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Many patients with congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency have CAH-X
syndrome, a connective tissue dysplasia consistent with hypermobility-type Ehlers-Danlos syndrome
due to a contiguous gene deletion involving the adjacent CYP21A2 and TNXB genes. CAH-X syndrome is
caused by carrying CYP21A1P-TNXA/TNXB chimeric genes [CAH-X chimera 1 (CH-1) and chimera 2
(CH-2)] on one or more alleles. Genetic analysis is cumbersome due to pseudogene interference. We
developed a PCR-based CAH-X high-throughput screening method to assess the copy numbers of TNXB
exons 35 and 40; this method is amenable to either real-time quantitative PCR or droplet digital PCR
(ddPCR). The assay was validated in a cohort of 278 subjects from 146 unrelated CAH families. Results
were confirmed by a validated Sanger sequencing platform. A total of 44 CAH-Xepositive calls were
made, with 42 (26 CH-1 and 16 CH-2) confirmed. The assay had 100% sensitivity (42 true/42 positives),
99.2% specificity (234 true/236 negatives), and an overall 99.3% accuracy (276/278). Calls made by
real-time quantitative PCR and ddPCR were consistent (100%), and ddPCR offered easier data inter-
pretation. The CAH-X prevalence was 15.6% (21/135 probands), higher than the previously estimated
8.5%, and was particularly high (29.2% or 21/72) in those with a 30-Kb deletion. This assay is suitable
for high-throughput CAH-X screening, especially in subjects testing positive for CAH in neonatal
screening. (J Mol Diagn 2019, 21: 924e931; https://doi.org/10.1016/j.jmoldx.2019.06.001)
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Congenital adrenal hyperplasia (CAH) is a group of auto-
somal recessive disorders in steroidogenesis, with 95% of
cases due to 21-hydroxylase deficiency (Online Mendelian
Inheritance in Man number 201910). CAH is classified into
three major subtypes according to clinical severity: two
classic subtypes of salt-wasting and simple virilizing com-
bined are estimated to occur in 1 in 15,000 live births,1 and
a mild or late-onset, nonclassic subtype that is more com-
mon and affects 1 in 200 to 1 in 1000 Caucasians.2 Because
severe salt-wasting CAH can be life-threatening if left
without prompt treatment, CAH screening by a hormonal
assay is part of the mandatory neonatal screening in the
United States and approximately 40 other countries.3

The CYP21A2 gene (Online Mendelian Inheritance in
Man number 613815) encoding 21-hydroxylase is mapped
merican Society for Investigative Pathology an
at a locus of low copy repeats termed the RCCX module(s)
(RP-C4-CYP21-TNX) in the human histocompatibility
complex on chromosome 6 (p21.33). RP signifies RP1
(synonym for STK19) encoding a serine/threonine nuclear
protein kinase and pseudogene RP2 (STK19P); C4 signifies
C4A and C4B encoding two isotopes of complement
component 4; CYP21 signifies CYP21A2 and a pseudogene
CYP21A1P; and TNX signifies TNXB encoding tenascin-X
and a pseudogene TNXA (Figure 1). These gene pairs are
d the Association for Molecular Pathology.
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Figure 1 Schematic diagram of congenital adrenal hyperplasia (CAH) and CAH-X chimeric genes. A: Typical bimodular RCCX module: each pair of the
homologous genes is shown in similar colors, with lighter colors representing pseudogenes; two RCCX units vulnerable for gene conversion are in brackets.
B: Unequal crossover between CYP21A1P and CYP21A2 or TNXA and TNXB results in a commonly termed 30-Kb deletion CAH genotype. Dashed lines denote the
window for unequal crossovers leading to CAH genotypes of 30-kb deletion. C: Schemes of three major subtypes of 30-Kb deletion: CYP21A1P/CYP21A2
chimeric genes with intact TNXB, pathogenic for CAH (top row); CYP21A1P-TNXA/TNXB chimera CAH-X CH-1 with TNXB exons 35e44 replaced by TNXA causes
CAH-X due to tenascin-X haploinsufficiency (middle row); CYP21A1P-TNXA/TNXB chimera CAH-X CH-2 with TNXB exons 40-44 replaced by TNXA causes CAH-X
due to a dominant negative effect (bottom row). CAH-X CH-1 has an exon 35 c.11435_11524þ30 deletion (light green arrowhead) and an exon 40 c.12174
C>G mutation (arrow) in tandem, whereas CAH-X CH-2 has an intact exon 35 (green arrowhead) and an exon 40 c.12174 C>G mutation. The junction site
window for each chimeric gene is shown in chameleonic colors. Schemes from CYP21A1P to TNXB intron 31, which is the boundary of RCCX module homologous
repeats, are shown in scale. The size of TNXB is 68 Kb. CAH-X, a connective tissue dysplasia consistent with hypermobility-type Ehlers-Danlos syndrome due to
a contiguous gene deletion involving the adjacent CYP21A2 and TNXB genes; CAH-X CH-1, CYP21A1P-TNXA/TNXB chimera with TNXB exons 35-44 replaced by
TNXA; CAH-X CH-2, CYP21A1P-TNXA/TNXB chimera with TNXB exons 40-44 replaced by TNXA.

