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Spinal muscular atrophy

My microscope focusses on the stars,
flickering in the night sky of cosmic cells.
The tools of a half-scientist, half-Sangoma:

hiking boots, notepad and butterfly net.

I pray: Oh Ancestors! Let me inherit your wisdom...

The wind fasciculates through the limbs of your trees,
the bush veld is diagnosed with atrophy.
Neurons short circuit like cricket song

and fatigue pounces on its helpless prey -

paralyses your muscles, truncates your days.

Even though your lungs are ventilated,
the camp fire of your heart stutters on.
Surely, we are more than our neurology?

Constructed from more than dust and biology?
The answers escape me like whispers, like waves. ..

The iInsomniac birds experiment with lyrics
to be sung on a sun rise stage.
The sky mutates, hours rearrange

and the day $ fate is chosen.
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ABSTRACT

ABSTRACT

Spinal muscular atrophy (SMA) is an autosomal recessive, neuromuscular disorder,
characterised by muscle atrophy and impaired mobility. A homozygous deletion of
exon 7 of the survival motor neuron 1 gene (SMNL1) is the main cause of SMA in
~94% of patients worldwide but only accounts for 51% of South African (SA) black
patients. SMN1 and its highly homologous pseudogene, SMN2, are located in a
complex duplicated region on chromosome 5ql13. Unusual copy number variations
(CNVs) have been reported in black patients, suggesting the presence of complex
pathogenic rearrangements. The aim of this project was to investigate the disease
mechanism in the black SA population further. MLPA (multiplex ligation-dependent
amplification) testing was performed on 172 unrelated black individuals referred for
SMA testing. Of these, 50 had a homozygous deletion of SMN1, exon 7; 50 had a
homozygous deletion of SMN2, exon 7 and 72 had no homozygous deletions, but a
strong clinical suspicion of SMA. Furthermore, 122 black individuals negative for SMA
were tested. For comparison, 68 white individuals (30 with a homozygous deletion of
SMN1; 8 with a homozygous deletion of SMN2, exon 7 and 30 negative for SMA)
were tested. No clear pathogenic CNV pattern was identified in black patients. Only
8.3% (6/72) of patients with a strong clinical suspicion had a heterozygous deletion of
SMN1, exon 7 which is lower than previous SA reports of 69.5%. Multiple (>2) copies
of SMN1, exon 7 were observed in 50.8% (62/122) of black negative controls which
could mask the presence of silent carriers and potential pathogenic CNVs. This study
re-emphasises the hypervariability and the limited understanding of CNVs of the SMN
region in black populations. While MLPA has been shown to be an appropriate
technique to identify SMA carriers in the white population, it has limited clinical utility

in the black SA population.
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder
which is as common as albinism in the black South African (SA) population. SMA is
caused by mutations in the survival motor neuron 1 gene (SMNL1) which is located in
a complex region on chromosome 5g13. A common homozygous deletion of SMN1,
exon 7 accounts for the majority of SMA cases worldwide (~94%), but has been

observed at a much lower frequency in black SA cases (51%).

The main aim of this project was to investigate copy number variation (CNV) using
multiplex ligation dependent probe amplification (MLPA) to try and identify potential
pathogenic CNVs which could contribute to the disease mechanism of SMA in the
black SA population. Chapter one of this dissertation will explain the clinical
presentation, disease epidemiology, genetics and disease mechanism of SMA.

Furthermore, the aims and objectives of this project will be introduced.

Please note that all mutations and variations will be described in this dissertation
using the nomenclature guidelines of the human genome variation society (HGVS)
(den Dunnen et al., 2016).

11 Clinical presentation of SMA
SMA is characterised by the progressive degeneration of anterior horn cells (lower
motor neurons) of the spinal cord, causing symmetrical muscle atrophy, weakness
and paralysis. Historically, SMA was categorised into four clinical subtypes (SMA | -
IV), ranging in severity, maximum muscle activity achieved and age of onset, although
it has been suggested that the SMA phenotype rather spans a continuum (Prior et al.,
2004). Pearn et a. recommended the importance of interpreting the phenotype and
clinical outcome of affected patients within the context of their family history (Pearn et

al., 1973).

