Rapid PCR-RFLP Screening of CYP21A2 Variants: Bridging Molecular Diagnostics in a Low-Resource Setting
Irene Astrid Larasati1, Nani Maharani2,4, Agustini Utari3,4, Tri Indah Winarni4*
1Magister of Biomedical Science Majoring in Genetic Counseling Program, Faculty of Medicine Universitas Diponegoro, Semarang, Indonesia.
2Department of Pharmacology and Therapy, Faculty of Medicine, Universitas Diponegoro, Semarang, Indonesia.
[bookmark: _GoBack]3Department of Pediatrics, Division of Pediatric Endocrinology, Faculty of Medicine Universitas Diponegoro, Semarang, Indonesia.
4Center for Biomedical Research, Faculty of Medicine Universitas Diponegoro, Semarang, Indonesia.

*Corresponding author

Short Running Title: Rapid PCR-RFLP Screening of CYP21A2

ABSTRACT
Background: The 21-hydroxylase deficiency (21OHD) accounted for the majority of autosomal recessive inherited congenital adrenal hyperplasia (CAH) cases. A genetic test could offer a more thorough diagnostic approach because of the wide range of disease’s severity, but it was challenging in a resource-limited setting.
Objective: To apply a simple and cost-effective rapid molecular screening for detecting the most common CYP21A2 variants causing salt-wasting (SW) CAH. 
Methods: DNA extraction was conducted using a salting out method from a venous blood sample taken from 49 CAH patients without prior genetic testing. A PCR-RFLP approach was utilized using primer sets specifically designed to anneal to the CYP21A2. Specific restriction enzymes were selected to cleave the DNA sequence, differentiating the wild and mutant type, i.e, the p.Arg357Trp, p.Gln318Ter, IVS2-13A/C>G, and exon 6 cluster. Samples positive for those mutation types detected from DNA sequencing, used as positive controls.
Results: The most common variant was IVS2-13A/C>G, detected in 26 out of 27 patients. Only 6.1% of 49 patients were found to have the p.Gln318Ter variant. Both the p.Arg357Trp and exon 6 cluster carried inconclusive results. All patients detected with the IVS2-13A/C>G and p.Gln318Ter had a phenotype of SW CAH.
Conclusion: The PCR-RFLP was an advantageous method for identifying CYP21A2 variants in a low-resource setting. Nevertheless, the use of multiplex ligation-probe dependent amplification (MLPA) and Sanger sequencing offered a comprehensive analysis to discover novel variants that could help with patients' diagnosis and treatment.
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INTRODUCTION
Congenital adrenal hyperplasia (CAH) (CAH; OMIM #201910) is a group of genetic conditions characterized by an enzymatic defect in adrenal steroidogenesis. In 95% of cases, the condition is caused by pathogenic variants in the CYP21A2 gene resulting in 21-hydroxylase deficiency (21OHD) leading to cortisol, and aldosterone deficiency in the most severe type, and excessive androgen production.1 Phenotypically, 21OHD encompasses a spectrum of the most severe salt-wasting (SW) to the least severe non-classic (NC) type. The incidence rate of classic CAH is 1 to 10,000 to 18,000 live birth according to the newborn screening (NBS) data.2

According to the CAH Registry by the Indonesian Pediatric Society, there was a 536.2% increase in the number of CAH cases in Indonesia from 2009 to 2020, with females dominating male cases (female-to-male ratio=303:136).3 Many CAH individuals were late-diagnosed due to the absence of an NBS program, which had barely been started in early 2025 in Indonesia. Individuals with CAH were referred to a pediatric endocrinologist only after frequent episodes of vomiting, dehydration, weight faltering, and weight loss without improvement after treatment, and the presence of virilization aided in the diagnosis of female CAH. However, the number of males with CAH was underrepresented, which was most likely caused by the absence of genital ambiguity and misdiagnosis of adrenal crisis as gastroenteritis.4,5 Timely diagnosis is crucial to prevent the lethality of the adrenal crisis. With the beginning of CAH NBS in Indonesia, medical laboratories should improve their capacity and capability, particularly in the measurement of 17-hydroxyprogesterone (17OHP) and genotyping of the CYP21A2.

