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Abstract

Congenital adrenal hyperplasia (CAH) with a worldwide incidence rate between 1:5000 —
1:10000 is among the most common autosomal recessive disorders. The classical form of
the disease can cause death by salt crises in the first weeks of life. More than 95% of the
cases are due to 21-hydroxylase deficiencies, which is the product of CYP21A2. CYP21A2 is
located in a highly variable region on the short arm of chromosome 6. High variability and the
presence of a highly homologous pseudogene approximately 30 kb upstream, CYP21A1P,

are the main hindrances in molecular analysis of the gene and of this region.

Today, there are more than 170 rare (family or individual-specific) mutations and more than
50 SNPs (single nucleotide polymorphisms) reported. Besides mutations and SNPs, copy
numbers of CYP21A2 and CYP21A1P play an important role in a complete genetic analysis.
Most commonly applied methods are direct gene sequencing (Sanger sequencing) for
mutation analysis; MLPA, Southern blotting and Real Time PCR for copy number variation

(CNV) analyses. Each method requires a considerable amount of time and labor.

In scope of this dissertation, it was made possible to analyze CYP21A2 and CYP21A1P for
mutations and SNPs together with CNVs on Matrix-Assisted Laser Desorption/lonization
Time-Of-Flight Mass Spectrometry (MALDI-TOF MS) platform. Two experimental set-ups for
variation detection analysis and one set-up for quantitative analysis were designed using
MassARRAY kits from Sequenom GmbH. As a result, a total of 134 mutations and SNP-like
variations in CYP21A2 could be detected automatically. A match rate of 98.61% was
achieved in comparison to Sanger sequencing results. In all mismatches, discrepancies were
found to be related to raw data interpretation in gene sequencing. 3 differentiating alleles
were chosen for gene copy number ratio analysis; in Exon 1, Intron 2 and Exon 6. For
absolute gene copy number experiments, a reference gene, SLC30A3, was chosen for
normalization. Both gene copy number ratio and absolute gene copy number analyses

delivered considerably more consistent and safer result compared to MLPA.

In conclusion, mutation detection and quantitative analysis were performed successfully on
the same platform, which by other methods requires different platforms hence longer
experiment and data interpretation times. Moreover, analyses covering a wide range of
variations were made less operator-dependent and remarkably more automated. Finally,
owing to the nature of mass spectrometry, the complete analysis became safer and more

accurate.
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1 Objectives

Congenital adrenal hyperplasia (CAH) is one of the most common autosomal
recessive disorders. The disease manifests due to 21-hydroxylase deficiency. 21-
hydroxylase has an important function in keeping the balance of adrenal steroid
hormones. It is the product of CYP21A2 gene. Due to mutations in CYP21A2, the

enzyme activity of its final product might be reduced in different extents.

CYP21A2 is located on the short arm of the sixth chromosome in human genome.
This region is called Human Leukocyte Antigen (HLA) major histocompatibility
complex. A pseudogene, CYP21A1P, is present about 30 kb upstream of CYP21A2,
which is inactive due to the mutations it possesses. Two genes being highly
homologous in all exons and introns represents a big difficulty in molecular biological
analysis. CYP21A2 becomes fully or partly inactive via the transfer of inactivating

mutations from CYP21A1P by different intergenic mechanisms.

In most genetic laboratories mutation detection in CYP21A2 is performed usually by
direct gene sequencing applying “Sanger” method. This is a long experimental
process. Results can be delivered in days and the evaluation phase is highly
operator-dependent. The level of automation is very low. In addition, relatively long
size (3.4 kb) and high number of exons increase the risk of failing to notice a base

exchange especially in a homozygous state.

CYP21A2 is located in a genomic region where copy number variations (CNVs) take
place with a high frequency. Deletion of an approximately 30 kb portion, starting from
the third exon of CYP21A1P and spanning to the third or eighth exon of CYP21A2,
results in “hybrid genes”. Independent gene duplications or deletions with or without
hybrid gene formation are observed both in CYP21A2 and CYP21A1P. To conclude
on protein expression levels, it is necessary to perform gene copy number

experiments as well as the mutation detection analysis.

The most up-to-date and common method to analyze CYP21A2 and CYP21A1P
quantitatively is Multiplex Ligation-dependent Probe Amplification (MLPA), which



utilizes gene-specific probes, universal PCR primers for probe amplification and a
special software to interpret the final output. Due to the long ligation time, results
cannot be obtained within one day. Moreover, due to the high homology between
both genes some probes have been shown not to be specific enough for a safe

quantitative analysis in a diagnosis environment.

Taking into account the drawbacks of the present methods explained above, it is
aimed with this dissertation work, to transfer the process of detecting inactivating
mutations and other relevant variations to mass spectrometry platform. The accuracy
of Matrix-Assisted Laser Desorption/lonization Time-Of-Flight (MALDI-TOF) MS
would minimize the rate of false data interpretation and automize the process. To
achieve this goal, it is planned to adjust homogenous mass cleavage and
homogenous mass extension approaches from Sequenom GmbH specifically to
CYP21A2 and its pseudogene CYP21A1P, and utilize them together. This novel idea
of combining two approaches would double the amount of final information obtained
without increasing the workload two-fold. This goal would be achieved by designing
gene-specific primers for long-range PCR and nested PCR primers for sub-
amplification. Primers which would be included in mass extension reactions and
assay group design would be designed specifically by introducing base modifications
where necessary. Each PCR cycling condition and recipe would be modified in order
to make the combination of both approaches possible and increase the final
experimental yield. The new set-up would have the advantage of being highly
accurate and comparably more automated as compared to conventional Sanger
sequencing. The benefit of this is expected to be a remarkable decrease in operator
errors, the number of repeat experiments due to dubious cases and data evaluation

time.

The second goal of this work is to design a reliable quantification analysis of both
CYP21 genes on mass spectrometry platform. This would eliminate the need for an
extra experimental kit which would reduce operation costs drastically. This goal
would be achieved by determining gene-specific genotypes at certain positions,
which are conserved, thus differentiate between CYP21A2 and CYP21A1P at all
times. Mass extension with single base stop (iPLEX) would be performed to obtain

peak area data, and a gene on a different chromosome would be chosen within the



sample itself as internal control purposes. This would make the normalization of ratio
information and the assignment of absolute copy number possible. Since the
positions chosen for analysis would be completely reliable, the set-up would not have
the problem of suffering from not being specific enough. Moreover, without the
necessity of a long ligation step, results would be obtainable within the same working

day.

Both set-ups were designed within the frame of this work. They were run in parallel
with the routine analysis which included real samples, and the results were compared
with each other. Parallel blind studies were continued until the improvement and
optimization studies were finalized, which formed the final configuration of the
designed set-ups. Finally, the traditional method and the newly designed mass
spectrometry diagnostic kits were compared to each other with respect to their

advantages and disadvantages.

2 Introduction

2.1 Basics

DNA (deoxyribonucleic acid) is the hereditary material in living organisms where
genetic information is stored and passed on to next generations. It has a double helix
structure and is made up of a sugar-phosphate backbone to which nitrogenous bases
are bonded. Genetic information is stored in the form of a code which is determined
by four nitrogenous bases; Adenine-(A), Guanine-(G), Cytosine-(C), Thymine-(T),
and how they are ordered; that is, their sequence. With the simplest definition, a
gene is a meaningful portion of human genome which encodes for a functional

protein via transcription into RNA and translation into amino acid chains.

The introduction of Polymerase Chain Reaction (PCR) in 1983 was revolutionary to
analyzing several diseases from molecular biological aspects. In vitro replication of
DNA templates using primers enabled scientists to read base sequences of regions

throughout the genome and detect base changes, sequence repeats or haplotype



motives which have unique meanings. Only seven years later, in 1990, the rapid
improvement in the field resulted in the commencement of Human Genome Project
(HGP) initially headed by U.S. National Institutes of Health. The project was
completed in June 2000 and the genetic map of man was sketched [1, 2]. This
brought in an important step in medicine and health care development. Many PCR-

based molecular techniques were developed shortly afterwards.

Less than 0.5% difference in over 3 billions of nucleotide bases in human genome is
what makes every human being unique. If a certain variation is observed with a
frequency of equal to or greater than 1% in a certain population, it is named a Single
Nucleotide Polymorphism (SNP). SNPs are known to occur on average once in every
100 — 300 base pairs and they are considered to have no negative effects on the
metabolic level although some might have an influence in increasing genetic
predisposition for certain diseases. Variations with a frequency of lower than 1% are
termed mutations. Mutations might affect a single base or a large chromosomal
segment. They are either inherited (germline mutations) or gained in life (somatic
mutations) due to different environmental factors. They can be beneficial, neutral or
harmful. Large-scale mutations are mutations which cause duplications and deletions
of large chromosomal regions, chromosomal translocations, inversions and loss of
heterozygosity. Small-scale mutations are mutations which affect smaller segments
and a few nucleotides. They can be classified into three main groups: point
mutations, small insertions and deletions. Insertions and deletions add or remove
one or more nucleotides to or from the DNA, respectively, causing frame shifts in the
coding sequence. Point mutations can be silent mutations, which do not result in a
different amino acid to be coded, missense mutations, which result in a different
amino acid to be coded, and nonsense mutations, which result in the terminating

amino acid to be coded hence premature termination of the chain.

Some variations in the human genome do not have any clinical impact on individuals
but they rather determine features like final body height, eye color, hairiness, smell,
etc. Some; however, do cause severe diseases which are called genetic disorders.
Genetic disorders might be triggered by a variation (or combination of more than one
variation) alone or in combination with environmental factors. If the presence of a

variation on one allele alone (heterozygosity) is sufficient for the genetic disease to



be observed in the phenotype, that disease is called a dominant disorder.
Huntington’s disorder, hypercholesterolemia, Marfan’s syndrome are among such
diseases. If both alleles of a certain position are required to be mutated
(homozygosity or compound heterozygosity) for the disease to manifest, the disease
is called a recessive disorder. A few examples are cystic fibrosis, Werner’s
syndrome, sickle-cell anemia, galactosemia, growth hormone deficiency, autism, and

congenital adrenal hyperplasia.

2.2 Congenital Adrenal Hyperplasia (CAH)

2.2.1 Definition and Biochemistry

The term CAH (OMIM +201910) embraces a number of autosomal recessive
disorders which stem from deficiencies in enzymes involved in the steroidogenic
pathways of cortisol biosynthesis. In approximately 95% of the cases, 21-
hydroxylation is disturbed because of deficiencies in 21-hydroxylase activity (CYP21,
21-OHase), where 17-hydroxyprogesterone is prevented from being converted to 11-
deoxycortisol, and progesterone to deoxycorticosterone. The complete pathway is
presented in Figure 1 together with catalyzing enzymes [3]. The enzymes involved
belong to the cytochrome P450 family, which contains diverse enzymes, and control
steroidogenesis. The process is stimulated by adrenocorticotropic hormone (ACTH)
which is then reverse-blocked by one of the final products, cortisol. When cortisol
production is hindered due to 21-OHase deficiency, ACTH is not blocked and
becomes present in excess, which keeps the adrenal cortex continuously stimulated.
This is called hyperplasia of the adrenal cortex. Another result of 21-OHase
deficiency is the increase in the amount of 17-hydroxyprogesterone (17-OHP) and
progesterone. Unlike these steroid precursors, aldosterone and cortisol cannot be
produced sufficiently, whereas being the product of the uninterrupted pathway

adrenal androgen is produced in excess.
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Figure 1. Schematic representation of pathways in biosynthesis of steroid hormones [3].

2.2.2 Types and Incidence Rates

CAH due to 21-OHase deficiency is classified into two groups: Classical and non-
classical (mild or late-onset). Classical form of the disease can manifest in simple
virilizing and/or salt wasting forms. Depending on the severity of the enzyme
deficiency, masculinization of external genitalia to various extents is observed in
females with simple virilizing form. Internal female organs are not affected and the
karyotype is 46XX. In salt wasting form, due to insufficient production of aldosterone,
sodium cannot be retained in the kidney, colon and sweat glands. This is observed in
both sexes. If not diagnosed and treated in time, it usually causes acute adrenal

crisis, which might result in sudden death in the early weeks of life. While ambiguous
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genitalia usually make early diagnosis and treatment in girls possible, this might be
missed in boys [4]. Individuals with non-classical CAH do not present ambiguous
genitalia at birth and they do not suffer from salt-wasting crisis. They usually present
premature pubarche, cystic acne, hirsutism and oligomenorrhea [5]. This form can

manifest anytime between later childhood and young adult life.

Although the incidence rate is highly dependent on ethnicity and geographical area,
the worldwide average rate for classical CAH ranges between 1:8000 — 1:16000 [6,
7, 8]. The Yupik Eskimos (Alaska) and the people of La Réunion (France) have been
reported to show higher rates; 1:282 and 1:2141, respectively [9]. New Zealand
population shows the lowest rates; 1:23344 [10]. The frequency of the non-classical
form is the greatest for Ashkenazi Jews; 1:27. It is followed by Hispanics; 1:53,

Yugoslavs; 1:63, Italians; 1:333, and other Caucasians; approximately 1:1000 [6].

2.2.3 Diagnosis and Treatment

The diagnosis is usually performed by measuring the elevated serum levels of 17-
OHP, which is one of the substrates of 21-OHase, in blood spots on filter paper.
Depending on the severity of the disease, 17-OHP levels can go up to 1000 ng/ml or
even higher in salt-wasting type, whereas it ranges between 10-20 ng/ml in healthy
individuals. Lower levels of aldosterone in serum or urine and higher levels of ACTH
are other confirmatory measurements [9]. Since patients with the non-classical form
of the disease show mildly high (>200 ng/ml) or normal levels of 17-OHP, it is
believed that ACTH stimulation test must be done to support diagnosis [9, 11, 12].
Another helpful tool in confirming or discarding the diagnosis in cases of slightly
elevated 17-OHP levels is neonatal genotyping. This also reduces the risk of over-
treatment of mildly affected children [13]. Prenatal diagnosis is possible with DNA
analysis from the amniotic fluid obtained by chorionic villous sampling (CVS). The
risk of contamination of the fetus DNA with maternal DNA should be considered.
Therefore parents are usually included in the genetic analysis as well. If the fetus is
female and the risk is considerable, treatment with dexamethasone is started as soon
as the pregnancy is confirmed. This must be done before genetic testing because
CVS can be performed in the 10™ week of gestation but virilization starts already
around the 7" week. The treatment is stopped in case of a male or an unaffected
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female fetus, it is continued throughout pregnancy in case of an affected female fetus
[14]. In about 85% of the cases females are born with normal to slightly virilized
genitalia after prenatal treatment [15]. Since the probability of having an affected
female is one in eight when both parents are known carriers, this would mean seven
fetuses out of eight are exposed to unnecessary dexamethasone treatment until the
treatment is stopped. This is the reason why prenatal therapy still remains to be

controversial.

Treatment involves glucocorticoid and mineralocorticoid replacement in classical
forms. In cases of extreme masculinization of genitalia surgical correction might be
necessary. Clinical and biochemical parameters should be monitored continuously
along treatment. Typical glucocorticoid replacement used in younger children is
hydrocortisone although in some countries where it is not available, cortisone acetate
is also used. As cortisone must be converted to cortisol for biological activity and
differences in conversion rate influence drug efficacy, cortisone acetate is mostly not
recommended. Excessive glucocorticoid treatment in newborns should be prevented
since it leads to early growth suppression. An initial dosage of 20-25 mg/m?/day is
recommended and may be reduced to 10 mg/m?/day in the next two years as body
surface area increases [16]. Longer-lasting glucocorticoids, such as prednisolone
and dexamethasone, are often used in adult CAH patients due to better compliance
[17]. However, once-a-day dosage of dexamethasone showed to provide normal
growth with no considerable side-effects for children with a bone age of or younger
than 3.5 years [18]. Patients with salt-wasting form of the disease require life-long
mineralocorticoid treatment. This is mostly compensated by oral fludrocortisone in a
dose that suppresses plasma rennin activity (PRA) to normal levels without inducing
hypertension. In addition, these individuals need additional salt supplements to
maintain plasma sodium concentration and PRA in the normal range. This
supplement treatment should be carefully controlled, especially in infancy [19]. Since
21-OHase deficiency is a genetic disorder caused by a single gene defect, gene
therapy might be feasible. A single intra-adrenal injection of an adenoviral vector
encoding 21-OHase was shown to compensate for the biochemical, endocrine and
histological alterations in 21-OHase deficient mice. However, due to the possibility of
immune reactions and tissue damage which can be induced by the large doses of

such vectors, the topic remains to be controversial [20].



2.2.4 Genetics of CAH

2.2.4.1 Chromosome 6 and RCCX Module

21-OHase is the product of 21-hydroxylase gene (CYP21A2, GenelD 1589).
CYP21A2 is located within the third class of major Human Leukocyte Antigen (HLA)
histocompatibility complex on the short arm of chromosome 6 (6p21.3). A highly
homologous pseudogene, CYP21A1P, is mapped approximately 30 kb upstream in
the direction of telomere. Both genes are arranged adjacent to and alternating with
the genes which encode the fourth component of the serum complement system,
C4A and C4B [21].

Figure 2 shows a schematic representation of the structure of the chromosomal
region. This genetic unit is designated as the RCCX module (RP-C4-CYP-TNX).
Most chromosomes (71.6%) have a bimodular RCCX unit with two RP, C4, CYP and
TNX genes; however, monomodular (16.2%) and trimodular (12.2%) haplotypes are

reported in Caucasian populations as well [22].

CYP21A1P
CYP21A2

RP1 C4A E RP2 C4B TNXB
— — = = 5 — «
Telomere Centromere
— —
Figure 2. Schematic representation of HLA Class Ill on chromosome 6p21.3: Genes

encoding for a protein are shown with dark green boxes, pseudogones which do not encode
for a protein are shown with light green boxes. Names are indicated above the boxes. The
orientation is shown with bold arrows at the bottom of the figure. Arrows below the boxes
show the direction of transcription.

Although CYP21A2 and its pseudogene CYP21A1P are 98% and 96% homologous
in their exons and introns, respectively, certain vital differences, which have
accumulated in the evolutionary time in CYP21A1P make it an inactive gene [23, 24].



The product of CYP21A1P is a transcribed, but a truncated, nonfunctional amino acid
chain. In about 95% of CAH cases mutant alleles are the result of two types of
recombination between CYP21A2 and CYP21A1P: Unequal crossing-over during
meiosis, which results in a 30 kb deletion spanning from the 3'-end of CYP21A1P,
through all of C4B to the 5-end of CYP21A2, and the transfer of deleterious
mutations normally present in CYP21A1P to CYP21A2, which is termed as gene
conversion [25]. These recombination events occur when a loop forms in the linear
DNA during crossing-over. This lets two genes face each other and exchange, lose
or duplicate genetic material (see Figure 3). This is a normal phenomenon in the HLA
locus which increases immunological diversity. About 5% of affected alleles possess
spontaneous mutations (rare mutations) which are family or individual-specific and
are not found in CYP21A1P. The number of such mutations is greater than 100 and

continues to increase every day.
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Figure 3. Schematic representation of unequal crossing-over in the HLA region resulting

in a 30 kb deletion with a chimeric CYP21 gene, having a CYP21A1P-like 5-end and a
CYP21A2-like 3'-end [26].
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2.2.4.2 Inactivating Mutations

The frequency of unequal crossing-over events that cause 21-OHase deficiency is
about 20-25%, whereas 70-75% is caused by gene conversions, which transfer
mutations from CYP21A1P to CYP21A2 mainly during mitosis [27]. The ten most
common pseudogene-derived mutations and the type of CAH they cause are
summarized in Figure 4. These mutations are found with similar frequencies in most
populations although some are detected with higher frequencies in certain
populations. For example, p.GIn318X is found in Tunisian CAH population with a
higher frequency (35.3%) compared with a maximum of 13.8% in other studies [28].
A study showed that p.Val281Leu was prevalent in Ashkenazi Jews, p.Arg356Trp in
the Croatians, IVS2AS,A/C-G,-13 (Intron2-splice site) in the Iranians and Yupik-
speaking Eskimos of Western Alaska [29].

p.Leu306PhefsX5

Sw
A
p.lle235Asn
p.Val236Glu p.Arg356Trp
IVS2AS,A/C-G,-13 p.Met239Lys sw

SW SwW

p.Pro30Leu 8bp del p.lle172Asn p.Val281Leu p.GIn318X p.Pro453Ser

NC

SwW SV NC SwW NC

Figure 4. Schematic representation of CYP21A2: Exons are numbered and shown in
dark green color. Introns are shown in bars. The ten most common mutations, their positions
and resulting phenotypes are designated. 5'- and 3'-untranslated regions are indicated by
rectangles under introns. NC: Non-classical, SV: Simple virilizing, SW: Salt-wasting.

2.2.4.3 Genotype-Phenotype Correlation

About 65-75% of CAH patients are compound heterozygous. Since this genetic

disorder is recessive, the clinical expression is determined by the less severely

11



affected, “mild” allele. In most cases the correlation between genotype and
phenotype is reported to be high [30, 31, 32]. 8-bp deletion in exon 3 is associated
with salt-wasting type of 21-OHase deficiency. p.lle172Asn in exon 4 is the most
common cause of simple virilizing form of the disease. Intron2-splice site mutation
(IVS2AS,A/C-G,-13) results in classical CAH (depending on whether or not
accompanied by other mutations, simple virilizing or salt wasting). Mutations
p.lle235Asn, p.Val236Glu, and p.Met239Lys are named altogether as exon 6 cluster.
They abolish the enzyme activity and cause salt wasting form of the disease to
manifest. Mutations p.GIn318X and p.Arg356Trp in exon 8 together with the mutation
in exon 7, p.Leu306PhefsX5, lead also to the classical form of CAH. Mutations
p.Pro30Leu, p.Val281Leu and p.Pro453Ser are associated with the non-classical

form of the disease [5].

2.2.5 Copy Number Variations at CYP21A2 Locus

It was until the year 2004 that sequence polymorphisms were thought to be the major
source of individual variability and account for normal phenotypic variation. In this
year, two study groups, lafrate et al. and Sebat et al., announced high occurrence
rate of copy number variations (CNVs) in genomes of normal individuals [33, 34].
Major research followed this announcement in the next two years which added

invaluably to our knowledge of CNVs.

In 2006, researchers working on the International Genome Structural Variation
Consortium’s Copy Number Variation Project generated the first CNV map of human
genome. Analyzing 270 subjects with European, African and Asian origin, they ended
up in 1447 CNVs which possess many genes, disease loci, indels, duplicons,

segmental duplication, etc. This constitutes roughly 12% of the human genome [35].

Haploinsufficiency is a condition that results in delay or impairment in development
when one copy of a dosage-sensitive gene is deleted [36]. According to Qian et al.,
the number of haploinsufficient genes is at least 51, and probably more [37]. These
genes are usually genes that take part in the immune system and in brain

development and functionality. Among CNV related diseases one can name Down’s
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syndrome (Trisomy 21), breast cancer (HER2), AIDS (CCL3L1), Charcot-Marie-Tooth
disease (PMP22).

It is predicted that haplotypes with duplicated CYP21A2 genes could have a
predisposing role for de novo aberrations for heterozygous CYP21A1P deletions in
combination with standard RCCX units. Therefore, detection of CNV haplotypes for
CYP21A2 and CYP21A1P is of importance in terms of strategies for prenatal
CYP21A2 genotyping and genetic counseling. Moreover, duplications of CYP21A2

have been linked with being a risk factor for de novo mutations in the offspring [38].

Most chromosomes possess two RCCX modules; that is, a bimodular RCCX unit,
which carries one copy of CYP21A1P and CYP21A2. Despite a bimodular unit being
the standard, monomodular, trimodular units and in some very seldom cases even
four RCCX modules (a quadrimodular unit) are observed [22, 39, 40]. A
monomodular RCCX unit might have a 30 kb deletion starting from between exon 3
or exon 8 of CYP21A1P, through the complete TNXA, RP1 and C4B, ending at the
corresponding position in CYP21A2, which results in a chimeric CYP21 gene.
Trimodular RCCX units have most of the time duplicated CYP21A1P genes;
however, haplotypes with duplicated CYP21A2 genes and a single copy of
CYP21A1P were also reported [41, 42]. Figure 5 shows the three most common

RCCX module structures, mono-, bi- and trimodular units.
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Figure 5. Mono-, bi- and trimodular RCCX units: Horizontal bars in bimodular form

indicate the approximate span of 30 kb deletion. Duplication of CYP21A1P is presented in
trimodular form.