High-Throughput CAH-X Screening
highly homologous; thus, the entire locus is vulnerable to
unequal crossovers, leading to commonly existing RCCX
copy number variation that is found in 14% to 17% of
human alleles.4e6 Among them, chimeric genes of
CYP21A1P/CYP21A2 and CYP21A1P-TNXA/TNXB, due to
the recombination between respective CYP21 or TNX genes,
are two major CAH-causing genotypes accounting for 30%
of CAH-causing alleles.7 They are also termed 30-Kb
deletions. CYP21A1P-TNXA/TNXB chimeras impair both
the CYP21A2 and TNXB genes and are pathogenic for
hypermobility type of Ehlers-Danlos syndrome (EDS;
Online Mendelian Inheritance in Man number 130020).8,9
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The presence of both CAH and hypermobility-type EDS
due to the contiguous deletion of CYP21A2 and TNXB is
termed CAH-X syndrome. The CAH-X chimeras cause
EDS in an autosomal dominant manner regardless of CAH
status,10e13 although patients with CAH usually have more
severe EDS manifestations than do carriers without CAH.
We previously found that 8.5% of patients with CAH due to
21-hydroxylase deficiency are affected by CAH-X.13

EDS is a group of genetic disorders of the connective
tissue that affect approximately 1 in 5000 individuals.14

Five of the six major EDS types are associated with genes
encoding collagens or collagen-modifying enzymes.
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Hypermobility-type EDS, the most common type of EDS,
has been associated with TNXB defects, but the etiology is
mostly unknown.9 The TNXB gene encodes tenascin-X, a
large extracellular matrixeforming glycoprotein that is a
crucial component of connective tissue and is found in the
dermis, skeletal muscle, heart, and blood vessels.15

Although mutations throughout the TNXB gene have been
reported to cause hypermobility-type EDS, CAH-X chi-
meras are most prevalent in CAH populations.9,10,12,13,16e18

Clinical EDS manifestation caused by CAH-X chimeras
include joint hypermobility, frequent joint dislocations, skin
laxity, tissue fragility, chronic myalgia, and cardiac mal-
formations. A genetic test for the presence of CAH-X chi-
meras is mostly not available in clinical practice due to
technical obstacles including pseudogene interference and
the 70-Kb size of the TNXB gene. Currently, the diagnosis
of CAH-X relies on clinical evaluation of joint hypermo-
bility and subluxations; this type of evaluation is not reliably
performed during infancy. Thus, infants who test positive
for CAH based on neonatal screening are not screened for
CAH-X.

