, increase in androgen bypass metabolites, adrenocorticotropic hormone secretion, and adrenal hypertrophy[3]. Depending on the extent of 21-OHD, it is divided into classic and nonclassical type, in which the former includes salt loss type and simple masculine type[4]. According to previous reports, the incidence of classic CAH is around 1:5000-1:15000 due to ethnic differences[5]. The gene encoding 21-hydroxylase is CYP21A2. Gene mutations including substitutions, deletions and point mutations may all cause the reduction or loss of enzyme activity, leading to the development of CAH with different clinical phenotypes. For families with CAH children, genetic testing of the parents and genetic counseling are recommended to assess the risk of recurrence.
We report a case of CAH with a high suspicion before delivery and confirmed diagnosis after delivery. The risk of the child suffering from CAH during the pregnancy was underestimated due to the deviation of genetic counseling on his brother (who died after birth) and the father’s genetic test results. The genetic test confirmed that the case carried a CYP21A2 homozygous deletion, the mother carried a CYP21A2 heterozygous deletion, and the father carried a rare 2+0 CYP21A2 deletion.

CASE PRESENTATION
Chief complaints
A 30-year-old pregnant woman came to our prenatal diagnosis center for consultation at 26 wk of pregnancy. During this pregnancy, the mother only accepted routine obstetric examination procedures. She came to our center for consultation because she had concerns and hoped to receive a detailed prenatal diagnosis through color Doppler ultrasound examination.

History of present illness
The patient had a free present medical history.

History of past illness
The patient was pregnant for the second time and gave birth to the first child, a boy, in the hospital 19 mo ago. No special circumstances occurred during delivery. More than 10 d later, the newborn was referred to a superior hospital because of severe choking on milk, crying, and restlessness. Further examination revealed that the boy had electrolyte disturbances (hyperkalemia and hyponatremia), multiple organ damage (renal insufficiency, myocardial damage and brain damage), metabolic acidosis, moderate dehydration, and undescended bilateral testicles. Diagnosis of CAH, newborn pneumonia or neonatal sepsis was then considered. Unfortunately, the child died after rescue failed. 

Personal and family history
The CYP21A2 gene of the patient’s first dead child and his parents was detected by multiplex ligation-dependent probe amplification (MLPA), polymerase chain reaction (PCR) and Sanger sequencing and found a heterozygous deletion of CYP21A2 gene exons 1-7 that was inherited from the mother. At the same time, there were multiple pathogenic point mutations in the CYP21A2 gene and these mutations did not come from the father. Based on the results of this genetic testing, the pregnant woman was told that these point mutations in the child were new. Although the mother is a carrier of CYP21A2 gene deletion, the father is not. Thus, the probability of having CAH offspring is very low.

Physical examination
No physical examination was done at the center in this study.

Laboratory examinations
Because of the abnormal findings on color Doppler ultrasound examination, combined with the medical history of pregnant women who have had a child with CAH, we recommended amniocentesis for gender diagnosis and CYP21A2 genetic testing. After consultation with the pregnant woman and her family, the proposal for amniocentesis was rejected.

Imaging examinations
At 27+5 wk of pregnancy, the woman underwent color Doppler ultrasound examination that revealed enlarged fetal bilateral adrenal glands, abnormal genital morphology, and ambiguous gender (Figure 1). The patient asked for color Doppler ultrasound examination again at 32 wk of pregnancy. The 32 wk color Doppler ultrasound result still suggested that the shape of the external fetal genitalia was blurred and the bilateral adrenal glands were enlarged.

FINAL DIAGNOSIS
Subsequent diagnosis of the pregnant woman was done at other institutions and not provided to this study.

TREATMENT
Subsequent treatment of the pregnant woman was done at other institutions and not provided to this study.

OUTCOME AND FOLLOW-UP
After 5 wk, the pregnant woman gave birth to a newborn with abnormal genitalia, difficult to distinguish sex, increased body hair, and thick hair on the head and face. The newborn died after rescue failure due to electrolyte disturbance and multiple organ damage. Fluorescence in situ hybridization showed that the gender of the newborn was female without aneuploidy detected by the probe.
Having given birth to two CAH children, the parents required more detailed genetic testing. The CYP21A2 gene of the neonate, parents and grandparents was tested using the SALSA MLPA P050 kit from MBC-Holland of the Netherlands (Figure 2) and showed a homozygous deletion of the CYP21A2 gene in the newborn and a heterozygous deletion in the mother. The deletion and pathogenic point mutation of the CYP21A2 gene were not found in the father. However, the heterozygous deletion of the CYP21A2 gene was found in the grandfather and CYP21A2 gene duplication in the grandmother.
Deoxyribonucleic acid (DNA) high-throughput sequencing technology, Gerber’s self-developed detection method and PGXCloud system 2.7.5, PGD analysis software 2.0 were used to identify the single nucleotide polymorphism site in the family CYP21A2 gene (NM_000500.7 chr6: 32006093-32009447 forward transcription) and adjacent regions and found that the two alleles of the child were from the father and mother, and the two alleles of the father were from the grandfather and grandmother of the child.