As far as only CYP21 genes are concerned, three different chimeric gene
(fusion/hybrid gene) structures are possible to be observed as the result of unequal
crossing-over during meiosis and gene conversion events during mitosis. These are
summarized in Figure 6 [43]. The only difference between the first and the second
haplotype in the figure is the presence and absence (30 kb deletion) of TNXA, RP2
and C4B in haplotype (1) and (2), respectively, which is not shown in the illustration.
30 kb deletion continues until exon 8 in haplotype (3), and until exon 3 in haplotype

2).
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| [ | 5'-end conversion (1)
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@) @ cyp21a1P-ike
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Figure 6. Four different haplotypes which might result after recombination events
between CYP21A2 and CYP21A1P: Blue and pink colors indicate CYP21A1P- and
CYP21A2-like regions, respectively.

One of the most commonly used methods to assign copy numbers to CYP21A2 and
CYP21A1P is the commercially available SALSA MLPA KIT P050-B2 CAH from
MRC-Holland. MLPA, Multiplex Ligation-dependent Probe Amplification, is a
technique which is based on the amplification of specific probes that hybridize to their
specific target sequences. Once all probes are hybridized, just one universal primer
pair amplifies them all since all probes have the same 5-end and 3'-end tag
sequence. Two probes bind immediately to adjacent target sequences. The
determining step here is the ligation step. When both probes are hybridized, they can
be ligated by a thermostable ligase and amplified exponentially in the next step by
universal primers. So, only ligation products are amplified in the PCR step. Finally,
the intensity of the resulting peaks after capillary electrophoresis separation is a
measure of the amount of ligated product, thus the copy number (Figure 7) [44]. The
specific MLPA kit for CAH consists of 5 probes for CYP21A2 (exons 1, 3, 4, 6 and 8),
3 for CYP21A1P, 3 for TNXB, 1 for C4A, 1 for C4B, and 1 for CREBL1. A total of 19
control probes are included, 2 of which are located on chromosome 6p21.3, 1 on Y-

chromosome and 16 elsewhere on human genomic DNA.
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MLPA, Multiplex Ligation-dependent Probe Amplification

1. Denaturation & hybridisation = PCR primer sequence X
<«— Stuffer sequence (different for
each probe)

r
PCR primer 5|

sequencet S Hybridization _x
sequence
5, ¥ J 5’¥
e s T e [Er s s e R A S e
3 Target A A Target B 5
2. Ligation X X
5 &Y The two parts of each probe hybridize to
adjacent target sequences and are
af Target A 5 ligated by a thermostable ligase.
5'eY
¥ Target B 5
3:PCR All probe ligation products are amplified by PCR using only one primer pair.
Y X Y X  The amplification product of each
e — probe has a unique length (130-480
5’ 3 3 3 nt).

4., Separation of amplification products by electrophoresis

Amplification products are separated by electrophoresis. Relative amounts of probe amplification products, as
compared to a control DNA sample, reflect the relative copy number of target sequences.
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Figure 7. Schematic representation of MLPA protocol: Hybridization, ligation,
amplification and peak acquire steps are shown in order of practice [44].

2.2.6 CNV analysis using MALDI-TOF MS

Sequenom, Inc., which is one of the leaders in the field of genetic diagnostics and
which provides genetic analysis solutions by means of mass spectrometry, has
developed three different approaches to enable CNV analysis using MassARRAY
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platform: SNP Allele Ratio (SAR), Absolute Copy Number (ACN) and Allele Specific
Copy Number (ASCN) (Figure 8) [45, 46].

SAR: This method requires well-characterized SNPs for the CNV region. As
the name implies, it provides relative copy number information (Figure 8.A).
Distinguishing alleles are amplified in target amplicons, primer extension
reactions are performed, resulting peaks for different alleles are analyzed with

respect to their area under the peak.

ACN: This approach does not rely on an SNP, can therefore make use of
either a heterozygous or a homozygous site. It returns the absolute copy
number in a highly quantitative manner (Figure 8.B). To enable the absolute
copy number determination, a competitor template whose concentration is
predetermined through serial titrations is used. Since the copy number of the
control in the reaction is known, sample copy number can be calculated by

normalizing the data.

ASCN: This method combines the first two approaches and delivers highly
informative data (Figure 8.C). Besides giving absolute copy number
information, SNP allele ratios are compared. This way, wrong interpretations

in inheritance pattern analyses can be prevented.
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Figure 8. Schematic representation of three CNV analysis approaches on MassARRAY

platform introduced by Sequenom: A. SNP Allele Ratio (SAR), B. Absolute Copy Number
(ACN), C. Allele Specific Copy Number (ASCN).
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2.3 Matrix-Assisted Laser Desorption/lonization Time-Of-Flight MS

2.3.1 History

MALDI technique was first introduced in 1988 to analyze protein molecules with a
molecular mass greater than 10000 Da using mass spectrometry. Karas and
Hillenkamp obtained spectra of lysozome (from chicken egg white), B-lactoglobulin A
(from bovine milk), porcine trypsin and albumin (from bovine) successfully with low
sample consumption (10'11 mol), short processing time and remarkable sensitivity
[47]. Similar successful analyses were reported independently [48]. These authors
combined MALDI with Time-Of-Flight mass spectrometers. By embedding the
analyte in a matrix, irradiating the formed complex with an intense, pulsed laser
beam, they were able to generate gas-phase ions of the analyte molecules, whose
mass-to-charge ratios they detected by means of a detector at the end of the

vacuumed flight path.

Since then, MALDI-TOF MS has been used in the analysis of nucleic acids. It was
even considered a high-throughput alternative to Sanger sequencing; however,
insufficient signal intensities in large sizes of DNA, adduct formation, multiple
charging were major limitations to sequencing by MALDI-TOF MS. These difficulties
limited the sequencing read length to <100 nucleotides [49, 50, 51]. In the first years
of invention, negative ion mode was used to generate analyte ions; however, with the
introduction of a more suitable matrix in 1993, 3-hydroxypicolinic acid (3-HPA) [52],
than the matrices already in use, positive ion mode started to gain more attention,

which has finally become the matrix of choice today [53].

Addition of di- and triammonium salts of organic or inorganic acids during matrix
preparation minimized the adverse effect of sodium and potassium adducts [54]. To
decrease the fragmentation of the phosphodiester backbone in large DNA sizes and
obtain more stable matrix-analyte complexes, in vitro transcription into RNA was
reported to be a considerable development [55]. Vestal applied the theory of time-lag
energy focusing originally developed by Wiley and McLaren to MALDI-TOF MS and
obtained significant improvement in mass resolution by delaying the extraction of
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ions from the source. This improved the spectrum quality extensively by suppressing
the matrix background, reducing chemical noise and minimizing the effect of laser

intensity on performance [56].

Despite the developments achieved, the problem of size-dependent fragmentation
and thus limited size range of detection, adduct formation and resolution still
prevented MALDI-TOF MS from being a true alternative to DNA sequencing method.
This made scientists start using MALDI-TOF MS for SNP analysis or genotyping from
the second half of 90s. It proved to serve for this goal efficiently since it was highly
accurate, fast, reproducible and most important of all, generated analytes with
masses between 4500-8500 Da which were easy to detect. SNP identification of a
polymorphic site in exon 13 of BRCA1 was accomplished using PCR products
without purification or strand separation [57]. Soon after the same research group
announced the multiplex genotyping of five SNP sites in the same PCR amplicon
using MassTags [58]. Since the A to T change with a 9 Da difference was not
resolved good enough in mid to high mass ranges, dideoxynucleotides were used
together with extendable deoxynucleotides, which separated different alleles further

apart from each other and provided a safer diagnostic product [59].

Sequenom initiated a campaign using this technology, which broadened the use of
MALDI-TOF MS technology in the field of SNP genotyping. Using post-PCR in vitro
transcription, the amount of final analytes for analysis was increased due to
additional amplification during transcription and the stability of ribonucleotides was
improved. The products were analyzed on MALDI-TOF MS for SNP discovery and
pathogen identification after RNase T1 mediated base-specific cleavage
(MassCLEAVE, hMC) [60]. The classical primer extension principle was introduced
first under the name PROBE and then MassEXTEND [61], which was soon improved
by using acyclic mass-modified base terminators for higher levels of multiplexing and
named iPLEX. Today, hME is considered to be the cost-effective solution for plexes
between 2 and 15, whereas iPLEX offers a lower cost per genotype for plexes higher
than 25 [62].
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2.3.2 Applications

Many genes were investigated successfully by researchers using MALDI-TOF
combined with mass spectrometry. Analyses on MALDI-TOF MS were made for
concurrent analysis of 40 SNPs in CYP2C9 and 50 SNPs in CYP2A13 by solid-
phase capture-single-base extension by Misra et al. [63], for detection of E2, E3 and
E4 alleles of ApoE using homogenous MassEXTEND by Ghebranious et al. [64], for
identification of DNA sequence changes that occurred in Escherichia coli K-12
MG1655 during laboratory adaptive evolution to new optimal growth phenotypes by
Honisch et al. [65], for simultaneous genotyping of Indels and SNPs in ApoE gene
using LuCl3 molecular scissors and oligonucleotides with RNA-activators by
Sasayama et al. [66], for evaluating 15 relevant SNPs of CYP2B6 using primer

extension approach by Blievernicht et al. [67].
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3 Materials & Methods

3.1 Patients

All genomic DNA aliquots used within the frame of this work belong to patients who
agreed to have the genetic test for CYP21-OHase deficiency offered by Bioglobe

GmbH via the doctor’s referral.

3.2 Chemicals

General
¢ Ethanol; 99% (AppliChem)
¢ HPLC water (AppliChem)

DNA extraction

+ Proteinase K (Qiagen)

¢+ QIAmp DNA Mini Kit (QIAGEN)
» Buffer AL
> Buffer AW1
» Buffer AW2

> 2 ml collection tubes

Enzymatic reactions

PCR Hi-Fi Buffer; 10x (Invitrogen)
10x HotStar PCR buffer (Qiagen)
SAP buffer (Sequenom)

5x T7 Polymerase buffer (Sequenom)
10x iPLEX buffer (Sequenom)

dNTP Mix; 25 mM (Qiagen)

T/C cleavage mix (Sequenom)

® & & 6 O o o o

iPLEX termination mix (Sequenom)
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MgSQy4; 50 mM (Invitrogen)

MgCl; (25mM) (Qiagen)

DMSO (Merck)

Platinum DNA Taq Polymerase High-Fidelity (Invitrogen)
HotStar Taqg DNA Polymerase (Qiagen)
Shrimp Alkaline Phosphatase (Sequenom)
T7/SP6 DNA Polymerase (Sequenom)
RNase A (Sequenom)

Thermosequenase (Sequenom)

iPLEX enzyme (Sequenom)

Bovine Serum Albumin — BSA (BioLabs)

® & & 6 6 O O O o o o

Gel electrophoresis

Biozym LE Agarose (Biozyme)

TBE Buffer (10 mM Tris-HCI, 10 mM boric acid, pH 7,5, 1 mM EDTA)
Tris-hydroxymethyl-aminmethane (Merck)

EDTA (Merck)

Boric acid (Merck)

LE Agarose (Biozyme)

Ethidiumbromide; 10 mg/ml (Roth)

MassRuler™ DNA Ladder; Mix, 80 — 10000 bp (Fermentas)
FastRuler™ DNA Ladder; High Range, 500 — 10000 bp (Fermentas)
DNA Loading buffer; 6x (5 ml Glycerin, 5 ml TE-Buffer, 0,25% BPB, 100 pl 0,5
M EDTA, pH 8,0) (AppliChem)

® & & O 6 O o o o o

3.3 Devices

¢ Pipettes; 0,5-10/2-20/10-100/50-200/100-1000 ul (Eppendorf)

¢ Multi-channel Pipettes; 0,5-10/5-100/50-1250 pl (Eppendorf)

¢ Centrifuges; Rotanta 460R, Rotina 35 (Hettich), Centrifuges 5415C and
5415D (Eppendorf)

¢ Heating block; Thermomix 5436 (Eppendorf)
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® & & & O o o o o

Vortex (Scientific Industries)

PeqlLab Advanced Primus 96 cyclers (384-well block)

Gel electrophoresis chamber (MW G-Biotech)

Gel electrophoresis power supply (Biometra)

Microwave oven (Siemens)

Balance (Sartorius)

Dark Hood DH-40/50 Bio-imaging (Biostep)

MassARRAY Nanodispenser (Samsung)

MALDI-TOF Mass Spectrometry Compact Platform (Bruker)

3.4 Plastics

® & & o o

384-Well Microtiter PCR Plates (Sarstedt)
384-Well Dimple Plate (3 mg, 6 mg) (Sequenom)
Pipette tips; 0,5-20/10-200/100-1000 pl (Sarstedt)
Reaction tubes; 0,5/1,5/2,0 ml (Sarstedt)

Plastic films (Sarstedt)

3.5 Long-range Amplification of CYP21A2

Due to its relatively large size and high similarity to CYP21A1P, the common practice
has usually been to amplify CYP21A2 in two overlapping fragments. This way,
specificity is assured with either forward or reverse primer. For the first fragment,
depending on the size of the region which is desired to be analyzed prior to exon 1,
the forward primer binds in the promoter region and the reverse primer in exon 6
cluster (E6-cluster), where three thymine bases in CYP21A2 are located in close
vicinity and three adenine bases instead of them are present in CYP21A1P. For the
second fragment, the forward primer binds on the eight base pairs (8-bp), which are
deleted in CYP21A1P, and the reverse primer binds in the 3'-UTR region universally.
It is the reverse and the forward primer in the amplification of the first and the second

fragment, respectively, which assures specificity.
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In rare cases 8-bp is known to be present in CYP21A1P. More importantly, in hybrid
genes, which result after deletions and large conversions, E6-cluster is present in
either heterozygous or homozygous form. This was proven in a previous study, which
included 200 individuals where all subjects were analyzed for their CYP21A2 and
CYP21A1P genes separately [68]. Results show that amplification of CYP21A2 in
two overlapping fragments is prone to deliver false and/or incomplete genotype
results. Therefore, the long-range amplification of CYP21A2 in one fragment was

adopted in this work.

In this approach, the forward primer, which binds in the promoter, enables specific
amplification of CYP21A2. This 22-bp-long primer binding site has two nucleotides
which differentiate between the two CYP21 genes at all times. One of them is the
outermost 3' base and the other is the 12" base from the 3'-end. Two reverse primers
are used in combination with the forward primer. These primers are designed within
the scope of this work since the 3'-end of the gene is highly variable and contains no
constant distinguishing regions between the two genes. The last five bases of each
primer possess thio-phosphate bonds to increase specificity by preventing any
miscorrection of the primer sequence by proof-reading activity of the applied DNA

polymerase from annealing it to CYP21A1P (Figure 9).

A. B.
c.1-199_C>T 1c.1486+443_T>C
BF_AF t.1-21o_T>c L ¢.1-190_insT t.1486+440_C>T BR_AR
CCTTCCTTGCTTCTTGATGGGTGATCAATTTTTTT CCTCCGCTGCAGAGGATTGAGGCTTA
Figure 9. Schematic representation of the primer binding sites for long-range

amplification of CYP21A2: Distinguishing bases are indicated on CYP21A2 reference
sequence together with their positions. Corresponding genotypes in CYP21A1P are shown in
the annotation. A. Specific forward primer for CYP21A2 and CYP21A1P, BF and AF,
respectively. B. Target sequence of reverse primers, BR and AR.

Using BF in combination with BR and AR enabled specific amplification of CYP21A2
provided that 5'-end region is not deleted. Using AF in combination with BF and AR
enabled the amplification of possible hybrid genes. After having optimized the PCR

25



reagent concentrations and cycling conditions, products of expected size were
obtained (Table 1).

Table 1. A. PCR cocktail recipe designed and optimized for the long-range
amplification of CYP21A2. A final volume of 15 ul was used. Final concentrations are given.
B. Designed long-range CYP21-PCR program.

A. Buffer for Hi-Fi Taq 1x B. 94°C 2 min
dNTPs 0.2 mM 94°C 35 sec
BF 0.8 uM 62°C 45 sec } 35x
BR 0.5 uM 68°C 4 min
AR 0.5 uM 68°C 10 min
MgSOq4 2 mM 4°C
DMSO VIV 1%

BSA 0.8 ug/ul
DNA Polymerase Hi-Fi 0.3 U
Genomic DNA 80-130 ng
dd HxO NA

3.6 Nested PCR

To enable CYP21A2 analysis with mass spectrometry, the long-range PCR product
has to be re-amplified in shorter sub-amplicons. The 3 kb amplicon is divided into
nine sub-amplicons, whose lengths range from 284 bp to 475 bp, using primers
which are tagged with T7 and SP6 RNA polymerase promoters (Table 2). A much
shorter amplicons with a size of 141 bp and named Amp356, had to be designed
additionally for the analysis of a vital mutation which will be explained in the following

sections in more detail.

Nested PCR functions as the first step of the hMC protocol in terms of reagents and
cycling conditions, except that the total volume in one well is 7.5 pl instead of the
standard 5.0 ul due to the experiments that follow. Detailed conditions are described
in Table 3.
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Table 2. Primers designed and optimized for the nested PCR for CYP21A2 after long-
range PCR: Forward primers are tagged with T7-tag and reverse primers with SP6-tag. T7-
tag= cagtaatacgactcactatagggagaaggct, SP6-tag= cgatttaggtgacactatagaagagaggct, |I:
Universal binding base inosine. Position numbers are assigned relative to the ENSEMBL
transcript ENST0000448314 (a merged manually-curated transcript from Havana/Vega
matching to the genebuild ENSG00000198457).

Name Sequence (5' — 3') Position

Ex1F | Amp1 T7-GGGATGGCTGGGGCTCTTG c.1-60 - c.1-42
ExIR | 327 bp SP6-GAGGACCCTCTCCGTCACC €.200-33 - ¢.199+47

Ex2F | Amp2 T7-GCTGCAAGGTGAGAGGCTGAT ¢.192 - ¢.199+13
Ex2R | 318 bp SP6-CTTGAGGCTGAGGTGGGAG  ¢.289+124 - ¢.289+106

Ex3F | Amp3 T7-GCCCAGGCTGGTCTTAAATTC  ¢.289+69 ¢.289+89
Ex3R | 381 bp SP6-AGCCCAGCCTTACCTCAC c.444+13 - c.440

Ex4F | Amp4  T7-AAGCCCACAAGAAGCTCACC ¢.350 - ¢.369
Ex4R | 361 bp SP6-CAGGACAAGGAGAGGCTCAG c¢.547-31 - ¢.546+39

Ex5/6F | Amp5/6 T7-GATCAAGGTGCCTCACAGCC c.540 - ¢.546+13
Ex5/6R] 451 bp SP6-GCAATGCTGAGGCCGGTAGC ¢.735+67 - ¢.735+48

Ex7F } Amp7  T7-AGGCAGCACAAGGTGGGGAC  c¢.724 - c.735+8
Ex7R_J 426 bp SP6-GCCAGGTTGCTGGGAAGGAG ¢.936+45 - ¢.936+26

Ex8F }AmpS T7-TTTTTTTGCTTCACCACCCTG c.914 - c.934
Ex8R_J 475bp SP6-GCTGGAGTTAGAGGCTGGC c.1116-10 - c.1116-28

Ex9F | Amp9  T7-CACCACACGGCCCAGCAGG c.1098 - c.1115+1
Ex9R J 284 bp SP6-GGTGGGTGGGGAGGCGTTC  ¢.1120-18 - ¢.1120-36

Ex10F | Amp10 T7-CCTGCCGTGAAAATGTGGTGG ¢.1219+20 - ¢.1219+40
Ex10RJ 443 bp SP6-GCGATCTCGCAGCACTGTGT ¢.1486+100 - c.1486+81

356F [ Amp356 T7-CCIAGGTGCTGIICCTG c.1049 - c.1065
Ex8R]J 141bp SP6-GCTGGAGTTAGAGGCTGGC  ¢.1116-10-¢.1116-28

Table 3. A. Recipe of nested PCR designed for CYP21A2. A final volume of 7.5 ul was

used. Final concentrations are given. B. Designed nested PCR (hMC-PCR) program.

A. HotStar PCR buffer 1x B. 94°C 15 min
dNTPs 0.2 mM 94°C 20 sec
PCR primer forward 0.2 uyM 62°C 30 sec }45x
PCR primer reverse 0.2 yM 72°C 1 min
HotStar Taq 0.15U 72°C 3 min
Long-range PCR product NA (1 pl) 4°C 5 min
dd HxO NA 15°C
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3.7 Shrimp Alkaline Phosphatase (SAP) Digestion

Crude PCR products are treated with Shrimp Alkaline Phosphatase (SAP) to
dephosphorylate any remaining triphosphates and prevent their incorporation in the

following experiments (Table 4). 3 yl of SAP mix is added directly to each reaction

well.
Table 4. A. Recipe of SAP digestion cocktail applied after nested PCR. Final
concentrations are given. B. SAP treatment program.
A. SAP buffer 1x B. 37°C 20 min
dd H,O NA 85°C 5 min
SAP enzyme 0.6U 15°C

3.8 Mass Spectrometry Methods — MassCLEAVE and iPLEX

Commercial kits from Sequenom GmbH, MassCLEAVE and iPLEX, were used
during the project. The working principle of both methods is explained below in detail
and outlined in Figure 10 [69, 70].

Base-specific cleavage is the basic biochemical method for SNP discovery using
mass spectrometry. Reference sequences for amplicons are loaded into the software
database, experiments are run as described in the manufacturer's manuals and
signals are obtained for all four reactions; T/C forward and T/C reverse. This
procedure results in fragments from an amplicon, which are truncated at every base.
Generated signals are retrieved from SNP discovery workstation and analyzed.
Depending on the settings, detected masses are listed together with new and
missing masses, intensities and sequences of fragments from which they are
generated. Once this information is at hand, the operator can locate the position of

the base change, deletion or insertion easily.
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iPLEX is the second mass spectrometry method which is used for genotyping. This

approach has a major difference to MassCLEAVE; that is, the position where an SNP

is expected must be known in advance. It is not possible to discover any variants
located in a position different than the SNP site itself. Unlike MassCLEAVE, the

method does not include a transcription step. It exploits the change of mass of the

fragment after terminating the primer elongation after one single specific base.
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3.8.1 Transcription and Base-specific Cleavage

Once the SAP digestion step is completed, the final step before the measurement is
the transcription into RNA and cleavage (Table 5). Base-specific cleavage takes

place after transcription into RNA by incubation at 37°C for 3 hours.

Table 5. A. Recipe of hMC-transcription cocktail. Final concentrations are given. B.
hMC-transcription and cleavage program.

A. 5x T7 Polymerase buffer 1x B. 37°C 180 min
T/C cleavage mix NA 15°C =
DTT 5mM
T7/SP6 DNA Polymerase 20U
RNase A 0.08mg/ml
SAP treated nested PCR product 1l
dd HxO NA

3.8.2 Single Base-extension Reactions

Mass extension reactions are performed using the amplicons created already in the
nested PCR step. Both homozygous mass extend (hME) and iPLEX reactions were

tested during the evaluation period (Table 6, Table 7).

Table 6. A. Recipe of MassEXTEND reaction cocktail adjusted to iPLEX (buffer-
enzyme pair) specifically for CYP21A2 analysis. Final concentrations are given. B.
MassEXTEND reaction program.

A. hME buffer 0.22x B. 94°C 2 min
iPLEX termination mix 0.5x 94°C 5 sec
Primer mix (10pM-20uM) 1.3uM-2.7uM 52°C 5 sec } 75x
hME enzyme 0.5x 72 °C 5 sec
dd H,O NA 15°C =
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Table 7. A. Recipe of iPLEX-Gold reaction cocktail for low multiplexing. Final
concentrations are given. B. iPLEX reaction program.