To date, two major types of pathogenic CYP21A1P-
TNXA/TNXB chimera have been identified: CAH-X chimera
1 (CH-1) has TNXB exons 35-44 replaced with TNXA, and
CAH-X chimera 2 (CH-2) has TNXB exons 40-44 replaced
with TNXA.8,12,13 The substitution of TNXB exon 35 by
TNXA features a nonsense 120-bp deletion
(c.11435_11524þ30del) that is causative of tenascin-X
haploinsufficiency in CAH-X CH-1, whereas the substitu-
tion of TNXB exon 40 by TNXA features two contiguous
mutations of c.12150 C>G (synonymous) and c.12174
C>G (p.C4058W) in CAH-X CH-2, with the latter causing
more severe EDS manifestations, likely due to a dominant
negative effect.13 In addition, a third chimera, termed
CAH-X CH-3 and having TNXB exons 41-44 substituted by
TNXA, has been reported in one patient, and its significance
is still under investigation.19 In this study, we focused on
CAH-X CH-1 and CH-2 only.

Here we present an allele-specific PCRebased assay
developed to efficiently screen for CAH-X. The assay de-
termines the copy numbers of TNXB exons 35 and 40;
CAH-X CH-1 is expected to have copy number losses in
both exons 35 and 40, whereas CAH-X CH-2 is expected
to have loss in only exon 40.

Materials and Methods

Subjects

A total of 278 subjects (145 patients, 118 carriers, and 1
unaffected relative from 135 unrelated families of CAH due
to 21-hydroxylase deficiency; and 11 patients and 3 carriers
from 11 unrelated families of other CAH types) were
evaluated. All subjects were enrolled in an ongoing Natural
History Study at the NIH Clinical Center (Bethesda, MD;
ClinicalTrials.gov identifier: NCT00250159). All subjects
926
(and parents of subjects aged <18 years) gave written
informed consent, and the study protocol was approved by
the institutional review board at the Eunice Kennedy
Shriver National Institute of Child Health and Human
Development. Subjects were selected based on the
availability of genomic DNA samples at the time of study.

Genetic Analysis

All subjects had previously completed comprehensive
genetic analysis related to 21-hydroxylase deficiency at the
time of study, including a targeted PCR-based CYP21A2
mutation analysis of 12 common CYP21A2 mutations and
screening for the presence of a 30-Kb deletion based on 12
single-nucleotide polymorphic markers (Esoterix Laboratory
Services, Calabasas Hills, CA). Samples testing positive for a
30-Kb deletion underwent a validated Sanger sequencing test
to identify CYP21 chimeras (Prevention Genetics LLC,
Marshfield, WI).7,20 Patients with rarer forms of CAH un-
derwent testing using commercially available platforms for
other CAH types. Subjects with clinical manifestations of
EDS were also subjected to a validated Sanger-based test of
TNX chimeras (Prevention Genetics).12,13

DNA Sample Preparation

All genomic DNA samples were extracted from frozen pe-
ripheral blood by ReproCELL Inc (Beltsville, MD) and
stored at �80�C with an estimated concentration of 100 ng/
mL. An aliquot of 10 mL of each DNA sample was diluted
with 40 mL of water to make 20 ng/mL of working solution
and stored at 4�C. Five samples were randomly selected for
repeated assay by real-time quantitative PCR (qPCR) on a
monthly basis, and the consistent results suggested that the
DNA samples were stable without detectable degradation
during the study period of 3 months.

qPCR

Each test included two separate qPCR reactions testing
TNXB exons 35 and 40, respectively, with hemoglobin
subunit b (HBB) as a reference gene. The primers and hy-
drolysis probes were as described in Table 1. Each qPCR
reaction was composed of 1 mL of DNA, 1 unit of MyTaq
HS DNA Polymerase (Bioline, London, UK), 12.5 mL of
TaqMan Universal PCR Master Mix (2�) (Thermo Fisher
Scientific, Waltham, MA), 400 nmol/L of each primer, and
250 nmol/L of each probe for a TNXB exon (35 or 40) and
HBB, and PCR-grade water to make a final volume of 25
mL. An ABI 7300 Real-Time PCR System (Applied Bio-
systems, Foster City, CA) equipped with FAM and VIC
channels was used for the assay with ROX as a passive
reference. PCR reaction was 50�C for 2 minutes, 95�C for
10 minutes, 40 cycles at 95�C for 15 seconds, 58�C for 20
seconds, and 60�C for 40 seconds (plate read). Samples with
an HBB cycle of quantitation (Cq) value within the range of
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 Primers and Probes Used for the CAH-X Assay