The CYP21A2 (GenBank NG_007941.3; Ensembl ENSG00000231852; AllianceGenome HGNC:2600) has a highly homologous pseudogene, the CYP21A1P, in which both are located in a human leukocyte antigen (HLA) class III on the short arm of chromosome 6 (6p21.3), where a high frequency of gene recombination occurs.6 Hence, genotyping the gene, interpreting the results, and providing a comprehensive genetic counseling required a thorough knowledge of the genetics of CAH. The genetic test could provide a reliable diagnosis, particularly in terms of inconclusive results after cosyntropin stimulation test, and benefit for genetic counseling, i.e, phenotype prediction, prognosis, carrier detection, and family planning.7 Due to a lack of resources, the CYP21A2 genetic test using multiplex ligation-probe dependent amplification (MLPA) and Sanger sequencing could not be conducted in Indonesia. Therefore, we aimed to conduct a cost-effective, simple, and reliable method suitable for any laboratory with conventional PCR and gel electrophoresis using Polymerase Chain Reaction-Restriction Fragment Length Polymorphism (PCR-RFLP) in the leading CAH center in Indonesia to detect the most common point variants causing the most severe SW CAH. This method was suitable to be applied in a resource-limited setting, thus we could provide timely, comprehensive diagnosis when the CAH NBS becomes a national program.

MATERIALS AND METHODS
This was an experimental cross-sectional study conducted in a genetics research laboratory in Semarang, Indonesia. The study was conducted from November 2023 to June 2024.

The participants of this study were individuals with CAH without prior genetic test who were diagnosed by pediatric endocrinologists at a tertiary and secondary hospital in Semarang, Indonesia. The diagnosis of CAH was made based on the clinical characteristics, i.e., vomiting, diarrhea, dehydration, hyperpigmentation, and virilization in females, and biochemical measurement of 17OHP and electrolytes, i.e., sodium and potassium. Participants were approached during their routine follow-up and offered their participation in the study. Parents or caregivers of younger participants (<18 years) provided written consent to or not to participate in the study after receiving and understanding the information given by the research team.

The participant’s blood was drawn from a cubital venous vessel by trained laboratory technicians. The blood was stored inside an EDTA tube in a -80°C. A salting-out method was utilized to extract the DNA. DNA concentration and purity were measured using NanoVue Plus Spectrophotometer (GE Healthcare Technologies, Inc., Chicago, IL) by calculating the DNA samples' absorbance at 260 nanometers (A260) and the ratio of absorbance at 260 and 280 nanometers (A260/A280), respectively. A A260/280 ratio at ≥1.80 was considered as the value of pure DNA.

The PCR process was carried out using the GeneAmp PCR System 9700 (Thermo Fisher Scientific Inc., Waltham, MA). Two rounds PCR amplification was utilized for the IVS2-13A/C>G variant, in which the first round was targeted to specifically amplify the exon 1, exon 2, and the intron 2 site of the CYP21A2 gene using a set of LR-F/B2 primers, and the second round was aimed to amplify the intron 2 using a set of 7/8 primers, producing fragment sizes of 1,118 bp and 155 bp, respectively. The other variants, i.e., the Exon 6 cluster (E6 cluster; a compound missense variant named p.[Ile236Asn; Val237Glu; Met239Lys], p.Gln318Ter, and p.Arg357Trp, were amplified using a set of long-range PCR primers, i.e., C1/LR-R, producing a fragment size of 2,610 bp. The site of the primer's annealing was displayed in Figure 1. Some of the primers used in the study were based on a previous study by Zhang et al.8