SMA type | (previously known as Werdnig-Hoffman syndrome) is the most severe
form, with onset usually at birth or before six months with an average lifespan of two
years. Pearn et al. showed that the age of onset is highly correlated with the lifespan
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of an affected child and that the acute infantile type is a distinctive sub-type of SMA
(Pearn et al., 1973). A further subdivision of SMA type | was suggested by Thomas
and Dubowitz who showed that an onset of disease before two months is correlated
with a distinct earlier age of death (Thomas and Dubowitz, 1994). An additional Type

0 with prenatal onset has also been proposed (MacLeod et al., 1999).

SMA type Il is an intermediate form with an onset between six and eighteen months
with survival beyond four years and was first described by Fried and Emery. Patients
with SMA type Il are able to sit but not to walk (Fried and Emery, 1971).

SMA type Il is a mild form with onset after twelve months and a relatively normal
lifespan. It was first described by Kugelberg and Welander. Patients with SMA type llI
are able to sit and walk, but have muscle weakness which might lead to a loss of

mobility in later years (Kugelberg and Welander, 1956).

SMA type IV is the mildest form with adult onset and a normal lifespan and was first
described by Pearn et al. The median age of onset was 35 years and patients lost
some mobility with most patients needing assistance with walking 20 years after initial
diagnosis (Pearn et at., 1978). Table 1.1 compares the clinical symptoms of the

different types of SMA.

Table 1.1 Summary of clinical findings of SMA subtypes

. Motor Other
Life Span . -
Phenotype Age of Onset P Milestones Findings
SMAO Prenatal 2-6 months None achieved
- Mild joint
contractures
- Normal or
Most often <2 Do not walk; sit wggﬂa;sfg o
SMA | <6 months years, but may with support only - Variable suck
live longer
and swallow
difficulties
- Muscle twitching/
fasciculations
- Do not walk
o Al o
SMA I 6-18  Months 70% alive at age _m_dependent I?ostural tremor of
25 years sitting when fingers
placed
SMA I >12 months Normal Indepen_dent Muscle weakness
ambulation
SMA IV Adulthood Normal Normal Muscle weakness

Adapted from

Butchbach and Burghes, 2004.
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111 SMAINSA
A study performed in Durban, Kwazulu-Natal suggested that the clinical presentation
of SMA in black SA patients differs from worldwide reports with more frequent
involvement of facial muscles in the severe infantile form leading to expressionless
facies. In addition they observed a 1:1.7 ratio of affected female to male patients,
although this could have been due to a small sample size (n=45) (Moosa and
Dawood, 1990). These results were challenged by a group situated in Cape Town
who reported that black patients with SMA (n=12) did not differ genetically or

phenotypically from international reports (Wilmshurst et al., 2002).

Moosa and Dawood also reported a paucity of family history. Only 9% of patients
reported a positive family history suggesting either a reluctance to share family
information due to cultural reasons or the possibility that SMA could be more sporadic

in the black SA population (Moosa and Dawood, 1990).

1.1.2 Disease epidemiology
SMA has been reported to be the second most common autosomal recessive
disorder in Caucasian individuals after cystic fibrosis. The predicted birth incidence of
SMA varies between 1in 6 000 and 1 in 10 000 with a carrier frequency estimated at
1in 40 to 1 in 60 worldwide (Hendrickson et al., 2009). In a previous study performed
at the Division of Human Genetics, molecular diagnostic laboratory, National Health
Laboratory Service Johannesburg (NHLS) and the University of the Witwatersrand
(WITS), henceforth referred to as “the Division”, the birth incidence of SMA in black
SA patients was estimated to be much higher at 1 in 3574. This indicates that SMA
may have a higher birth incidence than albinism (birth incidence: 1 in 3900) in the

black SA population. The carrier rate was estimated at 1/50 (Labrum et al., 2007).

1.2 The genetics of SMA

121 The structure of the SMN region
The SMN1 and SMN2 genes are located in a large 500 kb inverted duplicated region
on chromosome 5qgl13. The region consists of multiple pseudogenes (Selig et al.,

1995), repetitive sequences (Burglen et al., 1996) and retrotransposon-like elements



CHAPTER 1 INTRODUCTION

(Francis et al., 1995). As a result of the complexity and hypervariability of the SMN
region, there is no current complete and accurate map of the SMN region. Figure 11
shows a proposed map of the SMN region constructed using current map information

from the Ensembl genome browser (Ensembl genome browser, 2016).