Exon/primer Sequence, dye, and quencher*

TNXB exon 35
Forward 50-GAGCCTCAGAGTGTGCAGGT-30

Reverse 50-GTTTTCTTGgCTCCCAcctc-30

Probe 50-FAM-ctgggatcagccCCTGGAGT-MGB-30

TNXB exon 40
Forward 50-TCCTCAACGGCAACCGc-30

Reverse 50-GAACACCTGGGAAGCAAGTG-30

Probe 50-FAM-CGTGTTTTGcGACATGGAGAC-MGB-30

HBB
Forward 50-TATCATGCCTCTTTGCACCA-30

Reverse 50-AATCCAGCCTTATCCCAACC-30

Probe3 50-VIC-CAGCTACAATCCAGCTACCATTCTGC
-MGB-30

*DNA bases specific to the active gene TNXB are marked in lowercase, and
bases shared by both TNXB and pseudogene TNXA are shown in capitals.
CAH-X, connective tissue dysplasia consistent with hypermobility-type

Ehlers-Danlos syndrome due to a contiguous gene deletion involving the
adjacent CYP21A2 and TNXB genes.

High-Throughput CAH-X Screening
20 to 30 were subjected to analysis or otherwise repeated by
qPCR assay.

ddPCR

The copy numbers of TNXB exons 35 and 40 were also tested
separately by droplet digital PCR (ddPCR) using the same
primers and probes as used in the qPCR assay. Each 20-mL
ddPCR reaction contained 1 mL of DNA, 10 mL of 2�
ddPCR Supermix for probes (no deoxyuridine triphosphate;
Bio-Rad Laboratories, Hercules, CA), 900 nmol/L of each
primer, and 250 nmol/L of each probe for a TNXB exon (35
or 40) and HBB. A QX200 AutoDG Droplet Digital PCR
System (Bio-Rad Laboratories) was used for the assay by
following the manufacturers’ instructions, except the PCR
reaction was set to be 95�C for 10 minutes; 40 cycles at 94�C
for 30 seconds, 58�C for 20 seconds, and 60�C for 40 sec-
onds; a final cycle at 98�C for 10 minutes before cooling to
4�C; with a 2�C/second ramp. Samples with �10,000 total
accepted droplets and an HBB concentration ranging from
100 to 2000 were subjected to analysis or otherwise repeated
by ddPCR assay.

Statistical Analysis

For qPCR, the DRn (Rn minus baseline with Rn signifying
the reporter signal normalized to ROX signal) thresholds for
the Cq values of FAM and VIC channels were set as 0.2 and
0.07, respectively. The ratio of TNXB exons 35 or 40 to
HBB was calculated as:

RZ2CqðVICÞ�CqðFAMÞ; ð1Þ

and RX35 <1.2 and RX40 <1 were the cutoff values used for
calling the respective exon loss. For ddPCR, standard
CNV2 program in QuantaSoft software version 1.7.4.0917
The Journal of Molecular Diagnostics - jmd.amjpathol.org
supplied by the manufacturers (Bio-Rad Laboratories) was
used to determine the copy numbers of TNXB exons 35 and
40. In both platforms, samples with exons 35 and 40 losses
were called as CAH-X CH-1, whereas samples with only
exon 40 loss were called as CAH-X CH-2.
Results