DISCUSSION
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The highly homologous pseudogene CYP21A1P is closely linked to CYP21A2. The gene CYP21A2, pseudogene CYP21A1P, three other genes RP1, C4 and TNXB, and two pseudogenes RP2 and TNXA together form a genetic unit called the RCCX module[6,7]. Both CYP21A2 functional genes and pseudogenes contain 10 exons, and the nucleotide sequence homology between exons is up to 98%. The nucleotide sequence homology between introns is as high as 96%[6,8]. Although pseudogenes do not encode functional proteins, their high sequence homology with functional genes brings major challenges to genetic testing. The MLPA and gene sequencing results of the children of this family showed a homozygous deletion of the CYP21A2 gene, and the reason for the deletion is presumed to be pseudogene recombination. The fetal and maternal MLPA test results confirmed that she was a carrier of a CYP21A2 single copy deletion, which was also speculated to be pseudogene recombination. The father’s test results showed no copy number deletion or pathogenic point mutation of the CYP21A2 gene. Based on this family, two consecutive CAH children with similar phenotypes were born, which is inconsistent with the genetic principle. We speculate the following four possibilities: (1) new mutation; (2) paternal gonad mosaicism; (3) patient was maternal uniparental disomy (UPD); and (4) father had a CYP21A2 gene duplication in one haplotype, and the other haplotype CYP21A2 gene was recombined by pseudogenes, which was 2+0 type.
For speculation on the pathogenicity of new mutations, the genetic test results of the first child in this family found a heterozygous deletion of a large fragment of CYP21A2 and multiple pathogenic point mutations. Although the technical details and original documents of the current genetic testing are no longer available, we speculate that it may be that the amplification product was interfered with by pseudogenes due to primer design or the control of the experimental system. The subsequent sequencing results revealed the multiple pathogenic point mutations, which were not new mutations of the functional gene, but a false-positive test result. Large-scale sequencing found that the average new mutation rate of the human genome is 1.20 × 10-8 per generation, and 1 or 2 are generally present in the coding region[9]. Therefore, the probability of multiple new point mutations on a single gene is extremely low. Approximately 1% of the pathogenic variants of CYP21A2 come from new mutations[10]. As a result, the possibility that CYP21 mutations in both the child and the elder brother come from de novo mutations is even below (1.20 × 10-8)2. Considering that the de novo mutations in exon regions are rarer and low-frequency pathogenic CYP21 mutations come from de novo mutations, this possibility is even much lower and can be basically ruled out.
Also, due to the low incidence of UPD, the likelihood of maternal UPD in 2 consecutive children is low. Because we failed to collect the father’s sperm samples, we cannot completely rule out the assumption of a high proportion of chimeras in the father’s gonads. However, based on the rule of embryonic development and previous studies on chimerism in monogenic diseases, there is a low probability of a high proportion of chimerism in a single organ, and chimeric signals are generally found in organs with multiple tissue sources[11]. From our blood-based MLPA and haplotype sequencing results, we did not see a clear chimeric signal and therefore we speculate that this possibility is also low.
One hypothesis we are most interested in is that the father is a 2+0 type carrier. There are reports of CYP21A2 duplication haplotypes, and the incidence of this haplotype is sometimes equal to or even higher than the population carrying rate of the classic pathogenic mutation of the CYP21A2 gene[12-14], suggesting the possibility of 2+0 pathogenicity. According to a previously published method for SMN1 gene 2+0 carriers[15], we conducted MLPA testing on the grandparents of the children and found that the grandfather was a carrier of a single deletion due to pseudogene recombination. The grandmother of the child had 3 copies of the CYP21A2 gene. To further understand the status of chromatids in pedigree inheritance and exclude the possibility of maternal UPD, we did haplotype analysis of pedigree members. The results confirmed 2 CYP21A2 deleted alleles; 1 from the mother and 1 from the father. The 2 alleles of the child’s father also came from the child’s grandfather and grandmother. Comprehensive testing found that that the grandmother was type 2+1, the grandfather was type 1+0, and the father inherited a haplotype from the grandmother’s CYP21A2 duplication and the grandfather’s haplotype with CYP21A2 gene copy number deletion to form the 2+0 type.
The 2 alleles of the brother and the child were inherited from the parents and were recombined by the pseudogene and the CYP21A2 gene deletion type allele. This confirms our hypothesis about the genetic test results of the brothers: false positives caused by the pseudogenes interference with sequencing results (Figure 3).
Genetic counseling for the family is important and necessary to help the family cope with this hard time and deciding whether or not to get pregnant in the future. Thus, we organized a group discussion with the family to let the guardian of the child know about this situation. To keep them fully informed, the group included a representative from the laboratory that performed the genetic testing, a genetic counselor, and the primary care provider. We also suggested a group discussion with the family in future research if a similar situation occurs.
To our knowledge, this is the first report of a 2+0 silent CYP21A2 deletion carrier. Previous studies have found a CYP21A2 duplication haplotype combined with another CYP21A2 deleted haplotype in patients with CAH salt loss. In the CYP21A2 duplication haplotypes, both copies of CYP21A2 carry severe pathogenic variants[13,14]. The haplotype frequency of CYP21A2 duplication is 1.6%–3.5%. Most of the haplotypes of CYP21A2 duplication have one CYP21A2 gene carrying the Q318X mutation. No 2+0 carriers were found in non-CAH populations[13,14,16,17].
This report implies that current quantitative copy number variation (CNV) detection methods such as PCR and MLPA have some limitations to detect silent carriers of pathological genetic disorders, such as gene duplication paired with gene loss on the opposite chromosome or allele (2+0) in this report. MLPA has been regarded as the gold standard for CNV determination. Furthermore, laboratories worldwide commonly rely on MLPA for the diagnosis and research of genetic disorders[18]. Nevertheless, MLPA is limited to analyzing the distribution in the two alleles and has a risk of missed detection of 2/0 carriers. For example, Alías et al[15] tested 1562 individuals to determine their SMA carrier status using MLPA, while the exclusive use of such a quantitative detection method of only independent individuals in a given family led to failure in identifying carrier status. In their study, all blood relatives characterized as 2/0 carriers were identified by studying their respective parents, but not by MLPA.
The situation is similar for the PCR test method. The protocol is based on long-range PCR amplification with allele-specific primers, followed by DNA sequencing. PCR together with the Sanger sequencing is a robust testing strategy aiming to determine whether a point mutation or indel exists[19]. However, pathological genetic disorders, such as gene duplication paired with gene loss on the opposite chromosome or allele (2+0) may be missed using PCR sequencing testing. In addition, CYP21A2 has a duplicated pseudogene called CYP21A1P and they share 98% and 96% sequence homology in exons and in noncoding regions. All the reasons above make the definition of the 2+0 carrier in this report more complicated.