A. iPLEX buffer 0.22x B. 94°C 30 sec
iPLEX termination mix 0.5x 94°C 5 sec
Primer mix (10uM-20uM) 1.3uM-2.7uM 52°C 5 sec} 5y 55x
iPLEX enzyme 0.5x 80°C 5 sec
SAP treated product 6 ul 72°C 3 min
dd H,O NA 15°C =

A total number of 31 variations, 17.9% of all, is analyzed successfully by iPLEX
approach in four multiplex groups. These multiplex groups are named plex 1, 2, 3
and Poly since the last group contains polymorphisms only. The first and the second
multiplex groups are 9-plex, the third is 6-plex and Poly is 7-plex (Table 8). Detecting
polymorphisms is not as vital as detecting mutations as they do not alter the
phenotype; however, this multiplex group serves as a proper internal quality control
to assure no allele drop-out has taken place during amplification. If the genotyping
data do not correlate with clinical manifestations and all polymorphism positions
result in homozygous state, the experimenter might suspect a possible allele drop-

out and perform further inspection.

Table 8. Recipes of extension primer mixes for each multiplex group consisting of
specifically designed primers: Primer mixes are prepared in a volume of 30 ul. Final
concentrations of extension primers in the mixes and their sequences are shown under
assay groups 1, 2, 3, and Poly. The adopted nomenclature is given in parenthesis, but the
assay names used during the test phase are kept. i: Universal binding base Inosine.

Assay name Sequence Concentration
1.

8bp (c.329_336delGAGACTAC) TTGTGGGCTTTCCAGAGCAG 10uM
E351K (c.1051G>A) TTGCTCAATGCCACCATCICC 12uM
G291C (c.871G>T) GCAGTGGACCTCCTGATC 12uM
P453S (p.Pro453Ser) GGGCAGGGCGTCCCCGGAGG 12uM
R356P/Q (c.1067G>C/A) CGCCAGCGGCTCGCCCAGGCACACG  10uM
R426C (c.1276C>T) TCTGGCCTTCGGCTGCGGTICC 15uM
R426Hlong (c.1277G>A) CGCCAGCGGCTCGCCCAGGCACACG  15uM
V281G (c.842T>G) GGAGGTCCACTGCAGCCAIGTGC 12uM
V281L(p.Val281Leu) CTCCTGGAAGGGCAC 10uM
2.

A362V (c.1085C>T) GCCCGTTGTGCCCTTAG 10uM
E6 (c.707, c.710, c.716T>A) AGGCCATAGAGAAGAGGGA 12uM
G178R (c.532G>A) TGAGGCACCTTGATCTTGTCTC 12uM
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Table 8. cont'd

[172N (p.lle172Asn) CGAAGGTGAGGTAACAG 10uM
L317M/V (c.949C>A/G) CGTGGTCTAGCTCCTCCTICA 12uM
Mt.Cd.241 (c.721C>G) GTCCCCACCTTGTGCTGCCTCA 12uM
Mt.Cd.450 (c.1349C>T) GTCCCCGGAGGICAGCAGC 12uM
R483Q/P (c.1448G>A/C) GTGGGCCCCCATCCCC 12uM
Mt.Cd.491 (c.1471G>A) CCCATCACTGGITCTGGC 10uM
3.

1789_G/C (rs6442) CCACCCTGAGIIGCGTCCTG 20puM
P105L (c.314C>T) CTGGTGTCTAIGAACTACC 10uM
W302R (c.904T>C) GACCCCAGCAAACACCITCTCA 15uM
R339H (c.1016G>A) GGGTCCCCTACAAGGACC 10uM
V304M (c.910G>A) GGTGGTGAAICAAAAAAAACCA 12uM
Q318X (p.GIn318X) TGGTCTAGCTCCTCCT 10uM
Poly.

-4_CIT (rs6470) CCCTGACGGGCGTCT 10uM
P.Cd.493 (rs61732563) TCCTGCCCCATCACTGG 10uM
P.560 (c.290-109G>C) GTCICTGGAAGCTCTTG 12uM
P.601 (rs6451) GAGGGCCTGACCTTCTTC 10uM
delCTG (rs28381641) CAGGGGCAGCAGCAGCAG 10uM
P.629-30 (rs35147842) GCTGGAGGGTGGGAACTGA 12uM
P.490 (rs61732562) GGGATGGGGGCCCACAGCCC 12uM

The protocols which have been explained so far are related to the mutation detection
section of the project. The CNV analysis is performed using the same protocols only
with the exception of the absence of a gene specific long-range PCR as the
beginning step. In CNV analysis, a 3-plex multiplex PCR replaces this step, by which
the necessary portions of CYP21A2 and CYP21A1P are amplified simultaneously.
This procedure is explained in more detail in section 3.2. Multiplex PCR recipe and

the cycling program used in quantitative analysis are summarized in Table 9.
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Table 9. A. Recipe of multiplex PCR designed for SAR analysis of CYP21A2 and
CYP21A1P: A total standard volume of 5.0 pyl was used. Final concentrations are given. B.
Multiplex PCR program designed specifically for quantitative analysis of CYP21A2 and
CYP21A1P. C. Extension primer mix designed for the quantitative analysis.

A. Buffer for Hi-Fi Taq 1.25x B. 94°C 15 min
dNTPs 200uM each 94°C 20 sec
PCR primer mix 0.1uM of each primer 62°C 30 sec} 25x
MgSO4 3.5mM 68°C 1 min
Hi-Fi Taq 0.5U 68°C 3 min
Genomic DNA 20-45 ng 4°C 5 min
dd H,O NA 15°C

C. c.1-126C/T 18uM
c.289+138A/G 15uM
c.702T/C 10uM
H.O NA

3.9 Sample Conditioning

After mass extension and cleavage reactions are completed, reaction products are
diluted with 20 ul deionized H,O. Remaining metal ions are removed using Clean
Resin, which is included in the reaction kits from Sequenom. hMC and iPLEX
reaction products are treated with 6 mg Clean Resin per well, hME reaction products
with 3 mg. The appropriate amount of Clean Resin is transferred to the well by the
help of a dimple plate. The reaction plate is rotated at room temperature for

approximately 15 min.

3.10 Sample Dispensing and Measurement

The resin is spun down at maximum centrifugation speed for 5 min. Approximately 15
nl of the reaction product is dispensed on a SpectroCHIP using the MassARRAY
Nanodispenser. Measurements are performed and spectra are acquired using the
default settings for hMC and iPLEX on the MassARRAY Analyzer Compact.
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3.11 Target Mutation List

Due to technical principles of mass spectrometry methods, it is impossible to acquire
a direct gene sequencing-like result. Variations that result in fragments after base-
specific cleavage which do not generate differentiating signals between the mutant
and the wild type in the detectable mass range are not possible to identify. As for
SNP-site extension reactions, the researcher must know beforehand where the
variation is expected to occur in order to design an extension primer adjacently.

Therefore, a mutation set had to be defined for variations detectable by the protocol.

The approach was to list all annotated mutations and polymorphisms up-to-date
together with their positions, the type of CAH they cause and in vitro enzyme activity
they result in provided that the data was available. This information was obtained
from the online database of The Human Cytochrome P450 Allele Nomenclature
Committee for CYP21A2 and from NCBI's SNP database (dbSNP, mapping to
genome build 37.2) for CYP21A2. Polymorphisms and rare mutations found in
routine analyses in Bioglobe GmbH laboratories were included as well (Table 10) [71,
72].

Due to the fact that this region of human genome is highly rich in variations, there is
not enough number of sites for extension primers to anneal for every single
submission in the database. This brings one to the obligation to build a target list.
The priority set in doing so was as follows: the ten most important pseudogene-
derived mutations, rare mutations whose effect on enzyme activity is known, rare
mutations found at Bioglobe GmbH laboratories throughout routine analyses until
present date, and finally the most common polymorphisms found in German
population. The variation with the ID 114 in indicates the end of the target list
regarding rare mutations. The detectable variants after this point were still included in
the study; however, no primer extension assays were designed for them if they were
undetectable by hMC.
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3.12 Software

To obtain wild type (reference) and mutation/SNP masses of fragments after cleaving
the amplicons of nested PCR in all four reactions, MS-Analyzer is used for simulation
purposes, which is an in-house developed prototype tool. With the aid of the MS-
Analyzer tool, it was determined in silico whether or not a certain variation results in a

differentiating signal by cleaving amplicons.

MassARRAY AssayDesign 3.1 is the basic tool to design assays for iPLEX. The
software has the following default settings for single base extension assay design:
Primer length between 17 bp and 28 bp, mass range between 4500 Da and 8500 Da,
minimum peak separation for analytes and extension primers 20 Da and 10 Da,
respectively, analyte by-product masses + 30 Da. The software was used with default
settings except the cases where certain assays needed to be manually designed
when the software reported a design failure due to secondary SNPs in close vicinity

or any other risk factor such as hair-pin formation, etc.
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3.13 Experimental Layout

All experiments are performed on 384-well micro plates. Long-range PCR is the first
step of experiments, where CYP21A2 is amplified from the genomic DNA in one
fragment. After the PCR is done, the master mix for nested PCR is prepared for each
amplicon using amplicon-specific primers. Forward primers for nested PCR have the
T7 and reverse primers the SP6 promoter tag. To 6.5 ul of master mix for each
amplicon, 1 ul of long-range PCR product is added, giving a total volume of 7.5 pl.
After nested PCR is complete, SAP treatment is performed by adding 3 ul SAP mix to
each well, giving a total volume of 10.5 pl. Transcription master mix is prepared for
four reactions and distributed in 2.25 pl volumes to every well on a new 384-well
plate. 1 pl of SAP treated PCR product from each amplicon was added to the
transcription mix and the reaction is performed. 1 ul from the remaining SAP treated
amplicons 3, 4, 5/6, 7, 8 and 10 is taken for iPLEX assay groups 1, 2 and 3 and
mixed with 2 pl iPLEX mix. 2 pl of remaining SAP treated product from amplicons 1, 3
and 10 is taken and mixed with 2 pl iPLEX mix for iPLEX assay group Poly.

Extension reaction is performed with 75 cycles (Figure 11a and 11b).
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3 x 1 ul from amplicons 3, 4, 5/6, 7, 8 and 10

fFr7177T 1 Vel

hMC — PCR plate after transcription 6.5 ul iPLEX plate 6.0 pl
1 2 3 4 5 6 7 8 9 10 1 2 3 4
A 1 1 1 1 1 1 1 1 1 1 A 1 1 1 1
B B
C 2 2 2 2 2 2 2 2 2 2 [} 2 2 2 2
D D
E 3 3 3 3 3 3 3 3 3 3 E 3 3 3 3
F E
G 4 4 4 4 4 4 4 4 4 4 G 4 4 4 4
H H
| 5 5 5 5 5 5 5 5 5 5 1 5 5 5 5
J J
K 6 6 6 6 6 6 6 6 6 6 K 6 6 6 6
L L
M 7 7 7 7 7 7 7 7 7 7 M 7 7 7 7
N N
o NC NC NC NC NC NC NC NC NC NC o NC NC NC NC
P P

| | | 3

2 ul from amplicons 1, 3 and 10 I I I I

4 x 2 pl iPLEX master mix

Figure 11b. Schematic representation of CAH mass spectrometry analyses experiments:
The plate layout is presented from the first PCR to the primer extension step together with
volumes per well for seven samples and one negative control (NC). Assay groups 1, 2, 3 and
Poly are represented by 1, 2, 3, 4, respectively.

3.14 Data Analysis

The in-house developed tool MS-Analyzer is used for post-measurement
MassCLEAVE data analysis. Using MS-Analyzer in the analysis saves a
considerable amount of time. Moreover, calls are grouped into high and low score
lists according to allowed uncertainty levels, which can be edited by the user. This

enables the analysis to be more flexible.

MS-Analyzer is inputted with the exported peak list from the system software
DiscoveryRT. If at a certain position a certain change is expected, this can be loaded
into the tool database beforehand with a desired name. It is then compared to the
experimental data and the software displays all variations that are found in that
specific amplicon per sample automatically together with their zygosity. The user
does not have to locate the position and the base exchange, deletion or insertion

manually. The results are shown in amplicon reports and they are grouped into high-
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score and low-score calls. Variations found are classified into these two groups with
respect to the number of expected and found differentiating signals. By changing the
error factor in the software settings, one can adjust the accuracy and allowed
uncertainty; thus, optimize the process for the best call rate. This automation step
with additional settings such as, the analyzed mass range, check for salt adducts,
doubly charged fragments, etc., saves a significant amount of time in data analysis.
The default settings used are; error factor: 2.0, minimum mass cut-off: 1300,
maximum mass cut-off: 7000, check for salt adducts: no, check for acy: no, check for

doubly charged fragments: yes, check for matrix adducts: yes.

MassARRAY TyperAnalyzer 3.4 was used to interpret the spectrum outcome of
iPLEX reactions. The program calibrates and analyzes the acquired spectra, calls
genotypes automatically and displays them in a traffic light plot. This enables the
experimenter to have a good overview of the assay efficiencies and overall quality. In
case of poorly functioning assays or samples, visual investigation of the spectra to

make operator calls or repeat experiments might be needed.

4 Results and Discussion

Congenital Adrenal Hyperplasia (CAH) due to 21-hydroxylase deficiency is one of the
most common autosomal recessive disorders, which is analyzed genetically for
mutations and polymorphisms with modern methods. Multiplex minisequencing [140],
ligase-mediated mutation detection [141], fragment analysis with restriction digestion
[142, 143], amplification-created restriction site [ACRS] [144], direct gene sequencing
after amplification in one fragment [145] or two or more overlapping fragments using
allele-specific primers [146] and linked microsatellites [5] are among the most
common. To study large conversions, deletions and hybrid gene formations, real-time
quantitative PCR-based methods [147] and Southern blotting [142, 143] and
Multiplex Ligation-dependent Probe Amplification (MLPA) methods are reported
[148].
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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) was first introduced in 1988 by Karas and Hillenkamp to analyze protein
molecules which have molecular masses greater than 10000 Daltons [47]. Using
MALDI-TOF MS to analyze nucleic acids has certain advantages over traditional
methods. First of all, the method is more rapid. Genotype can be obtained in the
scale of seconds while conventional methods usually need hours. Second, results
are highly accurate and absolute since they are based on the intrinsic property of
mass-to-charge ratio of the matter, which is not affected by secondary-structure
formations in nucleic acids. Lastly, the automation of experimental steps and data

acquisition/interpretation are more feasible than in conventional approaches [149].

Here, a new approach to detect mutations and polymorphisms in CYP21A2 is
introduced as well as to quantitative analysis of CYP21A2 and CYP21A1P. Mutation
and SNP detection begins with the long-range amplification of CYP21A2 gene. A
nested PCR is performed using the crude first PCR products which produces shorter
fragments for the mass spectrometry experiments. Homogenous mass-cleavage and
extension reactions are run after SAP digestion. Finally mass spectrometry
measurements are carried out, data are acquired and interpreted automatically. This

approach combines mutation detection and CNV analysis on the same platform.

Throughout the entire study, the polymorphisms, pseudogene-derived mutations and
rare mutations for CYP21A2 available in online database of The Human Cytochrome
P450 Allele Nomenclature Committee, NCBI dbSNP database and molecular genetic
laboratories of Bioglobe GmbH are taken into consideration. Position numbering is
done relative to ENSEMBL transcript ENST0000448314 which matches to the gene
build ENSG00000198457.

The results are grouped under two main headings: a) Mutation detection, b) CNV

analysis.
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4.1 Mutation Detection

4.1.1 Long-range Amplification of CYP21A2

CYP21A2-gene was specifically amplified by means of a primer mix containing a
gene-specific forward primer and two universal reverse primers. The requirement of
using a primer mix with a pair of universal reverse primers is due to the fact that the
3'-end of both genes lack conserved base pairs where gene-specific primers could be
placed [68].

Bands of expected size were observed after gel electrophoresis after the long-range
PCR. Specific amplification was confirmed by the following mass spectrometry
experiments. The total volume of long range PCR mix should not be less than 15 pl
in order to have enough material for all successive experiments. 15 pl and 25 ul of
PCR protocols were tested for their efficiencies. 15 pl set-up delivered more intense
bands and less by-products on the gel electrophoresis (Figure 12). This is likely to be
due to the change of heat transfer dynamics because of the conical shape of the
liquid inside the well as the level becomes higher. A final volume of 15 ul long-range

PCR set-up was adopted as the initial step for the following experiments.
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Figure 12.  Gel electrophoresis of 15 and 25 ul long range PCR set-ups: The first and the
last lanes in both parts belong to the DNA marker and the negative control, respectively.

4.1.2 Target Mutation List and Simulations

Each pseudogene-derived mutation, polymorphism and rare mutation was annotated
on the wild type sequence of the relevant amplicon (reference sequence) and put into
MS-Analyzer for simulation. For variations in close proximity, which affect the same
wild type cleavage fragment in a certain reaction, haplotype combinations (the case
of two or more variations being located on the same allele) were included in
simulations. Simulation analysis showed that 89 variations in Table 10 are detectable
with MassCLEAVE through differentiating signals resulting from the same cleavage
reaction. 14 variations gave differentiating signals that are not generated in the same
cleavage reaction but in two or more different reactions which cause a new signal to

appear and a signal to disappear. In both cases the correct genotype could be
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assigned by the automatic data analysis software successfully. Figure 13 displays an
example of the simulation result for the mutation C147R. Differentiating signals in two
reactions for wild type and mutation cases are highlighted in color. Complete

simulation results are summarized in section 6.1.

t-forward t-reverse c-forward c-reverse

Mutation Signal  [c.439_T>C(C147R) | 2870,8 3991,4 |
t-forward t-reverse c-forward c-reverse
Wild Type Signal [c.439_T>C(C147R) | 2854,8 4295,6 1657 |

Figure 13. An example simulation of the mutation C147R: Two differentiating reactions
are T-reverse and C-forward. Wild type and mutation signals coming from cleavage products
of these reactions are highlighted in green.

For variations, which are not detectable with hMC, SNP-site extension assays were
designed. Some positions were included in extension assays although they are
analyzable with MassCLEAVE either because the signal resolution was not good
enough for safe peak picking, or one or the other signal was not presented well
enough due to the particular sequence at the region, which might hinder the enzyme

performance. In total, these variations add up to 31.

The practical proof of every variation using real samples could not be tested within
the allowed resources of this work due to very low frequencies. Although designing
enough number of artificial model samples in-vitro, which would contain all rare
mutations, was possible, it was economically not feasible. However; the proof of
concept was shown in a reproducible and accurate manner for all variations present
in real samples. Since the working principle of MALDI-TOF MS is straightforward, an
extrapolation on variations, which were not available in real samples, can be done

with confidence.

4.1.3 Base-specific Cleavage Analysis

CYP21A2 analysis using hMC is not a classical SNP discovery or species typing
analysis because of the fact that the region harbors so many SNPs and mutations in

such a short gene span. This represents an obstacle for the method. For this reason,
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the first approach was to increase the amplicon size to include as many variations as
possible to analyze provided that the region allows “SNP-free” spots for primers to
bind. However, the amplicon size cannot be extended infinitely as this would finally
result in overlapping signals and reduce the number of differentiating signals
considerably. One of the simulation runs included larger amplicons with the aim of
reducing the practical workload and increasing the throughput, but this trial suffered
from conflicting signals for some vital mutations. Therefore, the set-up which uses the

previously presented amplicons was kept in practice.

A shorter sub-amplicon, which is named Amp356, is 141 bp-long. It was formed
solely to be able to detect the mutation p.Arg356Trp, since this important mutation
was impossible to detect within Amp8 in the adopted experimental design and
different primer extension assays designed for this position all failed to function. To
tackle this difficult problem, a nested PCR primer, which would bind immediately to
the 5'-upstream of the mutation, was designed and combined with the reverse nested
PCR primer for Amp8. The new amplicon was cleaved in silico and observed to
generate a differentiating signal for the targeted mutation and the possible
interruption of three other secondary SNPs was eliminated automatically (Figure 14).
To prevent any mismatch in case of presence of any of the three rare mutations in
the primer binding region, universal binding base inosine was incorporated in the
forward primer. Since inosine acts as a virtual guanine, the complementary base

cytosine was used in the simulation for mass calculation of RNA cleavage fragments.
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R354H_a
Mt.Cd.350_a \R356P_c
1356F R356W_t

Exon8 t351 K a t;sm_t R356Q_a

p

TCGCCGAGGTGCTGCGCCTGCGGCCCG

Figure 14. Nested PCR primer positioned adjacent to the mutation site: Blue arrow shows
the nested PCR primer named 356F. Red flags indicate the position of rare mutations and
the nucleotide change from the wild type. The yellow flag shows a rare mutation found in
Bioglobe GmbH laboratories and its base change. Green arrow indicates exon 8 expanding
to the left and right. Instead of three wild type bases in the primer binding region, universal
base inosine was used in the primer sequence.

This final MassCLEAVE set-up was put in test after the extra amplicon for
p.Arg356Trp was added to the design. The test included 6 real samples which
possess the mutation p.Arg356Trp in heterozygous form, one wild type sample and
one negative control. In all positive samples, the mutation was detected with a decent
intensity and the wild type sample resulted in wild type peaks only. The negative
control gave primer peaks and a few peaks of negligible intensity. Figure 15 presents
the results of these real samples on MS-Analyzer.

Homogenous mass cleave reactions provide genotyping of 103 variations by means
of cleaving ten different amplicons in base-specific manner in four reactions
separately. A direct detection indicates that the genotype can be assigned analyzing
only one of the four cleavage reactions. An indirect detection should be done when a
single cleavage reaction does not provide enough information to assign the
genotype, but the analysis of two or more reactions need to be combined. Defining all
possible genotype combinations in advance, variations are reported automatically via
MS-Analyzer tool. The overall setup was tested regularly with different primer mixes,

stock solutions, chemical reagents and showed reproducibility, stability and reliability.
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Figure 15. hMC results of the extra amplicon Amp356 with real samples: The first three
rows of spectra from the top belong to samples which are heterozygous for the mutation
p.Arg356Trp. Left hand side spectrum of the fourth row from the top displays a sample with a
wild type allele for this amplicon. Right hand side spectrum of the fourth row from the top is
the negative control.

4.1.4 Single Base-extension Analysis (iPLEX)

To analyze CYP21A2 using primer extension approach in a feasible number of

multiplex groups is only possible by iPLEX approach; that is, single base extension
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reaction. Designing assays using classical mass-extension approach (hME) with
different stop mixes is not feasible due to the very high SNP density throughout the

analyzed genomic region.

Extension primers are designed using single base extension approach specifically for
each position to be analyzed. The size, thus the mass of each extension primer is
different and is chosen in such a way that none of the analyte or extension primer
masses overlaps with another analyte of any assay or its extension primer in a
multiplex group and the complete mass range is efficiently used. AssayDesigner 3.1
is used to design extension assays, where one can set certain preferences such as
minimum and/or maximum length, maximum and/or minimum mass cut-off, direction,
minimum peak separation. The software displays likely risks such as hair-pin
formation, inter- or intra-primer interactions roughly when it has finalized the design.
When the designer fails to design an assay, the operator can design it manually by
applying expert knowledge and taking into account the special sequences in the
region. During the extension reaction the primer is annealed and elongated for one
base only after which the elongation is terminated. Due to the chemistry, a possible
unextended primer peak (unless the yield is 100%) and at least one analyte peak are

expected on the spectrum for each assay.

The primer mix for each group contains extension primers with different masses. To
equalize the representation of extension primers on the spectrum, the concentrations
of high-mass primers are increased compared to low-mass primers, so that they
have similar intensities throughout the spectrum. The concentration of each primer
was modified until it reached the best performance during optimization experiments.
The concentration of the extension primers in the reaction ranges from 1.3 uM to 2.7
MM.

During the assay design, considering neighboring SNPs and other assays to be
multiplexed, some modifications were made in software default parameters, such as
reducing the minimum primer length to 15 and the lowering mass limit to 4000 to
utilize the low mass range more. Many assays had to be designed and tested
completely manually due to very high density of secondary SNPs in the region. As a

general rule, extension primers are allowed to have one possible mismatch when the
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position is located at least 15 bases away from the extendable 3'-end during the

manual design.

All constructed assays are presented below in detail (Table 11). Schematic plot of
each assay is displayed in detail in Table 12. Some “special” assays need to be

explained in more detail:

» 8bp: To detect the 8-bp deletion, one of the two variations which co-exist with
this mutation, 717_C/T (c.339C>T), is used [68]. A “C” at this position would
indicate that the eight base pairs are present, and a “T” that they are deleted.

> E351K: The 3™ base from the 3'-end is replaced with inosine to eliminate the
possible interference of Mt. Cd. 350 (c.1048G>A).

» R426C: The 3" base from the 3'-end is replaced with inosine to eliminate the
possible interference of G424S (c.1273G>A).