A total of 44 positive calls (26 CAH-X CH-1 and 18 CAH-X
CH-2) were made from the cohort of 278 subjects. Hetero-
zygous, homozygous CAH-X chimeras, and the negatives
clearly separated into different clusters (Figure 2). All positive
calls were confirmed by Sanger sequencing. Two false-
positives of CAH-X CH-2 (one hetero- and one homozy-
gous) were observed, due to a rare TNXB exon 40 haplotype
having a c.12150C>G (synonymous) variant without the
pathogenic c.12174C>G (p.C4058W). No false-negatives
were observed. The copy number assay had a sensitivity of
100% (42 positives/42 true-positives), a specificity of 99.2%
(234 negatives/236 true negatives) and an overall accuracy
rate of 99.3% (276/278) in determining a CAH-X genotype,
and results were consistent between the qPCR and ddPCR
systems (Figure 2). Six samples had one-time borderline re-
sults by qPCRbutwere negative in the follow-up repeats (data
not shown). There were no borderline results by ddPCR.
Notably, one subject (CAH carrier with one CAH-X CH-1
allele) had an unusual two copies of TNXB exon 40measured.
Further analysis revealed that the other allele (non-CAH) had
contiguous single-nucleotide polymorphisms (SNPs) of
rs77471377 (C>G) and rs4959086 (C>G) to cause a TNXA
locus identical to TNXB exon 40 that masked the latter’s loss
in the CAH-X CH-1 allele. These TNXA SNPs might be
common because a total of 46 subjects had �2.5 copy
numbers measured in TNXB exon 40 (Figure 2).

The ratio of TNXB to HBB determined by qPCR and the
copy numbers determined by ddPCR provided similar
results (Figure 3). However, given that most copy number
results fell close to an integer range from 0 to 3, the ddPCR
system was considerably more convenient in terms of data
interpretation and making the calls.

The CAH cohort of this study had a 15.6% (21/135
21-hydroxylase deficiency CAH probands) prevalence of
CAH-X that was higher than the previously estimated
8.5%.13 The prevalence was especially high (29.2% or
21/72) in the subjects with a 30-Kb deletion genotype. As
expected due to autosomal dominant inheritance, the prev-
alence of CAH-X was found to be similar among the
affected patients, carriers, and families of CAH (Table 2).

Forty of the 42 CAH-Xepositive subjects had a complete
or partial clinical evaluation for EDS, and 39 had at least one
finding characteristic of EDS. The lone CAH-Xepositive
subject without EDS findings was an 11-yeareold male with
CAH carrying a CAH-XCH-1 chimera; and the 2 subjects not
evaluated were CAH carriers carrying a CAH-X CH-1
chimera.
927

http://jmd.amjpathol.org


Figure 2 Identification of CYP21A1P-TNXA/
TNXB chimeric type by real-time quantitative PCR
(qPCR) and droplet digital PCR (ddPCR). A: The
ratio of TNXB exons 35 and 40 to HBB determined
by qPCR. B: The copy numbers of TNXB exons 35
and 40 determined by ddPCR. CAH-X, connective
tissue dysplasia consistent with hypermobility-
type Ehlers-Danlos syndrome due to a contiguous
gene deletion involving the adjacent CYP21A2 and
TNXB genes; CAH-X CH-1, CYP21A1P-TNXA/TNXB
chimera with TNXB exons 35-44 replaced by TNXA;
CAH-X CH-2, CYP21A1P-TNXA/TNXB chimera with
TNXB exons 40-44 replaced by TNXA.

Lao et al
In general, patients with monoallelic CAH-X CH-1 had
fewer EDS characteristics than did patients with monoallelic
CAH-X CH-2, and patients with biallelic CAH-X had the
most severe EDS phenotype (Table 3). In addition, carriers
of CAH who were heterozygous for a CAH-X mutation
tended to have less of an EDS phenotype than did their
relatives with CAH who carried the same CAH-X mutation.
Discussion

Patients with CAH due to 21-hydroxylase deficiency
commonly have a connective tissue dysplasia, CAH-X, due to
tenascin-X defects caused by CYP21A1P-TNXA/TNXB
chimeric genes.8,10,12,13 In this study, a high-throughput and
cost-effective assay that accurately identifies CAH-X in a large
cohort of patients with CAH was reported. This assay is
based on allele-specific PCR and screens for the two most
common CYP21A1P-TNXA/TNXB chimeras causing CAH-X.
928
Cardiovascular abnormalities have been identified in some
patients with CAH-X, and clinical management aimed at pre-
venting musculoskeletal manifestations is warranted.12,13