CONCLUSION
This study suggests that carriers of type 2+0 are likely to be a limitation of genetic testing and counseling. The father of the child was interpreted as a non-CAH carrier in a previous genetic testing report, which caused the risk of recurrent CAH to be erroneously underestimated by genetic counseling. This pregnancy did not have opportunities for earlier corresponding genetic testing for the fetus or intrauterine intervention. These results reveal that there are some limitations of the current testing strategy to detect silent carriers of pathological genetic disorders, such as gene duplication paired with gene loss on the opposite chromosome or allele (2+0). Thus, only detecting the CNV in the CYP21A2 gene with current detection methods is not sufficient. For couples who have had children with CAH, in addition to routine detection of the copy number of the CYP21A2 gene and pathogenic point mutations, it is also important to analyze the distribution of the CYP21A2 gene in the two alleles.
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Figure Legends
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Figure 1 A color Doppler ultrasound examination. A: The downward arrow refers to the enlarged labia majora, which is easily mistaken for an empty scrotum. The arrow to the left refers to the labia minora, which is easily mistaken for a penis; B: Enlarged left adrenal gland; C: Enlarged right adrenal gland.
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Figure 2 Standard operating instructions. A: Results of multiplex ligation-dependent probe amplification (MLPA) in children; B: MLPA result of the father of the child; C: MLPA results of the mother; D: MLPA result of the grandfather; and E: MLPA result of the grandmother.
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Figure 3 Scheme of the genetic testing.
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