» R426HIong: In order for the assay not to fail in case of “TG” deletion, two
extension primers are used in combination for this position. The wt-probe has
the sequence shown in the table, the mt-probe matches to the indicated TG
deletion (CA deletion in the primer). The “CA” tag in the 5'-end equals both
primer masses.

> V281G: The 5" base from the 3'-end is replaced with inosine to eliminate the
possible interference of M283L (c.847A>C).

> L317M/V: The 3™ base from the 3-end is replaced with inosine to eliminate
the possible interference of p.GIn318X (c.952C>T).

> Mt.Cd.450: The 8" base from the 3-end is replaced with inosine to eliminate
the possible interference of p.Pro453Ser (c.1357C>T).

» R483Q/P: In order for the assay to function in case of “G” deletion, two
versions of extension primers were combined. The wt-probe has the sequence
shown in the table, the mt-probe matches to the indicated “G” deletion (“C”
deletion for the primer). The “C” tag in the 5'-end equals both primer masses.

> Mt.Cd.491: The 7™ base from the 3'-end is replaced with inosine to eliminate
the possible interference of P.Cd.493 (c.1478A>G (rs61732563)).

> 1789 _G/C (c.936+11G>C(rs6442)): The 9" and the 10" bases from the 3'-end
are replaced with inosine to eliminate the possible interference of 1780 T/G
(€.936+2T>G ) and/or 1779_G/C (c.936+1G>C).
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P105L: The 9" base from the 3'-end is replaced with inosine to eliminate the
possible interference of P.Cd.102 (c.305A>G (rs6474)).

W302R: The 6" base from the 3'-end is replaced with inosine to eliminate the
possible interference of L300F (c.898C>T).

V304M: The 13" base from the 3'-end is replaced with inosine to eliminate the
possible interference of L308F (c.922C>T). In order for the assay to function
properly in case of “T” insertion, two versions of extension primers were
combined. The wt-probe has the sequence shown in the table and “A” tag in
the 5'-end, the mt-probe matches to the indicated “T” insertion (“A” insertion in
the primer), which equals both primer masses.

P.560 (c.290-109G>C): The 14" base from the 3'-end is replaced with inosine
to eliminate the possible interference of 546 _C/A (¢c.290-117C>A) .
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Table 11. iPLEX assays represented in detail: Unextended primer and analyte
(extension product) masses, their sequences, direction of elongation, neighboring SNPs and
extension primer binding sites are shown schematically. UEP: Unextended primer. rev:
Primer binding to the downstream of the variation. fwd: Primer binding to the upstream of the
variation. i: Universal binding base inosine to enable annealing in the presence of secondary
SNPs. Other annotations for primer binding regions are kept in the figures for better
visualization. Red arrows and flags indicate rare mutations. Yellow flags and arrows indicate
mutations which are found in Bioglobe laboratories. Since the present nomenclature was not
adopted at the time when the design experiments were carried out, screenshots and assay
names contain the old nomenclature. Correspondents in the present nomenclature are
provided for consistency when necessary.

Multiplex Group 1

8bp (rev)

UEP TTGTGGGCTTTCCAGAGCAG 6164 Da
Analyte-C TTGTGGGCTTTCCAGAGCAGG 6451.2 Da
Analyte-T TTGTGGGCTTTCCAGAGCAGA 6435.2 Da
E351K (fwd)

UEP TTGCTCAATGCCACCATCICC 6287.09 Da
Analyte-A TTGCTCAATGCCACCATCICCA 6558.3 Da
Analyte-G TTGCTCAATGCCACCATCICCG 6574.3 Da
G291C (fwd)

UEP GCAGTGGACCTCCTGATC 5475.6 Da
Analyte-A GCAGTGGACCTCCTGATCA 5746.8 Da
Analyte-C GCAGTGGACCTCCTGATCC 5722.7 Da
Analyte-G GCAGTGGACCTCCTGATCG 5762.8 Da
Analyte-T GCAGTGGACCTCCTGATCT 5802.7 Da
P453S (rev) (p.Pro453Ser)

UEP GGGCAGGGCGTCCCCGGAGG 6225 Da
Analyte-C GGGCAGGGCGTCCCCGGAGGG 6512.2 Da
Analyte-T GGGCAGGGCGTCCCCGGAGGA 6496.2 Da
R356P/Q (rev)

UEP TAAGGGCACAACGGGC 4940.2 Da
Analyte-A TAAGGGCACAACGGGCT 5267.3 Da
Analyte-C TAAGGGCACAACGGGCG 5227.4 Da
Analyte-G TAAGGGCACAACGGGCC 5187.4 Da
R426C (fwd)

UEP TCTGGCCTTCGGCTGCGGTICC 6695.32 Da
Analyte-C TCTGGCCTTCGGCTGCGGTICCC 6942.5 Da
Analyte-T TCTGGCCTTCGGCTGCGGTICCT 7022.42 Da
R426HIong (rev)

UEP CGCCAGCGGCTCGCCCAGGCACACG 7599 Da
Analyte-A CGCCAGCGGCTCGCCCAGGCACACGT 7926.2 Da
Analyte-G CGCCAGCGGCTCGCCCAGGCACACGC  7846.2 Da



Table 11. cont'd

V281G (rev)

UEP GGAGGTCCACTGCAGCCAIGTGC 7075.59 Da
Analyte-G GGAGGTCCACTGCAGCCAIGTGCC 7322.77 Da
Analyte-T GGAGGTCCACTGCAGCCAIGTGCA 7346.79 Da
V281L (fwd) (p.Val281Leu)
UEP CTCCTGGAAGGGCAC 4577.99 Da
Analyte-G CTCCTGGAAGGGCACG 4865.19 Da
Analyte-T CTCCTGGAAGGGCACT 4905.08 Da
Multiplex Group 2
A362V (fwd)
UEP GCCCGTTGTGCCCTTAG 5153.4 Da
Analyte-C GCCCGTTGTGCCCTTAGC 5400.6 Da
Analyte-T GCCCGTTGTGCCCTTAGT 5480.6 Da
E6 (fwd)
UEP AGGCCATAGAGAAGAGGGA 5959.9 Da
Analyte-C AGGCCATAGAGAAGAGGGAC 6207.1 Da
Analyte-T AGGCCATAGAGAAGAGGGAT 6287 Da
G178R (rev)
UEP TGAGGCACCTTGATCTTGTCTC 6692.4 Da
Analyte-A TGAGGCACCTTGATCTTGTCTCT 7019.6 Da
Analyte-C TGAGGCACCTTGATCTTGTCTCG 6979.6 Da
Analyte-G TGAGGCACCTTGATCTTGTCTCC 6939.6 Da
[172N (rev) (p.lle172Asn)
UEP CGAAGGTGAGGTAACAG 5308.5 Da
Analyte-A CGAAGGTGAGGTAACAGT 5635.6 Da
Analyte-T CGAAGGTGAGGTAACAGA 5579.7 Da
L317M/V (rev)
UEP CGTGGTCTAGCTCCTCCTICA 6334.11 Da
Analyte-A CGTGGTCTAGCTCCTCCTICAT 6661.2 Da
Analyte-C CGTGGTCTAGCTCCTCCTICAG 6621.32 Da
Analyte-G CGTGGTCTAGCTCCTCCTICAC 6581.29 Da
Mt.Cd.241 (rev)
UEP GTCCCCACCTTGTGCTGCCTCA 6598.4 Da
Analyte-C GTCCCCACCTTGTGCTGCCTCAG 6885.6 Da
Analyte-G GTCCCCACCTTGTGCTGCCTCAC 6845.6 Da
Mt.Cd.450 (rev)
UEP GTCCCCGGAGGICAGCAGC 5824.78 Da
Analyte-C GTCCCCGGAGGICAGCAGCG 6111.99 Da
Analyte-T GTCCCCGGAGGICAGCAGCA 6095.98 Da



Table 11. cont'd

R483Q/P (rev)

UEP GTGGGCCCCCATCCCC 4779.2 Da
Analyte-A GTGGGCCCCCATCCCCT 5106.4 Da
Analyte-C GTGGGCCCCCATCCCCG 5066.4 Da
Analyte-G GTGGGCCCCCATCCCCC 5026.4 Da
Mt.Cd.491 (rev)

UEP CCCATCACTGGITCTGGC 5436.53 Da
Analyte-A CCCATCACTGGITCTGGCT 5763.63 Da
Analyte-G CCCATCACTGGITCTGGCC 5683.72 Da

Multiplex Group 3

1789_G/C (fwd) (rs6442)

UEP CCACCCTGAGIIGCGTCCTG 6064.93 Da
Analyte-C CCACCCTGAGIIGCGTCCTGC 6312.11 Da
Analyte-G CCACCCTGAGIIGCGTCCTGG 6352.14 Da

P105L (fwd)

UEP CTGGTGTCTAIGAACTACC 5788.77 Da
Analyte-C CTGGTGTCTAIGAACTACCC 6035.96 Da
Analyte-T CTGGTGTCTAIGAACTACCT 6115.87 Da
W302R (fwd)

UEP GACCCCAGCAAACACCITCTCA 6603.31 Da
Analyte-C GACCCCAGCAAACACCITCTCAC 6850.5 Da
Analyte-T GACCCCAGCAAACACCITCTCAT 6930.41 Da
R339H (fwd)

UEP GGGTCCCCTACAAGGACC 5469.6 Da
Analyte-A GGGTCCCCTACAAGGACCA 5740.8 Da
Analyte-G GGGTCCCCTACAAGGACCG 5756.8 Da
V304M (rev)

UEP GGTGGTGAAICAAAAAAAACCA 6819.48 Da
Analyte-A GGTGGTGAAICAAAAAAAACCAT 7146.58 Da
Analyte-G GGTGGTGAAICAAAAAAAACCAC 7066.66 Da
Q318X (rev) (p.GIn318X)

UEP TGGTCTAGCTCCTCCT 4799.1 Da
Analyte-C TGGTCTAGCTCCTCCTG 5086.3 Da
Analyte-T TGGTCTAGCTCCTCCTA 5070.3 Da
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Multiplex group Poly

-4_CIT (fwd) (c.1-4C>T)

UEP CCCTGACGGGCGTCT 4544 .95 Da
Analyte-C CCCTGACGGGCGTCTC 4792.14 Da
Analyte-T CCCTGACGGGCGTCTT 4872.05 Da
P.Cd.493 (rev) (rs61732563)

UEP TCCTGCCCCATCACTGG 5082.31 Da
Analyte-A TCCTGCCCCATCACTGGT 5409.4 Da
Analyte-G TCCTGCCCCATCACTGGC 5329.49 Da
P.560 (fwd) (c.290-109G>C)

UEP GTCICTGGAAGCTCTTG 5202.38 Da
Analyte-C GTCIiCTGGAAGCTCTTGC 5449.57 Da
Analyte-G GTCICTGGAAGCTCTTGG 5489.59 Da
P.601 (rev) (rs6451)

UEP GAGGGCCTGACCTTCTTC 5466.55 Da
Analyte-A GAGGGCCTGACCTTCTTCT 5793.65 Da
Analyte-C GAGGGCCTGACCTTCTTCG 5753.76 Da
Analyte-G GAGGGCCTGACCTTCTTCC 5713.74 Da
delCTG (rev) (rs28381641)

UEP CAGGGGCAGCAGCAGCAG 5583.64 Da
Analyte-4CTG CAGGGGCAGCAGCAGCAGG 5870.84 Da
Analyte-5CTG CAGGGGCAGCAGCAGCAGC 5830.82 Da
P.629-30 (rev) (rs35147842)

UEP GCTGGAGGGTGGGAACTGA 5973.88 Da
Analyte-CA GCTGGAGGGTGGGAACTGAT 6300.98 Da
Analyte-GG GCTGGAGGGTGGGAACTGAC 6221.07 Da
P.490 (fwd) (rs61732562)

UEP GGGATGGGGGCCCACAGCCC 6168.99 Da
Analyte-A GGGATGGGGGCCCACAGCCCA 6440.2 Da

Analyte-G GGGATGGGGGCCCACAGCCCG 6456.2 Da
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Table 12. Extension primer binding sites are shown together with neighboring SNPs
schematically. Annotations follow the same rule as in Table 11. Other annotations for primer
binding regions are kept in the figures for better visualization. Red arrows and flags indicate
rare mutations. Yellow flags and arrows indicate mutations which are found in Bioglobe
laboratories. Since the present nomenclature was not adopted at the time when the design
experiments were carried out, screenshots and assay names contain the old nomenclature.
Correspondents in the present nomenclature are provided for consistency when necessary.

Multiplex Group 1

8bp (rev) E351K (fwd)

1702_g Mt.Cd.350_a

Exon3 8bp-del 717_t F4 |E351K-UEP 356F
‘ Exon8 E351K_a

CCCTTGCTCAATGCCACCATCGCCGAGGT
GGGAACGAGTTACGGTGGTAGCGGCTCCAC

TCCTTGGGAGACTACTCCCTGCTCTGGAAAGCCCACAAGAA
AGGAACCCTCTGATGAGGGACGAGACCTTTCGGGTGTTCTTC

8bp-UEP
Int2_Ex3_PCR2
G291C (fwd) P453S (rev) (p.Pro453Ser)
G291S_a
1G291C-UEP G291R_c |P453S_t
Exon? G291C_t Exon10 \Mt.Cd.459_t

CTGCCCTCCGGGGACGCCCTGCCCT

GACGGGAGGCCCCTGCGGGACGGGAG

CTGCAGTGGACCTCCTGATCGGT —
GACGTCACCTGGAGGACTAGCCAC P453S-UEP

R356P/Q (rev) R426C (fwd)
|R356P_c
R356W._t
[ [rasea_a G424S_a
356F |R426C-UEP R426H_a
Exon8 A362V_t Exon10 R426C_t

TGCGGCCCGTTGTGCCCTTAGCC GCTCTGGCCTTCGGCTGCGGTGCCCGC
ACGCCGGGCAACACGGGAATCGGA CGAGACCGGAAGCCGACGCCACGGGCGC

R356P/Q-UEP
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Table 12. cont'd

R426HIlong (rev) V281G (rev)
|IR426H_a
1R426C_t V281L_t
1G424S_a |R435C_t V281G_g

Exon7 KVI283L_C

Th B W[

GTGCCCGCGTGTGCCTGGGCGAGCCGCTGGCGCG ACGTGCACATGGCTGCAGTGGACCTCCTGA
CACGGGCGCACACGGACCCGCTCGGCGACCGCGC TGCACGTGTACCGACGTCACCTGGAGGACTA

R426Hlong-UEP V281G-UEP

V281L (fwd) (p.Val281Leu)

1V281L-UEP 1V281L_t
Exon7 \V281G_g

C— )

AGCTCCTGGAAGGGCACGTG
TCGAGGACCTTCCCGTGCACG

Multiplex Group 2

A362V (fwd) E6 (fwd)
|R356P_c
R356W_t
R356Q_a
|A362V-UEP Q228X_t
Exon8 A362V_t |[E6-UEP
Exon6 ;1375_(:
CGGCCCGTTGTGCCCTTAGCC AGCAGGCCATAGAGAAGAGGGATCA
GCCGGGCAACACGGGAATCGGA TCGTCCGGTATCTCTTCTCCCTAGT
G178R (rev) 172N (rev) (p.lle172Asn)
|G178A_c
Exon4 JM72N_a (G178R_a
Exon4 G178A_c

TCGGAGACAAGATCAAGGTGCCTCACA CATCTGTTACCTCACCTTCGGA
AGCCTCTGTTCTAGTTCCACGGAGTGT

— GTA_‘; E R et S
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L317M/V (rev) Mt.Cd.241 (rev)
L317V_g
L317M_a
Exon8 Q318X_t
Mt.Cd.241 g
Exoné F7

CAGCTGAGGCAGCACAAGGTGGGGACTG
GTCGACTCCGTCGTGTTCCACCCCTGAC

L317M/V-UEP Mt.Cd.241-UEP

GACTGCAGGAGGAGCTAGACCACGAA
CTGACGTCCTCCTCGATCTGGTGCTT

Mt.Cd.450 (rev) R483Q/P (rev)
IMt.Cd.450_t R483P_c
Exon10 P4535_t R483Q_a
I> L insC
R483W_t
|delGGinsC
CACGCTGCTGCCCTCCGGGGACG Exon10 delG

GTGCGACGACGGGAGGCCCCTGCG

Mt.Cd.450-UEP

CCCGGGGGATGGGGGCCCACA!

GGGCCCCCTACCCCCGGGTGTC

R483Q/P-UEP

Mt.Cd.491 (rev)

Mt.Cd.491_a
\P.Cd.490_g

Exon10 {.Cd.493_g

b

CCAGGCCAGAACCAGTGATGGGGC
GGTCCGGTCTTGGTCACTACCCCG

Mt.Cd.491-UEP
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Table 12. cont'd
Multiplex Group 3
1789_G/C (fwd) (rs6442) P105L (fwd)
Eion? 11780_g 1789_c |P105L-UEP Cd.105_c
1789_GIC-UEP 1779_c 1790_a Exon3

CACCACCCTGAGGTGCGTCCTGGGGA
GTGGTGGGACTCCACGCAGGACCCCT

W302R (fwd)

1T295N_a 1S301Y_a
1W302R-UEP L300F_t
Exon7 W302R_c

b

AGACCACAGCAAACACCCTCTCCT
TCTGGTGTCGTTTGTGGGAGAGGAC

V304M (rev)

1V304M_a insT

Exon7 F8 t308F_t

CCGTGGTTTTTTTGCTTCACCACCC
GGCACCAAAAAAACGAAGTGGTGGGA

V304M-UEP

AGCTGGTGTCTAAGAACTACCCGGA
TCGACCACAGATTCTTGATGGGCCT

R339H (fwd)

S$330del
IR339H-UEP

Exon8 \R339H_a

CCGGGTCCCCTACAAGGACCGT
GGCCCAGGGGATGTTCCTGGCAC

Q318X (rev) (p.GIn318X)

Q318X _t
Exon8

b

TGCAGGAGGAGCTAGACCAC

ACGTCCTCCTCGATCTGGTGC

Q318X-UEP|

Multiplex group Poly

-4_CIT (fwd) (c.1-4C>T)

4_C/T-UEP -4 t

GGCCCTGACGGGCGTCTCGC
CCGGGACTGCCCGCAGAGCG

P.Cd.493 (rev) (rs61732563)

|P.Cd.493 ¢
Exon10

b

GAACCAGTGATGGGGCAGGACC
CTTGGTCACTACCCCGTCCTGG

P.Cd.493-UEP



Table 12. cont'd

P.560 (fwd) (c.290-109G>C) P.601 (rev) (rs6451)
546_a
P.560-UEP 560_c 601 _g,a 620_g

b

GCCGAAGAAGGTCAGGCCCTCAG

AGGTCCCTGGAAGCTCTTGGGG CGGCTTCTTCCAGTCCGGGAGTC
TCCAGGGACCTTCGAGAACCCC —
P.601-UEP
delCTG (rev) (rs28381641) P.629-30 (rev) (rs35147842)

delCTG
Exon1

b 629-30_gg
GCCTGCTGCTGCTGCTGCCCCTGC TTCATCAGTTCCCACCCTCCAGCCC

CGGACGECGACGAC GACGGGGACGA AAGTAGTCAAGGGTGGGAGGTCGGG
delCTG-UEP P.629-30-UEP\

P.490 (fwd) (rs61732562)

R483Q_a
R483P_c
insC
R483W_t
delGGinsC
|P.490-UEP Mt.Cd.491_a
Exon10 |delG P.Cd.490_g

CCGGGGGATGGGGGCCCACAGCCCAG
GGCCCCCTACCCCCGGGTGTCGGGTCC

iPLEX-Gold reaction kit is designed for analyzing high number of SNPs
simultaneously; that is, for higher levels of multiplexing. There are, however, two
recipes in the manufacturer's manual; one for low multiplexing (1-18) and one for
high multiplexing (19-35+). The reaction kit was tested for its performance on CAH
analysis with low and high multiplexing recipes. Although in most of the cases the
genotype was assigned correctly, a second analyte peak appeared in some cases
with too high of an intensity which made automatic calling impossible. An example of
this case is shown in Figure 16. This phenomenon is interpreted to be due to the

66



enzyme in the iPLEX kit being highly processive. This is a useful characteristic for
high levels of multiplexing, but when dealing with a lower number of multiplexes, it
might sometimes have a negative effect of terminating the elongation with a wrong
base, hence necessitating manual user calls. Such an uncertainty could cause
important misinterpretations and wrong conclusions in a diagnostic environment.
Especially regarding a complex region like the HLA class, where changes in copy
numbers is a relatively more frequent event, this undesired result could lead to even
more serious problems, which cannot be accepted within the scope of a diagnostic
kit.

To avoid this, MassEXTEND enzyme Thermosequenase, which is a less processive
enzyme than the original iIPLEX enzyme, was implemented into the recipe without
changing final concentrations. This test phase was then expanded to include two
buffer and enzyme combinations with iPLEX and classical MassEXTEND cycling
programs. After direct comparison among parallel extension reactions,
Thermosequenase with appropriate buffer and classical MassEXTEND cycling
showed the highest efficiency and call rate. The correct genotype obtained from
direct sequencing was confirmed with this buffer-enzyme pair and cycling condition.

This approach was adopted for further experiments.
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Figure 16.  Spectra of two assays obtained from the same test sample with iPLEX
enzyme and Thermosequenase: R483Q/P gives the A-analyte peak with iPLEX enzyme
while the spectrum shows a clear GC genotype with Thermosequenase (upper row).
Mt.Cd.450 gives a small peak for T-analyte with iPLEX enzyme whereas the genotype is
clearly CC with Thermosequenase (lower row). Unlabeled peaks belong to other assays.
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4.1.5 Routine Analysis — Protocol Evaluation

After the simulations for hMC and assay development for iPLEX had been
performed, the protocol was tested in parallel with real samples that were sent to
Bioglobe laboratories for CAH molecular genetic testing with conventional
sequencing. The results were then compared to those of routine analysis with gene
sequencing. The analysis included a total of 36 samples. Detailed results of hMC and
iPLEX tests are plotted in section 6.3. All matches between gene sequencing and
mass spectrometry tests are indicated with green color. For all positions in the table,

the number of mismatches is 6 positions in a total of 10 samples.

One problem was observed to be the inability of MS-Analyzer to pick the mutant
signal for 620_A/G (c.290-48A>G). The peak was, however, detected by Discovery-
RT, hence was possible to be analyzed manually, which proves that biochemical
reactions take place as normal and expected peaks are generated. A similar problem
was observed in one case at 395 T/C (rs6462) and at ¢.290-44G>T (rs6453)
(highlighted in red color in the table).

As discussed before, MS-Analyzer is a prototype tool which has many rooms for
development. The tool searches for the presence of all identifying signals in all four
reactions to call the variation. To enable the automatic calling of variations whose
distinguishing signals are in very low or high mass ranges, a best identifying reaction
could be defined to be considered in the calling algorithm. This would eliminate the
signals with insufficient intensities which hinder the call. In conclusion, these
variations are detectable with the protocol, but due to the present algorithms of the

scoring tool, they cannot be called automatically most of the time.

At two positions in four samples in the test set, mass spectrometry and gene

sequencing delivered discordant results:

1) In samples 3768 and 3792, the mass spectrum tests resulted in a heterozygous
genotype for the position rs6472 (c.803G>C), while gene sequencing resulted in wild
type in one case and homozygous mutant in the other (indicated with blue color in

the table). The chromatogram data and mass spectra for the position in question for
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both samples are shown in Figure 17. In 3768, both wild type and mutant signals are
clearly present in the mass spectrum. In 3792, due to overall lower signal intensity,
the mutant signal is not as strong but it is still present when compared to other wild
type samples. On the chromatogram of both samples, it is easily noticed that the
homozygous signals at the position in question are much weaker compared to the
general intensity behavior in that region. This suggests that the mutant signal is not
represented enough to appear as a peak on the chromatogram. This is a relevant
example which illustrates the advantage of mass spectrometric techniques resulting
in separate signals for heterozygous samples rather than overlapping peaks and how

this helps the operator in certain cases.

It can be concluded at this point that in case of a spectrum of insufficient data quality
or low intensity, a re-measurement (or a complete repeat) should be performed in

routine diagnostics.