Thus, early detection of CAH-X is beneficial.
TNXB encodes tenascin-X, which is highly expressed in

connective tissues. It is essential in the maintenance of the
integrity of the extracellular matrix by regulating the
collagen fibril deposition, in which defects lead to EDS, a
hereditary connective tissue disorder.21 Complete tenascin-
X deficiency has been reported to cause classic EDS
(Online Mendelian Inheritance in Man number 130000) in
an autosomal recessive manner,9 whereas the most prevalent
type of hypermobile EDS is associated with defects in
tenascin-X in an autosomal dominant manner.10,12,13

Although mutations in other parts of TNXB have also
been reported in cases of hypermobile EDS, the most
prevalent and well-studied type of mutation is the
CYP21A1P-TNXA/TNXB chimera, termed CAH-X.16e18

CAH-X CH-1 causes haploinsufficiency, whereas CAH-X
Figure 3 Correlation between real-time quan-
titative PCR (qPCR) and droplet digital PCR
(ddPCR) results in TNXB exons 35 and 40. A and B:
Results by qPCR and ddPCR were comparable for
both exon 35 (A) and exon 40 (B). The rp and P
values were determined by Pearson correlation.
Black lines indicate linear fit.
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Table 2 Prevalence of the CAH-X Chimeras in a Cohort of Subjects with Congenital Adrenal Hyperplasia due to 21-Hydroxylase Deficiency

Genotype

Probands Patients Carriers Cohort

Total
30-Kb
deletion* Total

30-Kb
deletion* Total

30-Kb
deletion* Total

30-Kb
deletion*

CAH-X CH-1y 9.6%
(13/135)

18.1%
(13/72)

10.3%
(15/145)

19.7%
(15/76)

9.3%
(11/118)

21.6%
(11/51)

9.9%
(26/263)

20.5%
(26/127)

CAH-X CH-2z 5.9%
(8/135)

11.1%
(8/72)

6.9%
(10/145)

13.2%
(10/76)

5.1%
(6/118)

11.8%
(6/51)

6.1%
(16/263)

12.6%
(16/127)

CAH-X 15.6%
(21/135)

29.2%
(21/72)

17.2%
(25/145)

32.9%
(25/76)

14.4%
(17/118)

33.3%
(17/51)

16.0%
(42/263)

33.1%
(42/127)

Two subjects had biallelic CAH-X chimeras. One subject with a CH-2/CH-2 genotype was counted once as CH-2 whereas the other subject with a CH-1/CH-2
genotype was counted once as CH-1 in calculating the prevalence in probands, patients, and cohort, respectively.
*Carrier of a 30-Kb deletion.
yCAH-X CH-1: CYP21A1P-TNXA/TNXB chimera with TNXB exons 35e44 replaced by TNXA.
zCAH-X CH-2: CYP21A1P-TNXA/TNXB chimera with TNXB exons 40e44 replaced by TNXA.
CAH-X, connective tissue dysplasia consistent with hypermobility-type Ehlers-Danlos syndrome due to a contiguous gene deletion involving the adjacent

CYP21A2 and TNXB genes.

High-Throughput CAH-X Screening
CH-2 causes a dominant negative p.C4058W mutation in
tenascin-X, both leading to phenotypic EDS. The assay
presented here could also be used to screen patients with
hypermobile EDS of unknown etiology.