The mixture of each sample for the first round of PCR included 8.2 μl of H2O, 10 μl of PCR mix, 0.4 μl of forward primer, 0.4 μl of reverse primer, and 2 μl of DNA (100 ng). The PCR settings for the IVS2-13A/C>G variant were 1 cycle of initial denaturation at 94°C for 5 minutes, followed by 30 cycles of denaturation at 94°C for 20 seconds, annealing at 60°C for 30 seconds, extension at 72°C for 1 minute, and concluded with a final extension at 72°C for 5 minutes. The PCR settings for the E6 cluster, p.Gln318Ter, and p.Arg357Trp were 1 cycle of initial denaturation at 94°C for 5 minutes, followed by 30 cycles of denaturation at 94°C for 20 seconds, annealing at 59.3°C for 30 seconds, extension at 72°C for 1 minute, and a final extension at 72°C for 5 minutes.

The mixture for the second round of PCR comprised 8.2 μl of H2O, 10 μl of PCR mix, 0.4 μl of forward primer (primer 7), 0.4 μl of reverse primer (primer 8), and 1 μl of DNA (100 ng). The PCR settings for this process involved 30 cycles of denaturation at 94°C for 30 seconds, annealing at 58°C for 30 seconds, and extension at 72°C for 30 seconds.

A product check was conducted after each round of PCR using the 1.5% and 2.5% agarose gel electrophoresis for sequences larger and smaller than 1000 bp, respectively. Gel electrophoresis was run for 35 minutes at 120 V.

Prior to the RFLP analysis, an in-silico analysis using a restriction analyzer tool (https://molbiotools.com/restrictionanalyzer.php) was conducted utilizing the CYP21A2 (NG_007941.3) sequence retrieved from the human genome assembly GRCh38/hg38 (unpublished data).

The reaction mixture for RFLP was comprised of 0.5 μl of buffer Tango, 0.5 μl of 10x PCR buffer, 0.5 μl of restriction enzyme, 8.5 μl of H2O, and 10 μl of PCR product. Digestion process was conducted for 2 hours at a temperature of 37°C. To visualize the fragments, a 1.5% or 2.5% agarose gel electrophoresis was operated for 40 minutes at 110 V to effectively separate the DNA fragments based on their length. Each restriction enzyme's specific site was displayed in Table 1.

Ethical approval was issued before the commencement of the study (No. 072/EC/KEPK/FK-UNDIP/II/2024). Data were presented descriptively as frequencies and percentages. No statistical analysis was conducted in the study.

RESULTS
Among 49 SW-CAH patients, the two most common pathogenic variants causing SW-CAH were identified, including IVS2-13A/C>G and p.Gln318Ter. The most frequent variant was IVS2-13A/C>G, which was detected in 26 out of 27 patients tested (96.3%). The p.Gln318Ter was only detected in 3 patients from a total of 49 patients (6.1%).

The positive result of RFLP analysis of the IVS2-13A/C>G variant produced 4 DNA fragments at around 150 bp, 180 bp, 300 bp, and 450 bp, whereas the fifth fragment was visible in the negative result at around 650 bp as can be seen in Figure 2.

Post-digested DNA products using the PstI enzyme visualized several fragments. The positive result showed an additional fragment at approximately 1,000 bp, which was not present in the negative result. (See Figure 3)

Analysis of the post-digested DNA product using AciI of p.Arg357Trp displayed no band in either positive or negative controls. Several DNA samples showed  fragments approximately 500 bp, 300 bp, 200 bp, and 100 bp. (See Figure 4)

There was no DNA fragment visualized on the positive control (number 2), although two fragments were visualized on the negative control (number 22). The samples exhibited different fragment sizes, as shown in Figure 5.

Genotype-Phenotype Correlation
Among the 49 patients analyzed in the study, the p.Gln318Ter variant was found in 3 individuals. However, the IVS2-13A/C>G variant was found in 96.3% of 27 patients as displayed in Table 2. One patient had a heterozygous mutation of the IVS2-13A/C>G and p.Gln318Ter.