2) In two samples at position rs61732563 (c.1478A>G) there was a mismatch
between the gene sequencing result and the mass spectrometry result (Figure 18).
The genotype was assigned AG in the Typer Software for both samples at this
position, whereas it was assigned AA for both by sequencing. Both samples were
repeated with both methods and the same results were obtained. As suggested by
the lab team too, the decrease in the intensity of the second “A” peak might indicate
the failure of representation of the missing allele in the chromatogram. iPLEX result
for this position is clear and straight-forward not to leave any dubious thoughts on the

final outcome.

It is also worth mentioning that there were 7 discrepancies detected during the
comparison. However, post-analytical investigation revealed operator errors
(subjective interpretations) of sequencing data, which were corrected in the final
result. This fact also shows that data interpretation on mass spectrometry platform is

less operator-error-prone than the traditional DNA sequencing.
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The settings of the analysis tool MS-Analyzer play an important role in achieving
reliable automatic calling of hMC results. During the evaluation phase, it was run with
error factor set to 5.0, minimum mass cut-off to 1300 Da and maximum mass cut-off
to 7000 Da. Increasing the error factor from the default value of 2.0 to 5.0 minimizes
the risk of missing any variation. But it also introduces some false variations to the
low score list. This, however, is consistent; that is, false variations that are reported in
low score calls are consistent, therefore it can easily be concluded that they are not
actually present and can be ignored. Another modification in the settings was to
deactivate the check for salt and matrix adducts. This is changed only for the position
c.289+33C>A(rs6463) since the wild type signal in T-forward reaction is affected by a
nearby strong salt adduct. If MS-Analyzer searches for adduct peaks, the wild type
signal for this position might be mistakenly taken as the adduct peak and not

reported. No other variation showed decreased call rates due to these modifications.

After the scoring is done and present variations are acquired using the settings
described above, the software is run once more with the minimum mass cut-off of
1700. This is necessary for the evaluation of positions ¢.1122C>T(rs6469) and
c.305A>G(rs6474). It eliminates the obligation to detect the mutant signal in T-
forward for ¢.1122C>T(rs6469), which is 1304.8 Da and has a very low intensity, and
the mutant signal in C-reverse for c.305A>G(rs6474), which is 1632 Da with a low
intensity. With this modification, the reaction which results in low intensity signals for
these variations is excluded from the analysis automatically and their automatic calls
are made possible. As mentioned before, this would not be necessary if a best
identifying reaction could be defined in the software algorithm and other reactions
could be discarded. This would save even more time in the data interpretation and

make the automation of hMC results faster.
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Two examples where the results of two methods do not agree with each other

Figure 17.
for the position rs6472 (c.803G>C): Chromatogram data are presented in the upper portion

and mass spectrum data in the lower portion. Third figure on the right hand side shows a wild
type result for comparison purposes. Wild type and mutant signals for MassCLEAVE are
indicated with red arrows. Unlabeled signals belong to other variations.
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Figure 18. Two cases where iPLEX test resulted in heterozygous genotype and gene
sequencing in wild type for the position rs61732563 (c.1478A>G): The upper portion shows
iPLEX spectra and the middle portion sequencing chromatogram. A homozygous result is
presented in the lower portion for comparison purposes. UEP peak and analyte peaks for the
relevant assay are indicated with red dashes in the spectra. Unlabeled peaks belong to other
assays.

The expected genotypes after gene sequencing were reproduced up to 98.61% using
MassCLEAVE and IiPLEX methods of mass spectrometry technology. The
percentage given is for testable variations; therefore, it represents the cases where a
variation is present and can be tested. Furthermore, all operator errors in the final
results related to gene sequencing were detected and corrected based on the high
accuracy of mass spectrometry data. The time needed to interpret data was seen to
be much less compared to gene sequencing since one does not have to follow base
pairs one by one on the computer screen, which ultimately increases the likelihood of
missing a mutation or a polymorphism especially when it is present in a homozygous

state.
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In addition, indications of copy number variations in some samples were possible to
be observed already in the mutation detection phase. Assays whose analytes have
quite different intensities enable one to hypothesize the occurrence of a
duplication/deletion or a large conversion. Figure 19 displays an example case.
Sample 39 has a duplicated CYP21A2-gene. The duplicated CYP21A2 gene has a
3'-end conversion: downstream and upstream of exon 3 is CYP21A1P- and
CYP21A2-like, respectively. This event is observable in the spectra of iPLEX assays
E6 and p.lle172Asn. Both assays result in CYP21A2-specific genotypes roughly with
the double intensity of CYP21A1P-specific genotypes. CYP21A2-specific genotypes
come from the intact active gene and CYP21A1P-specific genotypes result due to the

converted portion of the duplicated active gene.
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Figure 19. EG6 and p.lle172Asn iPLEX assays of sample 39: UEP peak and analyte peaks
of the relevant assays are indicated with red dashes in the spectra. Unlabeled peaks belong
to other assays.

Samples may sometimes present excessive background noise on the spectrum. This
is an indication of inadequate resin treatment and might easily cause wrong
genotypes to be called. In such cases in the experiments, the supernatant was
transferred into another well where it was treated with an additional 3 mg of Clean
Resin. A much better spectrum with reduced background noise was acquired after
this extra conditioning step. Figure 20 shows the spectra of two samples before and
after the additional step. This is a very helpful alternative to repeating the samples

starting from the beginning and saves considerable amount of time and resources.
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Figure 20. Two samples which resulted in a high background noise and which were
treated with an extra 3 mg of Clean Resin: The upper and lower part displays the initial
spectra and the spectra after the second conditioning, respectively.

In the designed mass spectrometry-based protocol for CYP21A2 analysis, a nested
PCR after the specific long-range PCR is performed. This might seem to be an extra,
time-wasting step when compared to standard procedures of mass cleavage and
extension reactions. However, for samples with a low genomic DNA concentration or
whose long-range PCR result in a low amplification vyield, the improvement
introduced by the nested PCR step is vital. The concentration is increased drastically
in this second amplification assuring there is enough template present in the
environment for the cleavage and extension reactions to acquire decent spectra.
Figure 21 displays the gel electrophoretic separation after the long-range PCR
products of two samples, which were included in the protocol evaluation. The
amplification efficiency is very low as it is inspected visually on the gel. Despite of this
fact, decent spectra were obtained for both samples after the experiments. No bias or
error in the automatic calls was seen in the resulting spectra of these samples, which
could have stemmed from a possible amplification from the remaining genomic DNA

after the first PCR step. The absence of any CYP21A1P genotypes in the spectra
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proves that the nested PCR step does not represent a risk factor for routine

diagnosis. Spectra of multiplex group 1 of these samples are shown in Figure 22.

Figure 21.  Gel electrophoretic separation picture obtained for the products of two
samples after the long-range PCR: The two rows represent weak long range PCR
amplification products of two CAH samples.
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Figure 22. iPLEX spectra of multiplex group 1 of two samples whose gel electrophoresis
result is presented in Figure 21.
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4.1.6 Cost Analysis

MALDI-TOF MS, being a high-throughput genotyping method, is usually used in
genotyping of a high number of positions in different genes and samples
simultaneously. This way, costs per genotype are minimized while keeping the time
for analysis and data interpretation in an acceptable range. For instance, iPLEX
offers 0.05 euros per genotype in a 24-plex set-up and iPLEX Gold assay offers
0.035 euros per genotype in a 36-plex set-up. However, since what was aimed to
achieve in this study is not a fast genotyping but to assure a safe molecular genetic
diagnosis, the cost is calculated from the first PCR step until the final data acquisition
for one sample. Laboratory, operation and initial equipment costs are not taken into
account in the calculation (Table 13). The prices for all consumables are taken
directly from the manufacturer’s catalogue and no discount rates are applied. It was
seen at the end of the calculation that a final sum of 73.33 euros per sample is
needed for consumables to analyze one sample for CAH on MALDI platform for the

target set of mutations and polymorphisms.

Table 13. Cost calculation per one sample for a complete CAH mutation detection
analysis on MALDI-TOF MS platform.

Step Estimated cost per sample (euro)
Long-range PCR 0.212

Nested PCR (hMC-PCR) 0.820

SAP Treatment + hMC reactions + Measurement 68.00

iPLEX reactions + Measurement 4.30

Total 73.33

Sanger sequencing, the method currently used for CAH analyses at Bioglobe GmbH,
requires approximately 72.00 euros for one sample to provide chromatograms for
forward and reverse sequencing (discount rates are taken into account). So, if the
discount rates were neglected in traditional sequencing, the difference between the
two protocols would be even higher. However, Sanger sequencing results in the full
sequence data of the gene, which would make the discovery of any novel mutation
possible. But it is less automated and requires more manual inspection. On the other
hand, results from MALDI-TOF MS platform are the genotypes of certain positions
which are predefined, but obtainable in a shorter time (depending on the number of
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samples approximately 70-75% of conventional sequencing) and in a more
automated and accurate manner. In addition, discovery of a new variant is possible
with hMC approach provided that it generates at least one differentiating signal in

one of the four cleavage reactions.

4.1.7 Compact Protocol

A predefined set of mutations and polymorphisms in CYP21A2 gene can be analyzed
on MALDI-TOF MS platform combining two approaches: homogenous mass-cleave
and homogenous mass-extend with single base extension. The presence of a
possible novel mutation can be detected in mass-cleave reactions provided that the

new variation results in a differentiating signal in at least one of the four reactions.

The designed protocol provides an extensive and automated CYP21A2 analysis.
However, the investigator might prefer to analyze only the CYP21A1P-derived
mutations in order to correlate the clinical phenotype or manifestations with the
genotype more quickly. For this purpose, a “compact protocol” was designed, which
has a lower number of targeted variations. This is a common practice and
recommendation of experts for routine genetic diagnostics. A similar example is the
genetic analysis of cystic fibrosis transmembrane conductance regulator (CFTR)
gene, which is reported to possess over 1600 mutations. However, commonly
analyzed are only 23, which cover 88% of clinical cases in non-Hispanic Caucasians
[150]. Similarly, more than 95% of clinical CAH cases due to 21-OH deficiency are
caused by ten specific inactivating mutations. These ten most common CYP21A1P-
derived mutations and in addition seven frequent polymorphisms can be detected by

the compact protocol in an automated way utilizing the iPLEX approach only.

The long-range PCR using primers shown in Figure 9 assures the specificity like in
full analysis experiments. 3 kb-long product is then re-amplified in two separate
uniplexes (W1 and W2) and together in one biplex (W3). Table 14 shows the nested
PCR primers and their binding regions. All experimental steps are performed as
described for the full analysis. Mutations 8bp-del, p.lle172Asn, IVS2AS,A/C-G,-13,
p.Pro30Leu, p.Arg356Trp and the polymorphism rs6464 are analyzed in W1,
mutations E6, p.Leu306PhefsX5, p.Pro453Ser, p.GIn318X, p.Val281Leu are
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analyzed in W2; polymorphisms rs28381641, rs35147842, rs61732562, rs61732563,
rs6463, rs6474 are analyzed in W3.

Table 14. Primers used in nested PCR amplification of CYP21A2 in the compact kit: 10-
mer = ACGTTGGATG

Name Sequence (5' — 3') Position

1F 1 W1 10mer-GGGATGGCTGGGGCTCTTG c.1-60 - c.1-42
1RJ 2188 bp 10mer-CTAAGGGCACAACGGGC c.1084 - c.1068
2F | w2 10mer-AAGCCCACAAGAAGCTCACC  ¢.350 - c.369

2R [2080 bp 10mer-GCGATCTCGCAGCACTGTGT  c.1486+81 - c.1486+100

The mutation p.Arg356Trp is included in the compact kit protocol although this
position is analyzed in an additional amplicon in cleavage reactions since it is
impossible to analyze using extension primers containing Inosine bases (refer to
section 3.1.3 for details). The reason for this is likely to be the close proximity of
Inosine bases to the extendable 3'-end, which decreases the stability of the primer
binding to its target site. The solution found in this case was to combine three
different extension primers with adjusted masses in order to compensate for the
secondary SNP in binding region of the extension primer. Figure 23 shows the
genomic region in detail. The presence of one of the rare mutations R356P and
R356Q would result in a mismatch at the extendable end of a reverse primer which
would bind to the downstream of p.Arg356Trp. To compensate for this, three
extension primers are used in combination. R356W_wt binds when neither of two
rare mutations is present (majority of the cases). R356W_g and R356W _t would bind
when R356P and R356Q is present, respectively. The mass difference between the
three extension primers was compensated by adding mis-matching bases to the 5'-
end. The concentration of R356W_wt in the master mix is double as much as the
other two primers since the rare mutations are mostly expected to be absent. Table

15 shows the sequences of the extension primers in detail for this position.
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\R356Q_a
IR356W_t
[E351K_a |R354H_a
Exon8 R354C_t | |R356P_c A362V_t

CGAGGTGCTGCGCCTGCGGCCCGTTGTGCCCTTAG

GCTCCACGACGCGGACGCCGGGCAACACGGGAATCG

UEP.R356W

Figure 23. Genomic region surrounding the mutation p.Arg356Trp: Violet arrows
represent secondary mutations. The target mutation is shown with a red arrow. The
extension primer binding region is shown with a blue arrow.

Table 15. Three extension primers used in combination to detect the presence of the
mutation p.Arg356Trp.

Name Sequence (5' — 3')

R356W_wt TGAAGGGCACAACGGGCC
R356W_t CGAAGGGCACAACGGGCT
R356W_g CTAAGGGCACAACGGGCG

Multiplex assay groups W1, W2 and W3 are presented in detail together with their
masses in Table 16. Schematic representation of extension primers together with

their neighboring SNPs are displayed in Table 17.

Table 16. iPLEX assays for the compact protocol represented in detail: UEP:
Unextended primer. rev: Primer binding to the downstream of the variation. fwd: Primer
binding to the upstream of the variation. i: Universal binding base inosine to enable
annealing in the presence of secondary SNPs.

w1
8bp (rev)
UEP TTGTGGGCTTTCCAGAGCAG 6164 Da
Analyte-C TTGTGGGCTTTCCAGAGCAGG 6451.2 Da
Analyte-T TTGTGGGCTTTCCAGAGCAGA 6435.2 Da
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Table 16. cont'd

172N (rev) (p.lle172Asn)

UEP CGAAGGTGAGGTAACAG 5308.5 Da
Analyte-A CGAAGGTGAGGTAACAGT 5635.6 Da
Analyte-T CGAAGGTGAGGTAACAGA 5579.7 Da
12G (fwd) (IVS2AS,A/C-G,-13)
UEP AGTTCCCACCCTCCAGCCCCCA 6521.24 Da
Analyte-A AGTTCCCACCCTCCAGCCCCCAA 6792.45 Da
Analyte-C AGTTCCCACCCTCCAGCCCCCAC 6768.42 Da
Analyte-G AGTTCCCACCCTCCAGCCCCCAG 6808.45 Da
P30L/Q (rev) (p.Pro30Leu)
UEP CCGGGGCAAGAGGC 4338.8 Da
Analyte-A CCGGGGCAAGAGGCT 4666 Da
Analyte-C CCGGGGCAAGAGGCG 4626 Da
Analyte-T CCGGGGCAAGAGGCA 4610 Da
R356W (rev) (p.Arg356Trp)
UEP TGAAGGGCACAACGGGCC 5558.62 Da
Analyte-C TGAAGGGCACAACGGGCCG 5845.83 Da
Analyte-T TGAAGGGCACAACGGGCCA 5829.83 Da
rs6464 (rev)
UEP TGAGTCAGGCCAAGCAGATAGAT 7121.65 Da
Analyte-A TGAGTCAGGCCAAGCAGATAGATT 7448.75 Da
Analyte-C TGAGTCAGGCCAAGCAGATAGATG 7408.86 Da
w2
E6 (fwd)
UEP AGGCCATAGAGAAGAGGGA 5959.9 Da
Analyte-C AGGCCATAGAGAAGAGGGAC 6207.1 Da
Analyte-T AGGCCATAGAGAAGAGGGAT 6287 Da
F306+t (fwd) (p.Leu306PhefsX5)
UEP TCAGGGTGGTGAAICAAAAAAA 6850.49 Da
Analyte-7T TCAGGGTGGTGAAICAAAAAAAC 7097.68 Da
Analyte-8T TCAGGGTGGTGAAICAAAAAAAA 7121.7 Da
P453S (rev) (p.Pro453Ser)
UEP CAGGGCGTCCCCGGAGG 5237.39 Da
Analyte-C CAGGGCGTCCCCGGAGGG 5524.6 Da
Analyte-T CAGGGCGTCCCCGGAGGA 5508.6 Da
Q318X (rev) (p.GIn318X)
UEP TGGTCTAGCTCCTCCT 4799.1 Da
Analyte-C TGGTCTAGCTCCTCCTG 5086.3 Da
Analyte-T TGGTCTAGCTCCTCCTA 5070.3 Da



Table 16. cont'd

V281L (fwd) (p.Val281Leu)

UEP CTCCTGGAAGGGCAC 4577.99 Da
Analyte-G CTCCTGGAAGGGCACG 4865.19 Da
Analyte-T CTCCTGGAAGGGCACT 4905.08 Da
w3
rs28381641 (rev)
UEP CAGGGGCAGCAGCAGCAG 5583.64 Da
Analyte-4CTG CAGGGGCAGCAGCAGCAGG 5870.84 Da
Analyte-5CTG CAGGGGCAGCAGCAGCAGC 5830.82 Da
rs35147842 (rev)
UEP GCTGGAGGGTGGGAACTGA 5973.88 Da
Analyte-CA GCTGGAGGGTGGGAACTGAT 6300.98 Da
Analyte-GG GCTGGAGGGTGGGAACTGAC 6221.07 Da
rs61732562 (fwd)
UEP GGGATGGGGGCCCACAGCCC 6168.99 Da
Analyte-A GGGATGGGGGCCCACAGCCCA 6440.2 Da
Analyte-G GGGATGGGGGCCCACAGCCCG 6456.2 Da
rs61732563 (rev)
UEP TCCTGCCCCATCACTGG 5082.31 Da
Analyte-A TCCTGCCCCATCACTGGT 5409.4 Da
Analyte-G TCCTGCCCCATCACTGGC 5329.49 Da
rs6463 (fwd)
UEP GGGGCATTTTTTCTTTCTTAAA 6721.4 Da
Analyte-A GGGGCATTTTTTCTTTCTTAAAA 6992.6 Da
Analyte-C GGGGCATTTTTTCTTTCTTAAAC 6968.6 Da
rs6474 (fwd)
UEP TCCTGCAGAIAAGCTGGTGTCTA 7064.6 Da
Analyte-A TCCTGCAGAIAAGCTGGTGTCTAA 7335.8 Da
Analyte-G TCCTGCAGAIAAGCTGGTGTCTAG 7351.81 Da
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Table 17. iPLEX assays for the compact protocol represented in detail: Unextended
primer and analyte masses, their sequences, direction of elongation, neighboring SNPs and
extension primer binding sites are shown schematically. UEP: Unextended primer. rev:
Primer binding to the downstream of the variation. fwd: Primer binding to the upstream of the
variation. i: Universal binding base inosine to enable annealing in the presence of secondary
SNPs.

W1

8bp (rev) [172N (rev) (p.lle172Asn)

1702_g
Exon3 8bp-del 717_t F4
1M72N_a \G178R_a
‘ . Exon4 G178A_c

TCCTTGGGAGACTACTCCCTGCTCTGGAAAGCCCACAAGAA L
AGGAACCCTCTGATGAGGGACGAGACCTTTCGGGTGTTCTTC

CATCTGTTACCTCACCTTCGGA

GTAGACAATGGAGTGGAAGCCT
8bp-UEP
Int2_Ex3_PCR2

1172N-UEP

12G (fwd) (IVS2AS,A/C-G,-13)

629-30_gg
UEP-12G 12G

ATCAGTTCCCACCCTCCAGCCCCCAACTCCTC
TAGTCAAGGGTGGGAGGTCGGGGGTTGAGGAG

CTCCCGCCTCTTGCCCCGGGC

GAGGGCGGAGAACGGGGCCCGA

UEP-P30L

R356W (rev) (p.Arg356Trp) rs6464 (rev)

IR356W
Exon 8 |rs6464

‘ Excl;l 1

CCAATCTATCTGCTTGGCCTGACTCAGA
ACGCCGGGCAACACGGGAATCG

— GGTT;GATAGACGAACCGGACTGAGTCT
UEP-R356W UEP-rs6464

TGCGGCCCGTTGTGCCCTTAG
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Table 17. cont'd

W2

E6 (fwd)

Q228X_t
|E6-UEP

Exon6 1375 _¢c

AGCAGGCCATAGAGAAGAGGGATCA
TCGTCCGGTATCTCTTCTCCCTAGT

P453S (rev) (p.Pro453Ser)

P453S

TGCTGCCCTCCGGGGACGCCCTGCCCTCC

ACGACGGGAGGCCCCTGCGGGACGGGAGGG

UEP-P453S

F306+t (fwd) (p.Leu306PhefsX5)

|F306+t
Exon 7

TGGTTTTTTTGCTTCACCACCCTGAGGTGC

ACCAGAAAAACGAAGTGGTGGGACTCCACG
UEP-F306+t

Q318X (rev) (p.GIn318X)

1Q318X_t
Exon8

b

TGCAGGAGGAGCTAGACCAC

ACGTCCTCCTCGATCTGGTGC

Q318X-UEP

V281L (fwd) (p.Val281Leu)

1V281L-UEP

Exon7

C—

AGCTCCTGGAAGGGCACGTG

V281L_t
\V281G_g

TCGAGGACCTTCCCGTGCACG

w3

rs28381641 (rev)

1delCTG
Exon1

=

GCCTGCTGCTGCTGCTGCCCCTGC

CGGACGGCGACGACGACGGGGACGA
delCTG-UEP

rs35147842 (rev)

629-30_gg

TTCATCAGTTCCCACCCTCCAGCCC
AAGTAGTCAAGGGTGGGAGGTCGGG

P.629-30-UEP
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Table 17. cont'd

rs61732562 (fwd) rs61732563 (rev)
R483Q_a
R483P_c
insC
R483W_t
delGGinsC |P.Cd.493 g
1P.490-UEP Mt.Cd.491_a Exon10
Exon10 |delG P.Cd.490_g ‘

GAACCAGTGATGGGGCAGGACC

CTTGGTCACTACCCCGTCCTGG
CCGGGGGATGGGGGCCCACAGCCCAG

P.Cd.493-UEP
GGCCCCCTACCCCCGGGTGTCGGGTCC

rs6463 (fwd) rs6474 (fwd)

Exon 3 Exon 3
UEP-rs6474 UEP-rs6474

CCTCCTGCAGACAAGCTGGTGTCTAAGA CCTCCTGCAGACAAGCTGGTGTCTAAGA
GGAGGACGTCTGTTCGACCACAGATTCT GGAGGACGTCTGTTCGACCACAGATTCT

The compact protocol was evaluated using 33 samples, which contain all of the
target mutations and polymorphisms in at least one heterozygous form. This
guaranteed that each possible allele is represented in the spectrum range. All
targeted variations were detected with yields above analytical threshold. Cluster plots
of all assays in W1, W2 and W3 are presented in Figure 24. Large deviations from
the 45° line in some heterozygous cases are the result of copy number variations in

these samples.

The overall stability of the compact kit was observed to be acceptable to enable a
routine diagnosis. All assays in the kit proved reproducibility during independent
experiments [151]. Lower yields (especially compared to the normal set-up) might be
observed in cases of copy number variations. The reason for this might be the
relatively longer size of the amplicons compared to the normal set-up (approximately
5-fold). During the assay optimization experiments, iPLEX assays showed a

decrease in yield when the amplicon size was increased. In such cases, it might be

86



necessary to perform a repeat experiment if the yield does not allow to make a sound

conclusion.
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4.2 Copy Number Variation (CNV)

4.2.1 Copy Numbers of CYP21A2 and CYP21A1P

Both CYP21A2 and CYP21A1P are located in the major histocompatibility complex of
chromosome 6p21.3, which is a complex organization of genes with variations in
copy number and size. They constitute a genetic unit together with neighboring
genes RP1, C4, TNXB, and their pseudogenes RP2 and TNXA. This genetic unit is
named the RCCX module. It covers RP-C4-CYP21-TNX, which is a highly variable
stretch of DNA with an approximate size of 30 kb [152]. Most chromosomes normally
have two RCCX modules, one possessing CYP21A2 and the other CYP21A1P;

however, monomodular and trimodular haplotypes have been reported as well [152].