The diagnosis of EDS due to CAH-X relies mainly on
clinical evaluations, such as physical examination for joint
hypermobility, skin characteristics, and imaging.14 Options
of molecular diagnostic support are mostly unavailable in
general clinics or are very limited in research institutes. The
serum tenascin-X test based on enzyme-linked immuno-
sorbent assay has been used to identify complete deficiency,
but it is not accurate in identifying heterozygous forms and
is not commercially available for general practice.9,10 Next-
generation sequencing often presents difficulties in mapping
the RCCX module genes due to interference by highly ho-
mologous pseudogenes and commonly existing copy num-
ber variations.22e24 A multiplex ligation-dependent probe
amplificationebased hypermobility type EDS panel con-
taining COL3A1 and TNXB (MRC-Holland, Amsterdam, the
Netherlands) is commercially available for research pur-
poses; however, it detects only CAH-X CH-1 and misses
CAH-X CH-2. To date, Sanger sequencing is the most
reliable and informative molecular diagnostic method for
TNXB variations, but it is laborious and expensive. We
therefore developed an assay based on allele-specific PCR
for the CAH-X chimera screening. The assay was designed
to determine the copy numbers of TNXB exons 35 and 40,
then to call and specify the CAH-X chimeras based on the
nature of their copy number losses.

The application utilizing data from our cohort indicated
that the assay was accurate, high throughput, convenient,
and cost-effective. The assay presented here confirmed all
42 previously known CAH-X cases with an overall accuracy
rate of 99.28% (276/278) in our CAH cohort. It was
compatible with the hydrolysis probe type of digital PCR
and real-time PCR systems, and had a typical capacity of 48
The Journal of Molecular Diagnostics - jmd.amjpathol.org
samples (96-well plate format) within a few hours. The re-
sults were reliable and highly reproducible, as revealed by
technical repeats on 84 randomly selected samples by qPCR
and 24 by ddPCR. Moreover, only 6 samples had one-time
borderline results by qPCR, likely due to heterogeneity of
the genomic DNA solution in concentration, quality, or
purity; therefore a technical repeat is generally unnecessary.
The calls made by the qPCR and ddPCR systems were
consistent, but ddPCR offered more convenient data inter-
pretation with a clear positiveenegative separation.

The assay was optimized by testing different combina-
tions of primers and probes since the TNXB locus of interest
is abundant in SNPs. However, two false-positive calls were
made due to rare SNP types; therefore, confirmation by
Sanger sequencing should be considered before making a
final diagnosis. There was a unique case of a subject with
heterozygous CAH-X CH-1 having two copies of TNXB
exon 40 measured due to a TNXB-like haplotype
[rs77471377 (C>G) and rs4959086 (C>G)] in TNXA that
masks the real exon 40 loss in TNXB. This finding raised a
concern of the possibility of false-negative results, should a
subject with CAH-X CH-2 have the same TNXA haplotype.
Forty-six samples with a TNXB exon 40 copy number of
�2.5, as determined by ddPCR, were observed, suggesting
that those SNPs might be common in TNXA. In fact, SNPs
rs77471377 (C>G) and rs4959086 (C>G) have allele fre-
quencies of 0.02 (469/22,344) and 0.18 (4060/22,624),
respectively, in the general population, according to the
gnomAD browser (https://gnomad.broadinstitute.org, last
accessed March 1, 2019).25 However, the allele frequency
of the TNXA haplotype containing both variants remains
unknown, and both SNPs are listed as “failed random forest
filters,” suggesting that they were variants of low quality
likely due to the mutual interference between TNXA and
TNXB. Although no false-negative calls were observed in
our cohort, an expanded study should be conducted to
929
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Table 3 Clinical Ehlers-Danlos Syndrome Characteristics of Subjects with CAH-X

Parameter

CAH patients CAH carriers

CAH-X CH-1 CAH-X CH-2 Biallelic CAH-X CH-1 CAH-X CH-2

n 14 10 2 9 5
Age, years 17.2 � 10.7 (4e39) 13.1 � 12.0 (2e44) 16.0 � 14.1 (6e26) 46.9 � 11.1 (30e63) 40.8 � 11.3 (21e49)
Females/males 6/8 4/6 0/2 5/4 4/1
Musculoskeletal