A group classification based on the prediction of 21-hydroxylase residual enzymatic activity exhibited 3 (6.1%) individuals with p.Gln318Ter variant categorized into the Null group. This group had no remaining enzymatic activity. No patient was identified in group B and C. (See Table 4)

DISCUSSION
A rapid molecular analysis for detecting the four most common CYP21A2 variants causing SW CAH was performed in the main CAH center in Indonesia. The analysis utilized sets of primers designed for long-range PCR, combined with the specific digestion enzyme used in the RFLP. The primers, i.e, B2 and C1, comprised the sequence absent in the pseudogene, such as the 8 bp deletion in exon 3 (E3Δ8bp; c.332_339del; p.Gly111fs; rs387906510), ensured the amplification of the CYP21A2.9 Nevertheless, the Del and E3Δ8bp could not be distinguished due to the location of both PCR primers in exon 3. A previous study conducted in 62 other Indonesian CAH patients displayed that the E3Δ8bp variant was found only in 1 allele, and the Del variant was found in none among 124 alleles analyzed.10

Among the four-point pathogenic variants with clinical manifestation of SW CAH detected using the PCR-RFLP method, which were IVS2-13A/C>G, p.Gln318Ter, p.Arg357Trp, and the exon 6 cluster. The intron 2 splice and p.Gln318Ter variants were successfully identified because of larger-sized fragments visualized on the UV-illuminator. However, the p.Arg357Trp could hardly be identified due to the insignificant fragment size differences between the wild and mutant types, i.e., 189 and 30 bp in the wild type and 219 bp in the mutant type, despite a higher agarose gel concentration at 2.5% and lower Voltage and shorter duration had been implemented. The application of the 100 bp + 3k marker in the study made the interpretation of DNA fragments smaller than 200 bp difficult. The approach applied relied solely on the visualization of DNA bands using a UV-illuminator. Conversely, previous studies utilizing a similar method successfully recognized the variant because of the use of Southern Blot and direct sequencing to confirm the deletions or gene conversion and base substitution, respectively.8,9,11

The exon 6 cluster yielded inconclusive results due to the absence of DNA fragments of the positive control after digestion by a specific restriction enzyme, DraIII. The unavailability of the product after the digestion by a restriction enzyme did not rule out the possibility of contamination. Preceding studies by Yokoyama et al.9 and Zhang et al.8 performed PCR product purification prior to the RFLP procedure. During the process, primers, reagents, and other contaminants that possibly could obstruct the subsequent process were removed.12,13 Excess magnesium could chelate away the restriction enzyme, and frequently, the PCR reagents would inhibit the restriction enzymes. Hence, contamination prevention was necessary and justified.14
 
The most frequent variant identified among 27 SW CAH patients was the IVS2-13A/C>G, which was found in 26 (96.3%) patients. This variant was classified into group A with merely 0-1% residual enzymatic activity and predicted phenotype of SW or SV. Only 6.1% of 49 patients were identified with the p.Gln318Ter (Null group). However, the preceding study conducted in the center displayed the p.Arg357Trp to be the most prevalent (41/62) variant found in the CAH patients.10 In comparison, the intron 2 splice was commonly found in the Chinese, Indian, and Cuban populations,15–18, and the Del in Germans and Austrians, Dutch, Polish, and Chilean populations.19–22 These variants resulted in less than 2% enzymatic activity, thus producing extremely low levels of cortisol and aldosterone. Detection of these variants could aid in the genetic counseling process, encompassing the phenotype prediction, course of CAH, carrier detection, family planning, and management of the condition.23

Due to its complexity, genotyping the CYP21A2 required a combination of molecular analysis techniques to be able to detect complex structural rearrangements, copy number variations (CNVs), insertions/deletions, and single-nucleotide variants (SNVs). RFLP is a simple and specific method to detect variations in the DNA sequence, including SNPs and in/del. A thorough understanding of the sequence is a requirement; thus, an appropriate restriction enzyme could cleave the sequence at a specific restriction site accurately. Because of its cost-effectiveness and requirement for basic instruments, RFLP was a favored method to be applied as an early diagnosis in a resource-limited setting, such as Indonesia.24 Two of the most common point variants, i.e., IVS2-13A/C>G and p.Gln318Ter, causing the most severe SW were successfully detected using this quick, simple, and reliable approach, enabling prompt diagnosis and management of the long-life treatment course of CAH. Additionally, this method was highly reliable due to the consistent results demonstrated across time and locations. By combining it with PCR using specifically designed primers, this procedure could yield high reproducibility.25