Due to intergenic recombination events in this region of human genome, different
haplotype formations are possible. These recombination events, which stem from
unequal crossing over between CYP21A2 and CYP21A1P during meiosis, might
include 5'-end conversion, 3'-end conversion and 30-kb deletion, which
encompasses the 3'-end of CYP21A1P, all of C4B and 5-end of CYP21A2.
Regarding CYP21A2 and CYP21A1P only, the resulting genomic structures can be
grouped into three different haplotypes: 1) CYP21A1P-like 5'-end, CYP21A2-like 3'-
end (breakpoint between 8-bp deletion and p.lle172Asn), 2) CYP21A1P-like 5'-end,
CYP21A2-like 3'-end (breakpoint between p.Arg356Trp and p.GIn318X), 3)
CYP21A2-like 5'-end, CYP21A1P-like 3'-end (breakpoint between 8-bp deletion and
p.lle172Asn) [153]. Genes formed as a result of such deletions or conversions are

called fusion or hybrid genes.

4.2.2 CNV Analysis of CAH

To be able to understand the problem fully and develop an approach to tackle the
copy number analysis of CYP21A2 and CYP21A1P, one has to have a deep
knowledge about the “regime” of both genes. The word “regime” indicates a clear and
detailed picture of conserved regions, breakpoints and mutation frequencies in both
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genes. Without having this picture at hand, it is impossible to develop a protocol

which would not deliver erroneous results.

In the frame of previous studies, CYP21A2 and CYP21A1P genes of 200 individuals
were fully sequenced and valuable data giving hints on how to design a CNV
analysis of the region using mass spectrometry were obtained [68]. Generally
spoken, CYP21A1P was observed to be more conserved than CYP21A2. This
means, CYP21A1P deviates less from its reference sequence formed out of 200
individuals. Breakpoints were detected to take place in exon 3 and exon 7 while
single mutation transfers took place all over. CYP21A2 varied in a larger extent in the
5-end (up to exon 3) and less in the 3'-end (from exon 3 onwards), whereas
CYP21A1P showed a more conserved behavior in the 5-end than in the 3'-end.
Lastly, the direction of the transfer of variations was rather from CYP21A1P to
CYP21A2 and not the opposite way. Variations with high frequencies were observed
in CYP21A2 which were never found to be present in CYP21A1P [68].

CYP21A2 and CYP21A1P are identical up to 98% at exon level and to 96% at intron
level. This brings one to the obligation of choosing well-characterized SNPs which
distinguish between the two genes at all times and can be used in designing an error-
free CNV analysis. Choosing a homozygous, that is, a non-distinguishing position
would not bring more than the total copy number of CYP21A2 and CYP21A1P
compared to a competitor and this would be the least informative. Therefore,
combining the previous detailed research on CYP21A2 and CYP21A1P, it was tried
to establish enough number of positions that would serve for this purpose. It was also
considered that these positions should not all be located in the same region but
distributed in order to provide an insight about the copy numbers of different exons
and introns, and conversion events and breakpoints. It is useful to keep in mind
during the design that the breakpoint in a gene conversion event lies either in exon 3

orexon 7.

Table 18 shows the positions selected for CNV analysis. Out of a total of three
positions, the last one, ¢.702T>C (rs10947229), is a pre-indicator of exon 6 cluster. In
CYP21A1P and CYP21A2, the genotype at this position is a “C” only when the exon

6 cluster is present, when it is not, it is a “T". In case of a 3'-end conversion,
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CYP21A1P genotypes for exon 6 cluster are detected in the formed hybrid gene.
Moreover, this position is more conserved between the two genes, whereas T

insertion could take place in the active gene without a hybrid gene formation.

Independent of the position of the breakpoint, analyzing CNV data together with that
of genotyping helps both analyses immensely. Since the homology is extremely high
between the two genes and the number of differentiating positions is limited to three,

it is sometimes not possible and not vital to know the exact position if the breakpoint.

Table 18. Well characterized SNPs chosen at three positions to assign copy numbers for
CYP21A2 and CYP21A1P: Figures in parenthesis show the frequency of the genotype in the
specific gene.

Position Region Genotype in CYP21A2 Genotype in CYP21A1P
c.1-126 5'-promoter C (1.0); T (0.0) C (0.0); T (1.0)
c.289+138 Intron 2 A (1.0); G (0.0) A (0.0); G (1.0)
c.702_T>C Exon 6 T (0.996); C (0.004) T (0.003); C (0.997)

4.2.3 SNP Allele Ratio (SAR) Analysis

Universal primers which do not differentiate between CYP21A2 and CYP21A1P must
be used to analyze copy number ratios of both genes simultaneously. Due to this,
one cannot use any fragments amplified during mutation detection analysis unless
one would like to assign an absolute copy number for CYP21A2 only together with a

competitor.

The first approach was to make use of the differentiating SNP information and try to
obtain allele ratios for each position. For this purpose, extension assays and PCR
primers were designed. PCR primers had the 10-mer tag in their 5-end. The
incorporation of this tag improves the overall amplification and serves for balancing
the PCR efficiencies in the multiplex, which is very significant in a CNV analysis.
Increasing the primer mass also assures that the unincorporated primers fall outside

the mass range where the analytes are expected.
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Three sites in both genes were captured in three amplicons using three non-
differentiating primer pairs (Table 19). IPLEX assays were designed for these
positions like in the mutation detection section (Table 20, Table 21).

Table 19. Universal primers used to amplify the same regions in CYP21A2 and

CYP21A1P in a multiplex PCR: Both forward and reverse primers are tagged with 10mer-tag.
10mer-tag = acgttggatg

Name Sequence (5' — 3') Position
Ex1_PCR1 10mer-GGCCAATGAGACTGGTGTCATTCC c.1-171 -
Amp1 c.1-148
Ex1_PCR2 10mer-AGCCATCCCTCCTGCTGTGTAGACT c¢.1-52 —
c.1-76
Int2_Ex3_PCR1 10mer-TGGCAGACCTGAGCCACTTACCT c.267 —
Amp2 c.289
Int2_Ex3_PCR2 10mer-GGTGAGCTTCTTGTGGGCTTTCC c.369 —
c.347
Ex6_PCR1 10mer-CATTCTCATGCTTCCTGCCGC €.649-23 —
Amp3 €.649-3
Ex6_PCR2 10mer-CGAGGGGAGGCCGTCCAC c.649+14 —
€.649+31
Table 20. SAR assays for CAH: Unextended primer and analyte masses, their

sequences, direction of elongation are shown. UEP: Unextended primer. fwd: Primer binding
on the upstream of the variation.

iPLEX Assays for SAR Analysis

¢.1-126C/T (fwd)

UEP AGGGCCACTCTGTGGG 4938.2 Da
Analyte-C AGGGCCACTCTGTGGGC 5185.4 Da
Analyte-T AGGGCCACTCTGTGGGT 5265.3 Da
C.289+138A/G (fwd)

UEP TGCCCAGGCTGGTCTT 4864.16 Da
Analyte-A TGCCCAGGCTGGTCTTA 5135.37 Da
Analyte-G TGCCCAGGCTGGTCTTG 5151.37 Da
¢.702T/C (fwd)

UEP AGGCCATAGAGAAGAGGGA 5959.9 Da
Analyte-T AGGCCATAGAGAAGAGGGAT 6287 Da
Analyte-C AGGCCATAGAGAAGAGGGAC 6207.1 Da
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Table 21. SAR assays for CAH: Unextended primers together with neighboring SNPs
and extension primer binding sites are shown schematically. UEP: Unextended primer. fwd:
Primer binding on the upstream of the variation.

c.1-126C/T (fwd) C.289+138A/G (fwd)

453 ¢
-126_C/T -126_t 470_AIG 470_g
AAAAGGGCCACTCTGTGGGCGGGT TGTTGCCCAGGCTGGTCTTAAA
TTTTCCCGGTGAGACACCCGCCCA ACAACGGGTCCGACCAGAATTT

c.702T/C (fwd)

szsx t
|1375 TIC 236N_a

Exon6é ‘1375 c

GCAGGCCATAGAGAAGAGGGATCACA
CGTCCGGTATCTCTTCTCCCTAGTGTA

Multiplex PCR conditions had to be modified from those of used in mutation detection
in order to increase data accuracy. The default hME-PCR recipe for low plex
multiplexing was tested at first, which contains MgCl,, 10x HotStar PCR Buffer and
HotStar Taqg DNA Polymerase. However, a constant drop out of analyte-A of the
assay 470_A/G in some samples was observed. To overcome this problem, HotStar
Taq DNA Polymerase was replaced by Platinum Taq DNA Polymerase High-Fidelity,
MgCl, by MgSO,4, and 10x HotStar PCR Buffer by Hi-Fi Tag PCR Buffer. When the
final spectrum was inspected, the allele drop-out was observed not to take place
anymore with the undertaken modifications (Figure 25). Secondly, since this is a
quantitative analysis, the number of PCR cycles was reduced from 45 down to 25.
This assures that the reaction is terminated before it reaches plateau thus all allele
ratios are correctly represented. This change was coupled with a 60% reduction in
dNTPs concentration to lower the load of the SAP treatment and improve final
spectrum. This percentage value was found after a titration experiment. Lastly, since
Platinum Taq DNA Polymerase High-Fidelity is used, the elongation temperature was
changed from 72°C to 68°C. SAP treatment and extension reaction recipes and

programs are performed as described in the mutation detection section.
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Figure 25. iPLEX spectra of a sample showing the SNP allele ratios for ¢.289+138A/G
after performing PCR with HotStar Taq (left) and Hi-Fi Taq (right): The A-allele in the
spectrum on the left could be neglected when compared to the G-allele. In the spectrum on
the right, both alleles have the same intensity. Unlabeled peaks belong to other assays.

4.2.3.1 Evaluation of SAR for Routine Applications

The standard approach to evaluate the final outcome of a chromatographic
experiment quantitatively is to calculate the area under the curve. This way,
depending on the overall performance of experiments, it is possible to conclude on
the relative proportions of different analytes in a mixture. For this type of quantitative
analysis, mass spectra are treated as chromatogram peaks, wfhere the area under
the curve represents the relative ratio of two analytes. Table 22 plots the SNP allele
ratios of six samples obtained after iPLEX measurement. As recommended by
Sequenom, each sample was dispensed on four different spots on the SpectroCHIP
and the area data under the peak for each analyte resulting from all four spots were

averaged.

Although the final outcome of MALDI-TOF MS is very much like a chromatography
result, everything begins with the PCR step, which is a hybridization-based method.
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The biggest obstacle while performing a quantitative analysis using peaks which
come from different PCR products is that the PCR efficiency is very likely to be
different for each amplicon. This phenomenon is not difficult to notice in Table 22.
The CYP21A2 to CYP21A1P ratio shows an increase from the 5'-end to the 3'-end.
This observation points out that the non-differentiating primers chosen to
simultaneously amplify certain regions of both genes are prone to bind on CYP21A2
more than CYP21A1P towards the 3'-end. This general tendency was observed
throughout the following measurements. Homozygous or heterozygous deletion of
CYP21A1P is reported to occur with a frequency of 2 to 20% whereas duplicated
CYP21A2 haplotypes have been more rarely reported [154]. This observed tendency
speculates that the potential heterozygous complexity of CYP21A1P affects in vitro

amplification as well as cellular replication.

Table 22. SAR results of six samples after iPLEX measurement.
Sample CYP21A2-allele/CYP21A1P-allele Ratio
c.1-126 _C/T c.289+138 _A/G c.702_T/C
1 0.87 1.00 1.27
2 0.81 1.05 1.35
3 0.93 1.05 1.23
4 1.80 1.79 2.40
5 1.36 1.63 2.40
6 0.92 1.02 1.27

Data in Table 22 suggest that samples 1, 2, 3, and 6 have the same copy number of
both genes whereas in samples 4 and 5 the ratio of CYP21A2 copy number to that of
CYP21A1P seems to be higher, and this holds for all three regions. Assuming the
interpretation of figures reflects the reality, data also show that the closest figures are
given by the assay ¢.289+138A/G. This assay provides the closest values to a ratio

of 1.0 for cases of equal number of copies of both genes.

As mentioned before, it is natural that every PCR takes place with different
efficiencies in a multiplex reaction. This can be corrected by two actions: 1) Adjusting
single primer pair concentrations in a multiplex reaction 2) Introducing empirical
correction factors. The first option is not applicable in our case since the multiplex
PCR primers bind universally to both genes in the designed set-up. Adjusting the

concentration would not modify amplification efficiencies in a gene-specific manner,
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but it would either increase or decrease the amplification efficiency of both genes at
the same time. Therefore, to correct for the efficiency difference between three
amplifications, correction factors were introduced. 11 more samples, which showed
the same behavior as the original test samples, were added to the first analysis to
calculate correction factors which are statistically more universal. Calculating the
average deviation from the true value for each point using a total of 17 samples,
values of 1.15 and 0.8 were calculated as multiplication coefficients for assays c.1-
126C/T and ¢.702T/C, respectively.

The Excel-based software Coffalyser 8.0 is provided by MRC-Holland to analyze the
final data. The software calculates the relative peak area (RPA) of a sample by
dividing the area of each measured peak (As) by the sum of the area of all peaks of
that sample (3 As). Then it calculates the relative peak ratio (RPR) by dividing the
RPA (As/y As) by the mean RPA of the corresponding probe obtained from control
wild type DNA samples. The software finally identifies a peak as normal when its
RPR value lies in a range from 0.7 to 1.3, as deleted when RPR is <0.7, and
duplicated when RPR is >1.3 [155], which is adjustable by the user. Since during the
calculation peaks of interest are compared to control peaks, the final result gives the

absolute copy number.

At this point, it is useful to compare the results of both methods for the same
samples. Correction factors are applied to MALDI-TOF MS figures and MLPA figures
are obtained by GeneMarker 1.7, a program developed by Softgenetics which
recognizes MLPA probe sets and analyzes the raw data of MLPA from capillary
electrophoresis separation directly with a similar algorithm like that of Coffalyser
(Table 23). CAH kit from MRC-Holland does not have a probe for exon 6 region of
CYP21A1P but rather for exon 10. Summarized in the table are therefore figures
representing the probe for exon 10 of CYP21A1P. The same is applied for intron 2 of
CYP21A2, that is, Exon 3 probe data was used instead of this region.
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Table 23. Comparison of copy number analysis results of MALDI-TOF MS and MLPA:
Columns CYP21A2 and CYP21A1P represent MLPA results. Column SAR (MALDI-TOF MS)
represents the allele ratio of CYP21A2 to CYP21A1P after the introduction of correction
factors.

Sample | CYP21A2 (MLPA) CYP21A1P (MLPA) | SAR (MALDI-TOF MS)
Ex1 Ex3 Ex10 Ex1 Ex3 Ex10 Ex1 Int2 Ex6
1 1.166 0.920 0.802 1.634 0.928 0.971 1.001 1.000 1.013
2 1.104 0.945 0.945 1.467 0.886 0.910 0.932 1.048 1.080
3 1.094 0.897 1.046 1.669 1.020 0.949 1.07 1.053 0.986
4 1.218 0.996 0.851 0.686 0.524 0.537 2.075 1.787 1.917
5 |0.95 1.100 0.882 0.963 0.518 1.105 1.560 1.633 1.918
6 | 0.923 0.730 1.160 1.059 0.912 1.398 1.054 1.020 1.019

For samples 1, 2 and 3, MLPA results suggest a duplication of CYP21A1P in exon 1,
and not in exon 3 and exon 10. CYP21A2 seems to be “normal” in all three positions.
MALDI-TOF MS results suggest that both genes have the same number of copies at
all positions, which disagrees with CYP21A1P duplication in exon 1. For sample 6,
MLPA results suggest a duplication of CYP21A1P in exon 10 whereas MALDI-TOF
MS gives same copy numbers throughout. According to MALDI-TOF MS results, the
CYP21A2 to CYP21A1P ratio for sample 4 is 2, indicating either a homozygous
duplication in CYP21A2 or a heterozygous deletion in CYP21A1P. MLPA confirms
this by showing a deletion in CYP21A1P and normal behavior in CYP21A2. MALDI-
TOF MS analysis shows a ratio of 1.5 for sample 5, which suggests a heterozygous
duplication of CYP21A2 and normal CYP21A1P haplotype, whereas MLPA suggests

a ratio of 2 only in exon 3, and 1 in exon 1 and exon 10.

In the product manual of the MLPA kit for CAH, the regions analyzed by CYP21A2-
specific probes are explained. These are 3 differentiating SNPs before exon 1 for 5'-
end, one of which is the selection for this region, 8-bp deletion for exon 3,
p.lle172Asn mutation for exon 4, exon 6 cluster for exon 6, and p.GIn318X mutation
for exon 8. When discrepancies in results are examined more closely, it is detected
that mass spectrometry method seems to deliver more correct and reasonable
results. The main reason for this is the possibility of the presence of variants very
close to the ligation site or to regions where probes bind in the MLPA protocol. This
could well prevent or reduce the efficiency of hybridization and ligation drastically,
hence lead to erroneous results [155].
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Both CYP21A2 and CYP21A1P genes of 200 individuals were examined, and the
frequencies of variants of all kinds in both genes were studied thoroughly. Therefore,
it is easily observable that MLPA probes for exon 4 and exon 8 might not always
deliver reliable results. In fact, the likelihood of obtaining false results is not low. For
example, in the sample set we have studied, we observed that the possibility of
CYP21A1P not to have the p.lle172Asn mutation is 3.6%. When this is the case, then
the MLPA probe for exon 4 binds to the CYP21A1P and is ligated instead of
CYP21A2. It finally gives the same result as it would if there was a duplication of
CYP21A2 in exon 4, which in reality is not true. The same reasoning holds for exon 8
where p.GIn318X is analyzed. The possibility of CYP21A1P not to have this mutation
is even higher, namely 8.5% [68].

It is worthwhile to reconsider Table 23 under the light of this information. In the first
three samples, a duplication of exon 1 is reported which is disagreed by mass
spectrometry analyses. The same is valid for a deletion of exon 3 of CYP21A1P in
sample 5 and a duplication of exon 10 of CYP21A2 in sample 6. Single exon deletion
or duplication is a very rare event in CYP21A2 genetics, in fact, there are no cases
reported in the literature yet. On the contrary, novel mutations which might hinder
probe binding are continuously being reported [155]. Therefore, results obtained by
mass spectrometry experiments appear to be more concordant with the genetic

knowledge of the region we have so far.

Finally, it is necessary to define ranges of ratios for MALDI-TOF MS analysis to
assign copy numbers. Combining the results of further measurements, it was decided
that a ratio between 0.1 and 0.7 should represent a heterozygous deletion of
CYP21A2 (or a heterozygous duplication of CYP21A1P), a ratio between 0.7 and 1.3
an equal number of copies, a ratio between 1.3 and 1.9 a heterozygous duplication of
CYP21A2, and a ratio greater than 1.9 a homozygous duplication of CYP21A2 (or a
heterozygous deletion of CYP21A1P). Infinity should indicate the homozygous
deletion of CYP21A1P and 0O that of CYP21AZ2. It can be noticed easily, that the
ranges turned out to be quite similar to that of MLPA analysis. This is not unexpected
since both methods depend on the amplification and comparison of gene-specific
regions. However, it should always be kept in mind that all three area ratios data

should be interpreted simultaneously and not separately. Due to the method being so
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sensitive in nature, error margins are not too small and ranges summarized here
might sometimes shift considerably. Evaluating the outcome as a whole as much as
possible decreases the chances of misinterpretation. Combining the CNV results with

the results of mutation detection is very helpful for dubious samples.

4.2.4 Absolute Copy Number (ACN) Analysis

Performing an absolute copy number analysis requires the incorporation of a
competitor template as a basis for comparison. Within the frame of approach, it was
aimed that the sample to be analyzed be kept as isolated as possible. Therefore,
similar to MLPA, the idea of using an internal control rather than an artificially
synthesized oligonucleotide as a competitor was adopted. This introduces some
important advantages: Firstly, one does not have to validate standard curves to
determine the competitor concentration for every batch. Second, there is no depletion
and re-ordering of the competitor since the sample itself is used for normalization,

which saves on extra costs and labor.

The main objective to have an internal control with a constant copy number is to set a
reference “intensity” of a normal gene which has a single copy on each allele. SAR
analysis provides us with the basic information about copy number ratios of
CYP21A2 and CYP21A1P. However, it does not differentiate between a ratio of 4:2

and 2:1. This is where the ACN analysis becomes helpful.

There is a need for a gene which has not been reported to be deleted or duplicated
so far, so that it is possible to normalize any measured data against it and obtain
absolute figures. The solute-carrier gene (SLC) superfamily encodes membrane-
bound transporters. The SLC superfamily comprises 55 gene families having at least
362 putatively functional protein-coding genes. The gene products include passive
transporters, symporters and antiporters. SLC30 is involved in Zn?" efflux with ten
members [156]. SLC30 member 3, SLC30A3 (also known as ZNT3), has been
reported to possess no deletions or duplications so far. Moreover, it does not have a
homologous pseudogene in its vicinity. SLC30A3 consists of 8521 base pairs and is
located in chromosome 2, 2p23.3. It is conserved in chimpanzee, dog, cow, mouse
and rat genomes.
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SNPs annotated in this gene were obtained from NCBI dbSNP build 37.2. A fragment
of 144 base pairs, out of a region with a relatively lower SNP density, was chosen
and amplified with primers tagged with the same 10-mer tag, to equalize PCR
efficiencies as much as possible. A non-polymorphic position in this fragment was
chosen as a “check point” to normalize CAH data against it (Figure 26). A primer
extension assay was designed for the check point with analyte masses that would fit
in CNV spectrum of CAH. Since the region is free of duplications and deletions, and
the check point of any variations, we expect to obtain the wild type signal with a

constant intensity at all times.

Experimentally, SLC30A3 assay was added to the SAR multiplex and the conditions
for PCR, SAP and iPLEX reactions were kept the same. A modification in the
preparation of PCR primer mix had to be made. The concentration of CYP gene
primers in the final mix had to be double the concentration of SLC30A3 primers since
each CYP primer is supposed to bind and amplify two fragments, each in either CYP
gene, whereas SLC30A3 primer pair is supposed to amplify just one fragment in
SLC30A3 gene.

SLC30A3_PCR1 SLC30A3_UEP Check_Point
"
i >
TCTTCCTCCCATCAGCAAGGTCATCTCAGTGCTCAGGAGATATTTGTTCAAGCAGTCAGTGTATCTCCCTTTATGTTCCTTTGAGCCCATCACTTTCCTCCT
AGAAGGAGGGTAGTCGTTCCAGTAGAGTCACGAGTCCTCTATAAACAAGTTCGTCAGTCACATAGAGGGAAATACAAGGAAACTCGGGTAGTGAAAGGAGGA

CAGCCCTCCCCTGACACTTCACGCTTAGACTCCAAGCCACAAACCTCG
GTCGGGAGGGGACTGTGAAGTGCGAATCTGAGGTTCGGTGTTTGGAGC
< ]

SLC30A3_PCR2I

Figure 26. SLC30A3 iPLEX assay designed for ACN analysis of CAH: Primers for
multiplex hME-PCR are shown with PCR1 and PCR2, and the extension primer with UEP.
The artificial check point is shown with a red flag.

The same way of data interpretation in SAR was followed and results were obtained
for the same 17 samples included in the previous SAR analysis. Data were
compared to MLPA figures and correction coefficients were introduced. It must be
mentioned that to normalize data against the internal control signal correctly is more
difficult than carrying out the SAR analysis. The first assay, ¢.1-126C/T, required
different correction factors for different analyte peaks representing CYP21A2 and

CYP21A1P. After calculations, C-analyte peak has the coefficient 1.05 and T-analyte
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0.9. This is not surprising as we try to achieve absolute numbers in this analysis
rather than ratios. Both analytes of ¢.289+138A/G assay have the coefficient 0.8
since the assay always performed with a higher efficiency than SLC30A3. Assay
c.702T/C did not require any correction factor. Figure 27 displays an example

spectrum which shows how a typical CNV analysis display on MALDI-TOF MS is.
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Figure 27. Example spectrum showing assays c.1-126C/T (red), ¢.289+138A/G (blue)
and SLC30A3 (green) of ACN analysis of CAH on MALDI-TOF MS: Unextended primers and
the assay analytes are labeled above belonging peaks.