Generalized
hypermobility*

7/13 5/10 2/2 4/9 2/5

Small joint
hypermobility

5/14 5/10 1/2 4/9 1/5

Large joint
hypermobility

3/14 4/10 1/2 1/9 1/5

Subluxations 4/14 3/10 1/2 3/9 0/5
Chronic arthralgia 4/14 2/10 2/2 4/9 1/5
Chronic tendonitis,
bursitis or fasciitis

2/14 2/10 1/2 3/9 0/5

Pes planus 3/14 2/10 1/2 2/9 0/5
Dermatologic

Skin laxity 1/14 2/10 2/2 0/9 0/5
Wide scars 0/14 2/10 1/2 0/9 0/5
Piezogenic papules 3/14 1/10 2/2 0/9 0/5

Cardiac
Congenital defecty 3/13 3/7 0/2 3/8 0/5
Chamber enlargement 4/13 3/7 1/2 1/8 2/5
Enlarged aortic root 0/13 2/7 0/2 3/8 0/5
Gastrointestinal
disorderz

1/14 1/10 1/2 1/9 1/5

Hernia or prolapse 0/14 4/10 1/2 3/9 1/5

Ages are shown as means � SD (range), and rates of Ehlers-Danlos syndrome findings are shown as number of positives/number evaluated.
*Generalized hypermobility defined as a Beighton score of 5 of 9 or greater in children and of 4 of 9 or greater in postpubertal adolescents and adults.
yCongenital heart defect includes mitral leaflet thickening, structural valve abnormality, left ventricular diverticulum, and patent foramen ovale.
zIncludes gastroesophageal reflux, irritable bowel syndrome, chronic constipation, and diverticulitis.
CAH-X, connective tissue dysplasia consistent with hypermobility-type Ehlers-Danlos syndrome due to a contiguous gene deletion involving the adjacent

CYP21A2 and TNXB genes; CAH-X CH-1, CYP21A1P-TNXA/TNXB chimera with TNXB exons 35-44 replaced by TNXA; CAH-X CH-2, CYP21A1P-TNXA/TNXB chimera
with TNXB exons 40-44 replaced by TNXA.

Lao et al
evaluate the prevalence of this TNXA haplotype and hence
the risk for false-negatives.

As shown in this study, the EDS caused by the CAH-X
chimeras is prevalent in patients and carriers of CAH,
especially in those with a 30-Kb deletion genotype. CAH is
a rare autosomal recessive genetic disease, and the carrier
rate for classic CAH in the general population is 1 in 60.1,26

Given that approximately 30% of classic CAH mutations
are 30-Kb deletions7 and that 30% of deletions are CAH-X
chimeras, hypermobile EDS due to CAH-X alone is esti-
mated to affect 1 in 667 individuals in the general popula-
tion, which is much higher than the previously estimated 1
in 5000 rate of all hypermobile EDS types combined.14

Thus, it appears that CAH-Xecausing variants are pres-
ently underdetected. Moreover, the CAH-X CH-1 and CH-2
are unlikely to be detected by the commonly used whole-
exome sequencing, leaving individuals carrying these vari-
ants undiagnosed. It is important to develop an easy means
of detecting these variants, making our assay of interest to
both clinicians and molecular genetics laboratories.
930
To date, CAH screening by a hormonal test is part of
the mandatory neonatal screenings in the United States
and more than 40 other countries. Although often plagued
by ambiguous results and false calls, the CAH screening
is generally successful in identifying affected patients
with classic CAH, especially if combined with a second-
tier follow-up.3,27 Second-tier genetic screening has been
proposed as an adjunct to hormonal measurements, but
genotyping remains costly and time-consuming and thus
has not been widely used. The high-throughput screening
assay presented here is cost-effective and may be com-
bined with other genotyping to create a more cost-
effective and efficient second-tier screening test. Alterna-
tively, this assay is suitable for a high-throughput CAH-X
screening applicable to all CAH patients, carriers, and
patients with EDS of unknown etiology, and it would be
cost-effective and beneficial by offering early awareness
needed for clinical management and the development of
long-term preventive strategies in minimizing EDS
symptomatology.
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