Despite its usefulness, RFLP lacked in some aspects. This method was time-consuming and labor-intensive due to the multiple steps involved to yield the results. RFLP could not fully identify human whole genome variation since it was limited to analyzing a particular variant at a specific restriction site.26 Therefore, this method was unsuitable for detecting novel variants because it relied on prior knowledge of restriction enzyme sites within the DNA sequence. This disadvantage was critical in clinical settings where the identification of novel variants could influence diagnosis and treatment. Furthermore, RFLP required a large quantity and quality of DNA, which could be challenging to collect from specific sample types or in situations when there was a shortage of samples.27 Considering that up until now there had been more than 200 pathogenic variants known to cause CAH, there is a better and more advanced technique to do a molecular analysis in CYP21A2.28

Presently, the multiplex ligation-probe dependent amplification (MLPA) and Sanger sequencing are the most frequent methods used for the CYP21A2 genotyping. The MLPA was a high-throughput and less expensive procedure that could simultaneously detect CNVs in 40 target locations, utilizing the probe amplification and producing the results in less than 24 hours. Moreover, MLPA required a small amount of DNA (20-50 ng) and the utilization of standardized software to improve diagnostic accuracy and reduce human error.29 To identify point mutations, Sanger sequencing provided comprehensive details on individual gene sequences. Integration of these methods would allow a more thorough understanding of the genetic basis of the disease, such as 21OHD, in which a single method alone might not identify all mutations. Currently, MLPA and Sanger sequencing have been applied in many laboratories as a gold-standard method for CAH molecular analysis.30

The establishment of a PCR-RFLP technique as a rapid molecular screening for the most common variants of SW CAH shed light on the accessibility of genetic analysis of the CYP21A2. Early genetic counseling could be provided to the patient and the family, thus they would be more prepared to deal with and adjust to the course of CAH. In the era of precision medicine, a genetic analysis of the CYP21A2 gene could provide personalized management to the patients. A genetic counselor played an important role in assisting the patient in the journey of acceptance, adaptation, and connecting them to healthcare professionals and support groups.31,32 Hence, patients and their families could benefit from enhanced risk perception, positive risk behaviors, better knowledge, and a sense of personal control.33

The PCR-RFLP method was simple and cost-effective, with the prerequisite of a thermocycler, an electrophoresis system, and specific restriction enzymes that are easily accessible in genetic laboratories in a developing country. Nevertheless, a prior knowledge of the CYP21A2 gene remains mandatory.

Despite the utilization of the primer set of a previous study, the discrepancy between the most common variant found within the same population, i.e., the p.Arg357Trp, and the disproportionate number of patients found to carry the intron 2 splice, warrants further examination of this variant to confirm the result.8 Thus, it was not possible to make a final decision for this variant. The CYP21A2 variants involved complex gene rearrangements and various SNVs, and it is possible that novel variants would be found in the future. Therefore, incorporating direct sequencing is the only approach to detect new or rare variants completely.34

CONCLUSION
The PCR-RFLP was an applicable method for detecting the most common variants of the CYP21A2 gene causing SW CAH in a resource-limited setting because of the accessibility of the equipment and materials used. The two most common variants causing SW CAH were successfully detected, i.e., IVS2-13A/C>G and p.Gln318Ter. Nevertheless, a more advanced molecular technique, such as MLPA combined with Sanger sequencing, is recommended due to its ability to discover novel variants in CAH patients, thereby enabling correct diagnosis, early and personalized treatment, and genetic counseling.
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Right arrows: forward primers; left arrows: reverse primers; dash lines: annotated CYP21A2 point variants; blue box: PCR fragment from the first round amplifying exon 1 and 2; red box: PCR fragment from the second round amplifying intron 2; green box: PCR fragment amplifying exon 3 to 10.
Figure 1. Annealing sites of PCR primers for the CYP21A2