Table 24 combines the results from SAR and ACN, and compares it to MLPA results.
Exon 10 data is shown instead of exon 6 data of CYP21A1P from MLPA since there
are no probes for exon 6 in the MLPA kit for CAH. As seen in the table, in some
cases MLPA probes for CYP21A1P report inconsistent percentages. Percentage
values higher than 130 for just one exon is very unlikely to represent the reality as
single exon/intron duplication is a very rare phenomenon. MLPA probes for
CYP21A1P sometimes result in percentages which are very close to the cut-off limit.
There are two such samples in the table where the percentage data turned out to be
significantly lower than others but still above the cut-off limit. In such cases, ASCN

experiments delivered more consistent results; therefore, they probably represent the
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true cases better. Detailed CNV analysis results of all 17 samples are summarized in

section 6.2.

Table 24. SAR, ACN, MLPA results of example samples.

Sample 3837 Ex1 Int2 Ex6/Ex10
SAR 1.00 1.00 1.01
ACN-CYP21A2 1.18 1.16 1.19
ACN-CYP21A1P | 117 116  0.95

MLPA-21A2 117% 111% 93%
MLPA-21A1P 170% 89%  99%
Sample 3840 Ex1 Int2 Ex6/Ex10
SAR 1.07 1.05 0.99

ACN-CYP21A2 0.91 0.84 0.98
ACN-CYP21A1P | 0.84 0.80 0.80

MLPA-21A2 113% 108% 96%
MLPA-21A1P 156% 86%  105%
Sample 3841 Ex1 Int2 Ex6/Ex10
SAR 208 179 192

ACN-CYP21A2 1.14  0.92 1.24
ACN-CYP21A1P | 0.54 052  0.52

MLPA-21A2 92%  94% 108%
MLPA-21A1P 75% 82% 68%
Sample 3843 Ex1 Int2 Ex6/Ex10
SAR 1.05 1.02 1.02

ACN-CYP21A2 1.22 1.08 1.10
ACN-CYP21A1P | 114 1.06  0.86

MLPA-21A2 %% 91% 99%
MLPA-21A1P 95% 96%  154%
Sample 3850 Ex1 Int2 Ex6/Ex10
SAR 1.76 174 2.00

ACN-CYP21A2 145 127 1.53
ACN-CYP21A1P | 0.81 0.73  0.61
MLPA-21A2 105% 92%  100%
MLPA-21A1P 87% 76% 81%

Samples 3837 and 3840: MLPA probe for CYP21A1P exon 1 gives an erroneous
result. As discussed before, duplication in single exons/introns is very unlikely to

occur. Therefore, ACN results of MALDI-TOF MS are more correct in this case.

Samples 3841 and 3850: If the data interpretation rules in MLPA manual are
followed, one must assume two copies of CYP21A1P for this sample. However, ACN
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results for CYP21A1P are closer to one copy than two copies. When inspected more
closely, MLPA percentages are observed to be lower than the percentages of other

two copy cases (>90%).

Sample 3843: ACN results present a more consistent behavior whereas MLPA data

give two copies for exon 6 only.

Very similar to MLPA and any other hybridization-based quantification method, the
experimenter has to “learn” how to interpret data correctly by long experimental
practice. Although there are certain intervals for different numbers of gene copies,
their error ranges are not narrow as shown above. One very useful indication of a
copy number variation in CYP21A2 is the presence of p.GIn318X mutation. This
mutation is known to co-exist with the heterozygous duplication of CYP21A2 [157]. In
13 samples with a duplication in CYP21A2, no exceptions were observed. One
sample had p.GIn318X mutation and just one copy of CYP21A2, that is, in
hemizygous form. In cases of the presence of this mutation in CYP21A2 either in
heterozygous or homozygous form together with a copy number variation indication,
the experimenter can conclude on a heterozygous deletion or duplication of

CYP21A2 by combining results from genotyping with CNV experiments.

4.2.5 Cost Analysis

During the cost analysis, the list prices are used directly in the calculation without
applying any discount rates. Labor, operation and initial equipment costs are not
taken into account (Table 25). ASCN analysis of one sample using MALDI-TOF MS

platform requires approximately 2.87 euros.

Table 25. Cost calculation of one sample for ASCN analysis on MALDI-TOF MS
platform.

Step Estimated cost per sample (euro)
hME-PCR 0.1
SAP Treatment + iPLEX + Measurement  2.76
Total 2.87
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The list price of one SALSA MLPA KIT P050-B2 CAH from MRC-Holland costs 1100
euros and lasts for 100 reactions. So, by MLPA method one has to spend 11 euros
for the analysis of one sample if one chooses not to include any control sample (a
sample of known copy number). It costs more than 11 euros with the control sample
depending on how many samples are processed in one run. When two methods are
compared to each other, CNV analysis on MALDI-TOF MS saves on consumable

costs considerably.

To summarize, CNV analysis of CAH using mass spectrometry as described above
delivers valuable information about the region in a relatively shorter time and with
less labor, especially when compared to traditional methods such as Southern
blotting, fluorescent in situ hybridization, and MLPA. It has lately become even more
important to investigate copy numbers of CYP genes since duplications in CYP21A2

have been reported as a risk factor for de novo mutations in the offspring [38].

4.3 Final Discussion

MALDI-TOF MS approaches were used in this study extensively to perform the
detection of variations in CYP21A2 and quantitative analysis of CYP21A2 and
CYP21A1P on mass spectrometry platform.

As the first step of mutation detection, CYP21A2 gene was amplified in a long range
PCR in a single amplicon. Primers were modified with thio-phosphate bonds in order
to prevent any miscorrection by the polymerase. This way, any possible allele drop-
out was prevented, which might be the case when amplifying CYP21A2 in two or

more overlapping fragments.

Detailed in-silico simulations were performed to be able to design a feasible layout
for mass spectrometry experiments by taking into account CYP21A1P-derived
mutations, common SNPs and rare mutations whose effect on enzyme activity is
known. Results showed that 103 variations can be detected by homogenous mass
cleave and 31 by iPLEX. Different from the default recipe of iPLEX, amplicons from
the nested PCR with primers tagged with T7 and SP6 were used. This enabled using
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the same amplicons in experiments without any extra PCR step. A total of four iPLEX

assay groups enable the automatic detection of 31 variations (9+9+6+7).

The designed setup was evaluated in a large blind study which was carried out in
parallel with routine diagnostics with real samples. The performance was proved to
be time- and stock solution-independent. All results were obtained with high accuracy
and showed reproducibility, which enabled a safe genetic diagnosis environment.
The data matched %98.61 to the conventional Sanger sequencing results. It was
found out that the discordance between the two platforms was due to wrong operator

interpretation during the evaluation of raw sequencing data.

Two experimental kits were designed for detecting variations in CYP21A2 gene:
Compact kit, which analyzes 10 major CYP21A1P-derived mutations by iPLEX
approach, and extended kit, which analyzes a total of 134 variations including
pseudogene-derived mutations, common polymorphisms and rare mutations by
combining hMC and iPLEX methods. Both kits give the experimenter the possibility to
add new clinically relevant mutations and polymorphisms as they are discovered.
This way, contrary to the commercial kits, the protocol can be fully customized and

kept up-to-date to meet the operator’s needs.

A separate experimental layout was designed for gene copy number analysis. Three
universal primer pairs, which do not differentiate between CYP21A2 and CYP21A1P,
and one primer pair to create an amplicon out of SLC30A3 gene, which was used for
internal normalization purposes, were multiplexed for the first PCR step. By reducing
the number of cycling from 45 to 25, it was assured that the reaction is terminated
before it reached equilibrium, so that both genes were represented as they are really
present on the genomic level. By selecting a check point in a reference gene of the
sample itself, the sample was kept in a completely isolated environment. A total of
three differentiating gene specific alleles were chosen for quantification. These sites
provided quantitative and relative information about the regions exon 1, intron 2 and
exon 6 of both CYP genes.

After the set-up was tested with 17 samples, empiric correction factors were

determined, which bring results to the true value. Since the deviation from the true
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value was systematic and conserved, these factors were successfully used in the
following evaluation tests and returned consistent results, which proved them to be

universal.

After blind studies were completed, the results were compared to that of MLPA. It
was observed that quantification on MALDI-TOF MS platform delivered more
consisting results for certain regions in a more gene-specific manner. The approach
has major advantages over the ligation-based quantification. First of all, it is more
reliable since the selected sites are 100% differentiating. Secondly, the overnight
incubation needed for ligation is eliminated, which delivers the final output much

faster. The last but not the least, the operating cost is drastically lowered.

To sum up, it was shown within the frame of this study that MALDI-TOF MS can be
successfully utilized to fully analyze CYP21A2 and its pseudogene CYP21A1P on
genomic level. This approach increases the degree of automation, thus reducing the
workload of the operator and the risk of data misinterpretation. Performing the gene
copy number analysis on the same platform allows combining mutation detection and
quantification on the same platform, which eliminates the necessity of obtaining two
different commercial test kits for a full analysis. Finally, unlike a close box, the

complete layout gives the operator full customization opportunity to meet his goals.

To our knowledge, this work represents in the up-to-date literature the first deep
research project about the detection of certain mutations and polymorphisms in
CYP21A2 and assignment of gene copy number of CYP21A2 and its pseudogene
CYP21A1P on MALDI-TOF MS platform [151].

5 Final Conclusions and Future Prospects

CAH is among the most common recessive disorders with an average worldwide
incidence rate of 1:8000 — 1:16000 for its classical form and 1:1000 for its non-
classical form. Since approximately 95% of the cases are due to 21-OHase
deficiency, genetic analysis focuses on the detection of mutations in CYP21A2-gene
and copy number variations in CYP21A2 and CYP21A1P.
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The highly rapid and accurate mass-spectrometry genotyping approach from
Sequenom was implemented to achieve a full CAH due to 21-OHase deficiency
analysis in this work. It was shown that the MALDI-TOF MS platform can be used for
the routine analysis of complex regions with a high density of SNPs also. The novel
idea of combining the MassCLEAVE technique with iPLEX without the need for an
extra PCR step was successfully performed. Carrying out the PCR for hMC with
primers having T7- and SP6-tags allowed to use these amplicons combined together
in mass extension reactions with no adverse effect. This approach can be
extrapolated to the analysis of other “difficult” regions/genes by increasing the total

workload by an acceptable amount rather than doubling it.

Mass spectrometry techniques bring in a high degree of automation while keeping
the confidence limit above the threshold for a diagnostic environment. A promising
future prospect to make the automation even better is to improve and customize the
algorithm behind. If this development was implemented both in hMC and iPLEX
analysis, it would give the experimenter new opportunities. Limits regarding signal
intensities in assigning a genotype could be defined at the algorithm level and
specifically for each variation or variation groups. The criteria of acceptance or
rejection of a spectrum could be defined using complex algorithms, which would
analyze overall signal intensity and also variation signals. Spectra, which are low in
signal intensity, would then be according to this pre-run algorithm either accepted or
reported that it must be repeated. Moreover, defining different cut-off levels for
signals belonging to different variations specifically would increase automation and
decrease the manual work load. Defining best identifying reactions on a variation-
specific basis would minimize the number of low score calls of complete manual

inspections.
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6 Appendix

6.1 Homogenous MassCLEAVE in silico Results

Amplicon 1
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
c-1-4C>T(rs6470) 44848 1657
c.115T>C(rs6468) 2942,8 1993,2
c.126delC(P42Frameshift) 3465,2 1594
¢.135A>C(rs6464) 2725,6 o644,4
c.141delT(L48Frameshift) 4179,6 5274,2
c.185A>T(H62L) 61228 3367
c.185A>T(H62L)+c.191G>A(G64E) 1923,2 3367
4235,6
c.191G>A(G64E) 1923,2
1963,2

€.27insCTG(rs28381641)
c.3G>A(M11) 2626,6
c.43G>A(A15T) 3425,2 4830 2009,2
¢.56G>A(W19X) 1947,2 2610,6
c.64insT(W22Frameshift) 2814,8 3621,2
c.64insT(W22Frameshift)+c.66G>A(W22X) 2292 .4 2525,6 3605,2
c.66G>A(W22X) 22924 2196,4 3301
c.82insC(H28Frameshift) 21004 2669,6 4738,8
¢.82insC(H28Frameshift)+c.89C>A(P30Q) 2100,4 2035,2 4697,8

2156,4 2669,6
¢.82insC(H28Frameshift)+c.89C>T(p.Pro30Leu 2100,4 2669,6 4722,8
)
c.89C>A(P30Q) 2156,4 2035,2 4352,6
¢.89C>T (p.Pro30Leu) 4377,6
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
c-1-4C>T(rs6470) 4500,8
¢.115T>C(rs6468) 1578 2926,8
c.126delC(P42Frameshift) 3754,4 1939,2
¢.135A>C(rs6464) 2380,4 5603,4
c.141delT(L48Frameshift) 4508,8 5603,4
c.185A>T(H62L) 2268,4 3342
c.185A>T(H62L)+c.191G>A(G64E) 3850,4

1650 2268,4 1968,2 3342
c.191G>A(G64E) 3850,4

1650 3850,4 1968,2
€.27insCTG(rs28381641)
c.3G>A(M11) 1648
c.43G>A(A15T) 3441,2
¢.56G>A(W19X) 1963,2 2626,6
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c.64insT(W22Frameshift) 2485,6 3317
c.64insT(W22Frameshift)+c.66G>A(W22X) 2485,6 3317
c.66G>A(W22X) 2485,6 3317
¢.82insC(H28Frameshift) 2324,4 4393,6
¢.82insC(H28Frameshift)+c.89C>A(P30Q) 2116,4 2324 4 4393,6
2116,4 2324 4 4393,6
c.82insC(H28Frameshift)+c.89C>T(p.Pro30Leu 2116,4 4393,6
)
¢.89C>A(P30Q) 2116,4 4393,6
¢.89C>T (p.Pro30Leu) 2116,4 4393,6
Amplicon 2
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
c.200-2A>G 2212,4 4631,8 2363,4
C.220A>T(K74X) 3256 2019,2 2651,6 2930,8
¢.230T>C(I77T) 44528 2996,8
€.269G>T(G90V) 3585,2 1302,8
c.289+1G>A 2955,8 4888
€.289+9T>C(rs6462) 4942 3674,4 2050,2
€.289+9T>C(rs6462)+c.289+15C>A(rs6448) 4982 3329,2 4533,8
€.289+15C>A(rs6448) 2709,6 3313,2 4838
€.289+33C>A(rs6463) 2629,6
c.289+45insTGT 4235,6
C.289+67T>C(rs6449) 2942,8
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
c.200-2A>G 2196,4 6837,2 4615,8 2667,6
C.220A>T(K74X) 4163,6 2676,6 2905,8
c.230T>C(I77T) 4163,6 3630,2 2281,4
€.269G>T(G90V) 2886,8 3545,2
387G/A(387_GJ/A), c.289+1G>A 2971,8 3646,2
€.289+9T>C(rs6462) 2669,6 3658,4 2354.,4
€.289+9T>C(rs6462)+401C/A(rs6448) 2669,6 3658,4 23544
2478,6
401C/A(rs6448) 2669,6 3658,4 23544
2478.,6
€.289+33C>A(rs6463) 2589,6
431insTGT 3288
C.289+67T>C(rs6449) 2926,8 2560,6
Amplicon 3
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
€.289+134C>T(rs11757034) 22524 2980,8
€.290-129insTCC 2364,4 5635,4
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©.290-109G>C 3304 4718 2050,2
¢.290-109G>C+c.290-105delG 2958,8 44288 1705
€.290-105delG 3014,8 4372,8 3003,8
c.290-85G>A 5696,4 27188 5027
C.290-85G>A+c.290-84G>T 5006 2758,8 4986
C.290-84G>T 5022 3337,2 5002
c.209-74G>A(rs6450) 5985.6 5027
C.209-74G>A(rs6450)+c.290-67C>A(rs6451) | 60256 3655,2

5027
C.209-74G>A(rs6450)+c.290-67C>G(rs6451) | 60416 1827 2 3671,2

5027
€.290-67C>A(rs6451) 6041,6 3655,2
€.290-67C>G(rs6451) 6057.6 1827,2 3671,2
c.209-48A>G(rs59064806) 1594 5849.6 2034,2
€.290-44G>T(rs6453) 3312 4304,6
C.290-44G>T(rs6453)+c.290- 42196 1927,2 2676,6
38_39CA>GG(rs35147842)
C.290-38_39CA>GG(rs35147842) 19272
c.290-13A>C(rs6467) 3931,6 40184 5413,2
C.290-13A>C(rs6467)+c.290-12C>T (rs6454) 3642,4 4002,4 5397,2
c.290-13A>G(IVS2AS,A/C-G,-13) 3987,6 3962,4 2354,4

3037,8
€.290-13A>G(IVS2AS,A/C-G,-13)+c.290- 36984 39464 2354,4
12C>T(rs6454) 3021,8
C.290-12C>T(rs6454) 3682,4 3657,2 5356,2
c.290-4G>A(P.668_G/A) 3529,2 3038,8 6325,8
Cc.290-2A>G 42516
C.290-2A>G+c.290-4G>A 3038,8 6021,6
€.290-2A>G+c.291C>A(Y97X) 3601,2 4251,6 2676,6 1541
€.290-2A>G+c.290- 3585,2 3038.8 2676,6 1541
2A>G+¢.291C>A(Y97X)+c.290-4G>A 60216
c.291C>A(Y97X) 3585,2 2660,6 1541
c.291C>A(Y97X)+c.290-4G>A 3569,2 3038,8 2660,6 1541
6325,8

c.305A>G(rs6474) 22924 2306,4 1632
c.314C>T(P105L) 19232 2930,8
c.314C>T(P105L)+c.315G>C(P.Cd.105_G/C) 3276
c.315G>C(P.Cd.105_G/C) 3064 1995,2 3292
c.321G>T(rs6456) 4219,6 3655,2
c.324C>G 4123,6 3317
c.324C>G+c.329_336delGAGACTAC (8bp-
del
c.3)29_336deIGAGACTAC(pr-deI) 1927 2
C.339C>T 4564,8 3630,2
c.370C>T(M.Cd.124_C>T) 2653,6 2667,6
c.370C>T(M.Cd.124_C>T)+c.371G>A(R124H) 4295,6
c.371G>A(R124H) 24296 43116
C.416T>A(V139E) 3962,4 1522 3687,2
c.439T>C(C147R) 2870,8 39914
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Wild Type Signals

Reference t-forward t-reverse c-forward c-reverse
C.289+134C>T(rs11757034) 2830.8 3505,2 29968
€.290-129insTCC 4615,8
€.290-109G>C 3360 4662 3349
€.290-109G>C+c.290-105delG 3360 4662 3349
¢.290-105delG 3360 4662 3349
€.290-85G>A 5712,4 3297,2 5043
€.290-85G>A+c.290-84G>T 5712,4 3297,2 5043
€.290-84G>T 5712,4 3297,2 5043
€.209-74G>A(rs6450) 6001,6 3297,2 5043
€.209-74G>A(rs6450)+c.290-67C>A(rs6451) 6001,6 1883,2 3326

3297,2 5043
€.209-74G>A(rs6450)+c.290-67C>G(rs6451) 6001,6 1883,2 3326

3297,2 5043
€.290-67C>A(rs6451) 6001,6 1883,2 3326
€.290-67C>G(rs6451) 6001,6 1883,2 3326
€.209-48A>G(rs59064806) 2613,6 2338,4

3272
c.290-44G>T(rs6453) 3272 3301
€.290-44G>T(rs6453)+c.290- 3272 3301
38 39CA>GG(rs35147842)
€.290-38_39CA>GG(rs35147842) 3272 3301
€.290-13A>C(rs6467) 3971,6 3673,2 5372,2
€.290-13A>C(rs6467)+c.290-12C>T(rs6454) 3971,6 3673,2 5372,2
€.290-13A>G(IVS2AS,A/C-G,-13) 3971,6 3673,2 5372,2
€.290-13A>G(IVS2AS,A/C-G,-13)+c.290- 3971,6 3673,2 5372,2
12C>T(rs6454)
€.290-12C>T(rs6454) 3971,6 3673,2 5372,2
€.290-4G>A(P.668_G/A) 3545,2 3673,2 5372,2
€.290-2A>G 3545,2 3673,2
€.290-2A>G+c.290-4G>A 3673,2 5372,2
€.290-2A>G+c.291C>A(Y97X) 3545,2 3673,2 1327,8 1582
€.290-2A>G+¢.290- 3545,2 3673,2 1327,8 1582
2A>G+c.291C>A(Y97X)+c.290-4G>A 5372,2
€.291C>A(Y97X) 3545,2 1327,8 1582
€.291C>A(Y97X)+c.290-4G>A 3545,2 3673,2 1327,8 1582
5372,2

¢.305A>G(rs6474) 2276,4 2290,4 1936,2
¢.314C>T(P105L) 3120 1939,2 2946,8
¢.314C>T(P105L)+c.315G>C(P.Cd.105_G/C) 3120 1939,2 2946,8
¢.315G>C(P.Cd.105_G/C) 3120 1939,2 2946,8
€.321G>T(rs6456) 4179,6
c.324C>G 4179,6 2971,8
€.324C>G+c.329_336delGAGACTAC(8bp- 2653,6 4179,6 2971,8 3646,2
del) 4580,8
c.329 336delGAGACTAC(8bp-del) 2653,6 4179,6 2971,8 3646,2

4580,8
c.339C>T 4580,8 3646,2
¢.370C>T(M.Cd.124_C>T) 2445,6 2669,6 2683,6
¢.370C>T(M.Cd.124_C>T)+c.371G>A(R124H) 2445,6 2669,6 2683,6
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¢.371G>A(R124H) 24456 2669,6 2683,6
c.416T>A(V139E) 2429,6 3662,2
c.439T>C(C147R) 2854.8 4295,6 1657
Amplicon 4
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
¢.532G>A(G178R) 3914 .4 2019,2 2002,2 4954
¢.532G>A(G178R)+c.533G>C(rs72552751) 3858,4 2019,2 1327,8 5603,4
¢.532G>C(G178A) 3874,4 2653,6 1673 4995
¢.532G>C(G178A)+c.533G>C(rs72552751) 3818,4 2709,6 1327,8 5644.,4
€.533G>C(rs72552751) 3874.,4 2653,6 1327,8
¢.370C>T(Mt.Cd.124_C/T) 3962,4 1522 3687,2 2667,6
2653,6
¢.371G>A(R124H) 2429,6 1522 3687,2 4311,6
3962,4
c.416T>A(V139E) 3962,4 1522 3687,2
c.439T>C(C147R) 2870,8 3991,4
€.444+38C>T(rs6466) 4291,6
C.444+38C>T(rs6466)+c.444+39G>A(rs5869363 1963,2 4970
1) 23644
€.444+39G>A(rs58693631) 2364,4 4986
c.497T>C(L166P) 1482 4387,6 6318,8
¢.505_506delTGinsA(C169Frameshift)+c.508ins 3762,4 1327,8
A
¢.505_506delTGinsA(C169Frameshift) 3433,2 6927,2
¢.505T>C(C169R) 3738,4 1995,2 6318,8
¢.505T>C(C169R)+c.508insA(S170Frameshift) 4067,6 1995,2 1327,8 6318,8
¢.508insA(S170Frameshift) 2581,6 1327,8
c.512T>A(I171N) 3200 2930,8
¢.512T>A(I171N)+c.515T>A(p.lle172Asn) 3818,4 1947,2 2905,8
¢.515T>A(p.lle172Asn) 1562 1947,2 2930,8
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
c.532G>A(G178R) 3930,4 2597,6 2018,2 4649,8
¢.532G>A(G178R)+c.533G>C(rs72552751) 3930,4 2597,6 2018,2 4649,8
¢.532G>C(G178A) 3930,4 2597,6 2018,2 4649,8
¢.532G>C(G178A)+c.533G>C(rs72552751) 3930,4 2597.,6 2018,2 4649,8
¢.533G>C(rs72552751) 3930,4 2597.,6 2018,2
¢.370C>T(Mt.Cd.124_C/T) 24456 2429,6 3662,2
2669,6
¢.371G>A(R124H) 24456 2429,6 3662,2 1648
2669,6
c.416T>A(V139E) 2429,6 3662,2
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c.439T>C(C147R) 2854,8 4295,6 1657
€.444+38C>T(rs6466) 1538 4307,6
€.444+38C>T(rs6466)+c.444+39G>A(rs5869363 1538 4307,6 3317
1)
€.444+39G>A(rs58693631) 1538 4307,6 3317
c.497T>C(L166P) 4371,6 6302,8
¢.505_506delTGinsA(C169Frameshift)+c.508ins 22524 1979,2 6302,8
A
¢.505_506delTGinsA(C169Frameshift) 22524 1979,2 6302,8
¢.505T>C(C169R) 2252,4 1979,2 6302,8
¢.505T>C(C169R)+c.508insA(S170Frameshift) 22524 1979,2 6302,8
¢.508insA(S170Frameshift) 22524
¢.512T>A(I171N) 2252,4 2955,8
¢.512T>A(I171N)+c.515T>A(p.lle172Asn) 22524 2276,4 2955,8
¢.515T>A(p.lle172Asn) 2276,4 2955,8
Amplicon 5
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
c.547-15C>A(rs1040312) 1690 5637,4
4259,6
€.547-15C>A(rs1040312)+c.547-8T>C(rs1040311) 1690 5653,4
4275,6
c.547-8T>C(rs1040311) 5985,6 5694,4
c.549 _C>G(rs1040310) 2692,6
¢.549delC(D 183Frameshift) 4564,8 23474
¢.587_589delAGG(E196del) 4247.,6
¢.587_589delAGG(E196del)+c.594A>T(M.Cd.198) 2220,4 2509,6 4222,6 3548,2
¢.594A>T(M.Cd.198) 2220,4 2509,6 5242,2 3548,2
¢.636insT(P213Frameshift) 4355,6 2560,6 4963
c.648+30G>A 1344,8 1602 6309,8
2613,6
€.648+30G>A+c.648+35A>G(rs12525076) 1344,8 2613,6
4034,4 3048
€.648+35A>G(rs12525076) 4034 4 5625,6 6341,8
€.676C>T(rs6457) 2613,6 1851,2 3991,4
€.676C>T(rs6457)+c.682C>T(Q228X) 1674 1851,2 5315,2
2252,4
2613,6
€.682C>T(Q228X) 1674 3301
2252,4
€.702T>C(rs10947229) 5897,6 5004 2946,8
€.702T>C(rs10947229)+c.707T>A(I236N) 6861,2 5004 2921,8
€.702T>C(rs10947229)+c.707T>A(I1236N)+c.708C> 6917,2 4320,6 2576,6
G 5004
€.702T>C(rs10947229)+c.707T>A(1236N)+c.708C> 4345,6 2576,6
G+c.710T>A(V237E) 5004
€.702T>C(rs10947229)+c.707T>A(1236N)+c.708C> 4370,6 2576,6
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G+c.710T>A(V237E)+c. 716 T>A(M239K) 5004
€.702T>C(rs10947229)+c.707T>A(I1236N)+c.710T> 3342 2921,8
A(V237E) 5004
€.702_T>C(rs10947229)+c.707T>A(I1236N)+c.710T 3367 2921,8
>A(V237E)+c. 716 T>A(M239K) 5004
c.707T>A(I236N) 2525,6 2905,8
c.708C>G 2140,4 4295,6 2585,6
c.710T>A(V237E) 2982,8 3342
c.710T>A(V237E)+c.716 T>A(M239K) 3367
c.716T>A(M239K) 3946,4 3342
€.721C>G(M.Cd.241) 1522 3012,8
c.735+12_13AC>GT(rs71552100) 3433,2 3596,2
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
c.547-15C>A(rs1040312) 5969,6 5678,4
€.547-15C>A(rs1040312)+c.547-8T>C(rs1040311) 5969,6 1541 5678,4
c.547-8T>C(rs1040311) 5969,6 1541 5678,4
€.549C>G(rs1040310) 4854 1673
¢.549delC(D183Frameshift) 4854 1673
c.587_589delAGG(E196del) 2942,8 5267,2
c.587_589delAGG(E196del)+c.594A>T(M.Cd.198) 2549,6 5267,2
2942.,8
€.594A>T(M.Cd.198) 2549,6 5267,2
€.636insT(P213Frameshift) 4026,4 2256,4 4633,8
c.648+30G>A 1360,8 4179,6 6325,8
€.648+30G>A+c.648+35A>G(rs12525076) 1360,8 1482
4018,4 4179,6
€.648+35A>G(rs12525076) 4018,4 1482 6325,8
4179,6
€.676C>T(rs6457) 1977,2
2034,2
€.676C>T(rs6457)+c.682C>T(Q228X) 3890,4 1977,2
2034,2
€.682C>T(Q228X) 3890,4 1977,2
€.702T>C(rs10947229) 1562 5308,2 2930,8
4371,6
€.702T>C(rs10947229)+c.707T>A(I236N) 1562 2196,4 5308,2 2930,8
4371,6
€.702T>C(rs10947229)+c.707T>A(1236N)+c.708C> 1562 2196,4 3317 2930,8
G 4371,6 5308,2
€.702T>C(rs10947229)+c.707T>A(I236N)+c.708C> 1562 2196,4 3317 2930,8
G+c.710T>A(V237E) 2019.2 53082
4371,6
€.702T>C(rs10947229)+c.707T>A(I1236N)+c.708C> 1562 2196,4 3317 2930,8
G+c.710T>A(V237E)+c. 716 T>A(M239K) 2019,2 5308,2
4371,6
€.702T>C(rs10947229)+c.707T>A(1236N)+c.710T> 1562 2196,4 3317 2930,8
A(V23TE) 2019,2 5308,2
4371,6
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€.702T>C(rs10947229)+c.707T>A(I1236N)+c.710T> 1562 2196,4 3317 2930,8
A(V237E)+c.716 T>A(M239K) 2019,2 5308,2
4371,6
c.707T>A(I236N) 1562 2196,4 2930,8
c.708C>G 2196,4 3317 2930,8
c.710T>A(V237E) 2019,2 2196,4 3317
c.710T>A(V237E)+c.716 T>A(M239K) 2019,2 2196,4 3317
c.716T>A(M239K) 2019,2 3317
c.721C>G(M.Cd.241)
€.735+12_13AC>GT(rs71552100)
Amplicon 6
SNP/Mutation Signals
Reference t-forward t-reverse c- c-reverse
forward
c.735+12_13AC>GT(rs71552100) 3433,2 3596,2
c.736-74G>A 2469,6 3260 4888
€.736-21C>T(rs6465) 4620,8
c.737delA(E246Frameshift) 2363,4
C.744C>G(rs6477) 3465,2 23134
c.782T>C(L261P) 3866,4 23244
€.782T>C(L261P)+c.784C>T(Q262X) 1538 3662,2
2364,4
c.784C>T(Q262X) 2364,4 3662,2 22814
¢.803G>C(rs6472) 4774
¢.819T>C(rs55695018) 3176 3136
c.841G>T(p.Val281Leu) 3617,2 1963,2 1977,2
€.841G>T(p.Val281Leu)+c.842T>G(V281G) 2252 4
3617,2
c.842T>G(V281G) 5889,6 1883,2 1359,8
€.842T>G(V281G)+c.847A>C(M283L) 5849,6 1883,2 1359,8
3232
c.847A>C(M283L) 3232
c.871G>A(G291S)
c.871G>C(G291R)
c.871G>T(G291C) 2870,8
€.884C>A(T295N) 6348 2306,4 22314
¢.898C>T(L300F) 6018,8 5274,2
€.898C>T(L300F)+c.903C>A(S301Y) 6018,8 2693,6 5233,2
€.898C>T(L300F)+c.903C>A(S301Y)+c.904T>C(W30 3192 2693,6 1359,8 5249,2
2R) 6018,8
€.898C>T(L300F)+c.904T>C(W302R) 3152 1359,8
6018,8
€.903C>A(S301Y) 2709,6 5249,2
€.903C>A(S301Y)+c.904T>C(W302R) 3192 2709,6 1359,8 5265,2
€.904T>C(W302R) 3152 1359,8 5306,2
€.904T>C(W302R)+c.906 G>A(W302X) 3136 3689,2 5306,2
6444
€.904T>C(W302R)+c.906G>A(W302X)+c.910G>A(V3 3120 3689,2 4122,6 5306,2
04M) 5175,2
€.904T>C(W302R)+c.910G>A(V304M) 3136 4958 1359,8 5306,2

117




5175,2 4122,6
€.906G>A(W302X) 2268,4 3673,2
6444
€.906G>A(W302X)+c.910G>A(V304M) 22524 3673,2 4122,6
5175,2
c.910G>A(V304M) 2268,4 4942 4122,6
5175,2
¢.920dupT(p.Leu306PhefsX5) 44428 | 29578
€.922C>T(L308F) 5051,2 4320,6
c.936+1G>C 4718
€.936+1G>C+c.936+2T>G 2958.,8 4678
€.936+2T>G 3014,8 4622 2683,6
€.936+11G>C(rs6442) 5857,6 4718
€.936+11G>C(rs6442)+c.936+12G>A 5841,6 4139,6
€.936+12G>A 5897.,6 4083,6
Wild Type Signals
Reference t-forward t-reverse c- c-reverse
forward
c.735+12_13AC>GT(rs71552100) 1867,2 1993,2
C.736-74G>A 2485,6 3276 1616
3292
€.736-21C>T(rs6465) 2790,8 4636,8 1359,8
c.737delA(E246Frameshift) 3906,4 2692,6
C.744C>G(rs6477) 3521,2 1689
c.782T>C(L261P) 2942.8 2308,4
C.782T>C(L261P)+c.784C>T(Q262X) 2942,8 3358
€.784C>T(Q262X) 2942.8 2308,4 3358
¢.803G>C(rs6472) 4830
€.819T>C(rs55695018) 2597,6 3120
c.841G>T(p.Val281Leu) 3962,4 1923,2
c.841G>T(p.Val281Leu)+c.842T>G(V281G) 3962,4
c.842T>G(V281G) 3962,4 1923,2
€.842T>G(V281G)+c.847A>C(M283L) 3962,4 1923,2 1952,2
2541,6
c.847A>C(M283L) 2541,6 1952,2
c.871G>A(G291S) 2830,8 2009,2
c.871G>C(G291R) 2830,8 2009,2
c.871G>T(G291C) 2830,8 2009,2
c.884C>A(T295N) 6308 19772 | 2272,4
¢.898C>T(L300F) 6308 5290,2
€.898C>T(L300F)+c.903C>A(S301Y) 6308 5290,2
€.898C>T(L300F)+c.903C>A(S301Y)+c.904T>C(W30 2284 .4 5290,2
2R) 6308
¢.898C>T(L300F)+c.904T>C(W302R) 22844
6308
€.903C>A(S301Y) 5290,2
¢.903C>A(S301Y)+c.904T>C(W302R) 2284 .4 5290,2
c.904T>C(W302R) 2284 .4 5290,2
€.904T>C(W302R)+c.906G>A(W302X) 2284 .4 5290,2
€.904T>C(W302R)+c.906G>A(W302X)+c.910G>A(V3 | 2284,4 4138,6 5290,2

04M)
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€.898C>T(L300F)+c.904T>C(W302R) 2284.,4 4138,6 5290,2
€.906G>A(W302X) 2284.,4
€.906G>A(W302X)+c.910G>A(V304M) 22844 4138,6
c.910G>A(V304M) 22844 4138,6
€.920dupT(p.Leu306PhefsX5) 4138,6 2628,6
€.922C>T(L308F) 4138,6 4336,6
€.936+1G>C 1690 4662 2642,6
€.936+1G>C+c.936+2T>G 1690 4662 2642,6
€.936+2T>G 1690 4662 2642,6
€.936+11G>C(rs6442) 5913,6 4662 2338,4
€.936+11G>C(rs6442)+c.936+12G>A 5913,6 4662 23384
€.936+12G>A 5913,6 4662 2338,4
Amplicon 7
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
€.936+1G>C 1634 4718
€.936+2T>G 3014,8 4622 2683,6
€.936+11G>C(rs6442) 5857,6 4718
€.936+11G>C(rs6442)+c.936+12G>A 5841,6 4139,6
€.936+12G>A 5897,6 4083,6
€.949C>A(L317M) 1977,2
€.949C>G(L317V) 3561,2 1578 1993,2
€.943C>T(Q315X) 1977,2
€.946C>T(R316X) 1977,2
€.952C>T(p.GIn318X) 3328 1618 3991,4
€.988 997delTCCAGCTCCC(S330Frameshift) 22844
¢.1016G>A(R339H) 3529,2 1952,2
¢.1021C>T(R341W) 5199,2
¢.1021C>T(R341W)+c.1022G>C(R341P) 5255,2
¢.1022G>C(R341P) 2501,6 5271,2
¢.1048G>A(M.Cd.350) 2886,8 1304,8 39824
¢.1051G>A(E351K) 2886,8 1623
¢.1060C>T(R354C)
¢.1061G>A(R354H) 2830,8 1993,2
¢.1066C>T(p.Arg356Trp)
¢.1067G>A(R356Q) 4774
5199,2
¢.1067G>C(R356P) 2806,8
¢.1085C>T(A362V) 3617,2 1911,2 1657
€.1088T>G(L363W) 3593,2
€.1088T>G(L363W)+c.1093C>T(H365Y) 3577,2
¢.1093C>T(H365Y) 3617,2
¢.1096C>T(R366C) 2445,6
6645,2
c.1116-34G>A(rs6461) 2942.8 2996,8 1977,2
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
[c.936+1G>C | 1690 4662 | 26426
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€.936+2T>G 1304,8 4662 2642,6
1690
€.936+11G>C(rs6442) 5913,6 4662
€.936+11G>C(rs6442)+c.936+12G>A 5913,6 4662
€.936+12G>A 5913,6 4662
€.949C>A(L317M) 3505,2
€.949C>G(L317V) 3505,2
€.943C>T(Q315X) 3505,2
€.946C>T(R316X) 3505,2
€.952C>T(p.GIn318X) 3962,4 3037,8
€.988 997delTCCAGCTCCC(S330Frameshift) 1867,2 5231,2 2034,2
6138,8
¢.1016G>A(R339H) 3545,2
c.1021C>T(R341W) 2557,6 5215,2
¢.1021C>T(R341W)+c.1022G>C(R341P) 2557,6 5215,2
€.1022G>C(R341P) 2557,6 5215,2
¢.1048G>A(M.Cd.350) 2987,8
c.1051G>A(E351K)
¢.1060C>T(R354C) 1883,2
¢.1061G>A(R354H) 1883,2 1343,8
c.1066C>T(p.Arg356Trp) 2862,8
¢.1067G>A(R356Q) 2862,8
¢.1067G>C(R356P) 2862,8
¢.1085C>T(A362V) 3633,2 1607
€.1088T>G(L363W) 3633,2
€.1088T>G(L363W)+c.1093C>T(H365Y) 3633,2 2699,6
€.1093C>T(H365Y) 3633,2 2699,6
¢.1096C>T(R366C 2699,6
c.1116-34G>A(rs6461) 3521,2
Amplicon 8
SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
c.1116-34G>A(rs6461) 29428 2996,8 1977,2
€.1122C>T(rs6469) 1304,8 3256 2651,6
€.1122C>T(rs6469)+c.1123G>A(G375S) 2003,2 2955,8
c.1123G>A(G3758) 1867,2 2019,2
c.1128C>A(Y376X) 2276,4 1961,2 1607
¢.1140G>C(E380D) 3561,2
c.1171G>A(A391T) 4646 3333
c.1214G>A(W405X) 1578 1947,2 1961,2
2541,6
€.1219+26G>A(rs2242571) 1578 6277,8
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
c.1116-34G>A(rs6461) 3521,2 3012,8 1673
¢.1122C>T(rs6469) 3272 2667,6
€.1122C>T(rs6469)+c.1123G>A(G375S) 3272 2667,6
c.1123G>A(G375S) 3272 2667,6
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c.1128C>A(Y376X) 2236,4 1648
¢.1140G>C(E380D) 3617,2 1538 2338,4
c.1171G>A(A391T) 4662 2573,6 2683,6
c.1214G>A(W405X) 44528 1657
€.1219+26G>A(rs2242571) 6293,8
Amplicon 9
SNP/Mutation Signals
Reference t- t- c- c-
forwar reverse forwar reverse
d d
c.1273G>A(G424S) 6042,8 1993,2
c.1273G>A(G4248S)+c.1276C>T(R426C) 1304,8 | 6026,8 1977,2
€.1273G>A(G4248S)+c.1276C>T(R426C)+c.1277G>A(R426H) 4718
€.1273G>A(G424S)+c.1277G>A(R426H) 24856 | 4718 2642,6
€.1276C>T(R426C) 1304,8
€.1276C>T(R426C)+c.1277G>A(R426H) 4718 1993,2
€.1277G>A(R426H) 4718 2009,2
c.1303C>T(A434V) 5697,6
c.1303C>T(A434V)+c.1303C>T(R435C) 5681,6 | 2617,6
¢.1303C>T(R435C) 5697,6
€.1330C>T(R444X) 1578 1648
c.1337T>C(L446P) 3481,2 | 2613,6
€.1349C>T(M.Cd.450) 6082,8 2651,6
€.1349C>T(M.Cd.450)+c.1357C>T(p.Pro453Ser) 6066,8 2363,4
2651,6
¢.1357C>T(p.Pro453Ser) 6082,8 2363,4
¢.1375C>T(M.Cd.459) 5961,6 3037,8
€.1388C>T(M.Cd.463) 1923,2 | 3978,4
c.1419G>T(M473l) 1328,8 1936,2
c.1426delT(P475Frameshift) 2971,8
c.1436G>T(R479L) 3505,2
€.1436G>T(R479L)+c.1442C>T(Q481P) 4806 | 6966,4
€.1442C>T(Q481P) 4806 | 6926,4
c.1444C>T(P482S) 3248 | 3425,2
€.1444C>T(P482S)+c.1448_49delGGinsC(R483Frameshift) 2846,8 | 3192 | 3719,2
€.1444C>T(P482S)+c.1447C>T(R483W) 2380,4 | 3409,2 | 4713,8
€.1444C>T(P482S)+c.1448insC(R483Frameshift) 3770,4
c.1444C>T(P482S)+c.1448G>A(R483Q) 3232 1482 | 4393,6 | 1993,2
1979,2
€.1444C>T(P482S)+c.1448G>C(R483P) 3192 | 3481,2 | 4064,4
c.1447C>T(R483W) 2380,4 | 3425,2 | 4713,8
c.1447C>T(R483W)+c.1448 49delGGinsC(R483Frameshift) 3192 | 3719,2
c.1447C>T(R483W)+c.1448G>A(R483Q) 2364,4 | 1482 | 4697,8 | 1993,2
1979,2
c.1447C>T(R483W)+c.1448G>C(R483P) 3481,2 | 4064,4
¢.1448insC(R483Frameshift) 5135,2 | 3786,4 2050,2
c.1448G>A(R483Q) 4830 1482 | 4393,6 | 2009,2
1995,2
c.1448G>C(R483P) 4790 | 3497,2 | 4064,4 | 2050,2
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c.1470A>G(rs61732562) 3208 | 1359,8
c.1471G>A(M.Cd.491) 1968,2
c.1471G>A(M.Cd.491)+c.1470A>G(rs61732562) 1939,2
c.1471G>A(M.Cd.491)+c.1470A>G(rs61732562)+c.1478A>G( 1939,2
rs61732563)
c.1471G>A(M.Cd.491)+c.1478A>G(rs61732563) 1968,2
c.1478A>G(rs61732563)
c.1486+12C>T 3633,2
c.1486+12C>T+c.1486+13G>A 3633,2 1936,2
c.1486+13G>A 4580,8 2256,4
Wild Type Signals
Reference t- t- c- c-
forwar reverse forwar reverse
d d
c.1273G>A(G424S) 2517,6
c.1273G>A(G4248S)+c.1276C>T(R426C) 2517,6
€.1273G>A(G4248S)+c.1276C>T(R426C)+c.1277G>A(R426H) | 2517,6
€.1273G>A(G424S)+c.1277G>A(R426H) 2517,6
€.1276C>T(R426C) 2517,6
€.1276C>T(R426C)+c.1277G>A(R426H) 2517,6
c.1277G>A(R426H) 2517,6
c.1303C>T(A434V) 2862,8 | 5713,6
c.1303C>T(A434V)+c.1303C>T(R435C) 2862,8 | 5713,6
¢.1303C>T(R435C) 2862,8 | 5713,6
€.1330C>T(R444X) 2830,8
c.1337T>C(L446P) 2557,6
€.1349C>T(M.Cd.450) 1867,2 | 6098,8 2667,6
€.1349C>T(M.Cd.450)+c.1357C>T(p.Pro453Ser) 1867,2 | 6098,8 2379,4
2667,6
¢.1357C>T(p.Pro453Ser) 6098,8 2379,4
€.1375C>T(M.Cd.459) 5977,6 3053,8
€.1388C>T(M.Cd.463) 2790,8 | 3994 ,4
c.1419G>T(M473l) 2212,4 2306,4
c.1426delT(P475Frameshift) 2982,8 3301
c.1436G>T(R479L) 1939,2 | 3465,2
c.1436G>T(R479L)+c.1442C>T(Q481P) 1939,2 | 3441,2
4846 | 3465,2
€.1442C>T(Q481P) 4846 | 3441,2
3465,2
c.1444C>T(P482S) 4846 | 3441,2 1705
€.1444C>T(P482S)+c.1448_49delGGinsC(R483Frameshift) 4846 | 3441,2 | 4409,6 | 1705
€.1444C>T(P482S)+c.1447C>T(R483W) 4846 | 3441,2 | 4409,6 | 1705
€.1444C>T(P482S)+c.1448insC(R483Frameshift) 4846 | 3441,2 1705
c.1447C>T(R483W)+c.1448G>A(R483Q) 4846 | 3441,2 | 4409,6 | 1705
c.1447C>T(R483W)+c.1448G>C(R483P) 4846 | 3441,2 | 4409,6 | 1705
€.1447C>T(R483W) 4846 | 3441,2 | 4409,6 | 1705
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€.1447C>T(R483W)+c.1448_49delGGinsC(R483Frameshift) 4846 | 3441,2 | 44096 | 1705
c.1447C>T(R483W)+c.1448G>A(R483Q) 4846 | 3441,2 | 4409,6 | 1705
c.1447C>T(R483W)+c.1448G>C(R483P) 4846 | 3441,2 | 4409,6 | 1705
¢.1448insC(R483Frameshift) 4846 | 3441,2 1705
c.1448G>A(R483Q) 4846 | 3441,2 | 44096 | 1705
c.1448G>C(R483P) 4846 | 3441,2 | 4409,6 | 1705
c.1470A>G(rs61732562) 1594
c.1471G>A(M.Cd.491) 1594
c.1471G>A(M.Cd.491)+c.1470A>G(rs61732562) 1594
c.1471G>A(M.Cd.491)+c.1470A>G(rs61732562)+c.1478A>G( 1594 1657 | 1927,2
rs61732563)
c.1471G>A(M.Cd.491)+c.1478A>G(rs61732563) 1594 1657 | 1927,2
c.1478A>G(rs61732563) 1657 | 1927,2
c.1486+12C>T 4596,8
c.1486+12C>T+c.1486+13G>A 4596,8
c.1486+13G>A 4596,8
Amplicon R356W

SNP/Mutation Signals
Reference t-forward t-reverse c-forward c-reverse
c.1066C>T(p.Arg356Trp) 2228,4 1968,2
¢.1067G>A(R356Q) 4830

5199,2
¢.1067G>C(R356P) 2806,8
¢.1085C>T(A362V) 3617,2 1911,2 1657
¢.1093C>T(H365Y) 3617,2 2683,6
¢.1096C>T(R366C) 2445,6 1634 2683,6

6645,2

¢.1116-34G>A(rs6461) 2942.,8 2996,8 1977,2
c.1066C>T(p.Arg356Trp)+c.1067G>C(R356P) 2172,4
¢.1066C>T(p.Arg356Trp)+c.1067G>A(R356Q) 4814 1952,2

5199,2
Wild Type Signals
Reference t-forward t-reverse c-forward c-reverse
¢.1066C>T(p.Arg356Trp) 2862,8
c.1067G>A(R356Q) 2862,8
¢.1067G>C(R356P) 2862,8
¢.1085C>T(A362V) 1578 3633,2 1607
¢.1093C>T(H365Y) 3633,2 2699,6
¢.1096C>T(R366C) 2699,6
c.1116-34G>A(rs6461) 3521,2 3012,8
¢.1066C>T(p.Arg356Trp)+c.1067G>C(R356P) 2862,8
c.1066C>T(p.Arg356Trp)+c.1067G>A(R356Q) 2862,8
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