[image: ]
Marker: lane 5; non-template control: lane 6; positive control: lane 7; negative control: lane 8; positive results: lane 1–3 (CAH 087, 092, 093), 9–11 (CAH 114, 116, 118), 13–20 (CAH 121, 122, 123, 128, 129, 130, 131, 096); negative results: 4 and 12 (CAH 112 and 120). Red arrows show unknown fragments in both positive and negative controls, green arrow shows unknown in positive control, and blue arrow shows unknown fragment in negative control. Fragment sizes are pointed out on the side in bp.
Figure 2. RFLP result of IVS2-13A/C>G
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Marker: lane 6; non-template control: lane 7; positive control: lane 8 (CAH 025); negative control: lane 9 (CAH 022); positive results: lane 5 and 11 (CAH 079 and CAH 088); negative results: 1–4 (CAH 120, 121, 072, 077), 10 (CAH 086), 12–18 (CAH 094, 096, 100, 102, 103, 104, 105, 111); inconclusive: 19 and 20 (CAH 111 and 117). Red arrow shows fragment at 865 bp in the positive control, green and orange arrows show fragments at 567 and 298 bp, respectively. Fragment sizes are pointed out on the side in bp.
Figure 3. RFLP Results of p.Gln318Ter


[image: ]
Marker: lane 1; non-template control: lane 2; positive control: lane 3 (CAH 029); negative control: lane 4 (CAH 031); inconclusive: lane 5–20 (CAH 061, 062, 063, 064, 066, 067, 069, 070, 072, 073, 074, 075, 078, 080, 083, 065). Fragment sizes are pointed out on the side in bp.
Figure 4. RFLP Results of p.Arg357Trp
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Marker: lane 6; non-template control: lane 7; positive control: lane 8 (CAH 002); negative control: lane 9 (CAH 022); inconclusive: 1–5 (CAH 061, 062, 063, 064, 065), 10–20 (CAH 066, 067, 069, 070, 072, 073, 074, 075, 078, 080, 083). Red arrow shows fragment at 719 bp in the negative control. Fragment sizes are pointed out on the side in bp.
Figure 5. RFLP Results of p.[Ile236Asn; Val237Glu; Met239Lys] variant

TABLE CAPTIONS
Table 1. Restriction enzymes for digesting the CYP21A2 fragments
	Variant
	Restriction enzyme
	Sequence Specificity
	Fragment size (bp)

	
	
	
	Wild-type
	Mutant

	p.Arg357Trp
	AciI
	CCGC(-3/-1)
	189/30
	219

	IVS2-13A/C>G
	Sau3AI
	/GATC
	156
	133/23

	p.Gln318Ter
	PstI
	CTGCA/G
	567/298
	865

	p.[Ile236Asn; Val237Glu; Met239Lys]
	DraIII
	CACNNN/GTG
	687/28
	715








Table 2. Genotype-phenotype frequency of Indonesian SW-CAH patients
	
	Positive
	Negative
	No Band
	Total

	IVS2-13A/C>G

	26 (96.3%)
	1 (3.75)
	0
	27 (100%)

	p.Gln318Ter

	3 (6.1%)
	34 (69.4%)
	12 (24.5%)
	49 (100%)



[bookmark: _Toc172524770]Table 3. Genotype-phenotype correlation of Indonesian SW-CAH patients
	Group
	Variant
	No. of Patients
n (%)
	Expected Phenotype
	Expected Residual Enzymatic Activity

	Null
	p.Gln318Ter
	3 (6.1)
	SW
	0%

	A
	[bookmark: _Hlk172483738]IVS2-13A/C>G
	26 (96.3)
	SW or SV
	0-1%

	B
	N/A
	0
	N/A
	N/A

	C
	N/A
	0
	N/A
	N/A


SW: salt wasting; SV: simple virilizing; N/A: Not applicable
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