Telomeric copy

GTF2H2 SERF1A 5MN1, Ex7  SMNL1, Ex 8

RADI7 GTF2H2C SERF1B SMN2,Ex7 SMN2, Ex 8

Centromeric copy

Figure 1.1: Proposed order of genes in the SMN region on chromosome 5q13
Differently coloured Lego blocks represent genes in the telomeric region and their corresponding

pseudogene in the centromeric region. Arrows indicate regions with similar sequence homology
where potential crossovers could occur, resulting in CNVs. Please note: only SMN1/2, exons 7 and

8 have been included. Full SMN1/2 genes are not shown.

SMA is caused by mutations within the SMN1 gene. Mutations within the SMN2 gene
and other genes located in the SMN region, NAIP, SERF1A, RAD17 and GTF2H2 are
not thought to cause SMA directly, but could modify disease severity (Jedrzejowska et
al., 2008; Noguchi et al., 2016; Schwartz et al., 1997; Theodorou et al., 2015).

1.2.2 The SMN1 and SMN2 genes
The survival motor neuron 1 gene (SMN1) was discovered by Lefebvre et al. in 1995,
when his team identified SMN1 deletions and disruptions in 226 of the 229 patients
with SMA investigated (Lefebvre et al., 1995). SMN1 (OMIM #600354; NCBI gene ID:

4
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6606), also known as telomeric SMN and a highly homologous pseudogene, SMN2,
(OMIM #601627; NCBI gene ID: 6607) also known as centromeric SMN, consist of
nearly identical -28 kb sequences, each containing nine exons (historically
numbered: exons 1, 2a, 2b, 3-8) and each encoding the 294 amino acid survival
motor neuron (SMN) protein (NCBI, 2016; OMIM, 2016).

SMN1 and SMNZ2 differ in only five nucleotides of sequence, with two nucleotide
differences located in exons 7 and 8 and three nucleotide differences located in
introns 6 and 7 (SMN1, SMN2; NCBI gene ID: 6606, 6607) (NCBI, 2016). The critical
difference between SMN1 and SMN2 is a silent Cto T transition at cODNA position 840
(c.840C>T) in SMN2, resulting in the exclusion of exon 7 during splicing and causing
the majority of SMN2 transcripts to be truncated and unstable (Lorson et al., 1999;

Monani et al., 1999).

1221 The SMN1 gene
A homozygous deletion of SMN1, exon 7 is reported to cause SMA in -94% of
patients with SMA worldwide (Hendrickson et al., 2009). In contrast, only 51% of SA
SMA cases have been reported to be caused by a homozygous deletion of SMNL1,
exon 7 (Labrum et al., 2007, Stevens et al.,, 1999). An SMN1 deletion in conjunction
with a second mutation, results in a compound heterozygote pattern (two different
mutations, one on each chromosome) and accounts for an additional 2-5% of patients
with SMA worldwide (Wirth, 2000). The heterozygous deletion of SMN1, exon 7 rate
in black SA patients with SMA who tested negative for the homozygous SMN1, exon
7 deletion, was reported to be much higher at 69.5% (Labrum et al., 2007) and will be

further discussed in section 1.3.1.

Currently 101 mutations in SMN1 are reported in the Human Genome Mutation
Database (HGMD) including missense, nonsense, small intragenic deletions and

insertions and splice mutations (Human Genome Mutation Database, 2016).

Diagnostic testing for deletions of SMN1, exon 7
Polymerase chain reaction (PCR) and restriction enzyme digestion analysis was

originally used as the main diagnostic assay worldwide to detect homozygous
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deletions of SMN1, exon 7. This assay involves amplifying SMN1, exon 7 and SMN2,
exon 7 simultaneously with the same set of primers on conventional PCR analysis,
followed by restriction enzyme digestion to distinguish between SMN1 and SMN2 at
the ¢.840C>T critical difference in SMN2 (van der Steege et at., 1996). This assay is
limited as it is not quantitative and cannot detect heterozygous deletions of SMNL,
exon 7 (de Souza Godinho et al., 2012). Figure 1.2 demonstrates the concept of the

current restriction enzyme based diagnostic assay offered at the Division.

1 2 3 4 5 6 7 8 9 10 1kb+

|11 W

]_Oltp<_ — 1 - - . -
78kp <—

Figure 1.2: SMA diagnostic assay offered at the Division of Human Genetics

This procedure involves simultaneous PCR amplification of exon 7 of the SMN1 and SMN2 genes
followed by restriction enzyme digestion with the Hint | enzyme, which cuts the SMN1 gene at the
€.840C>T critical position. The SMN2 gene remains undigested. The resulting PCR products are
separated on a 3% agarose gel using gel electrophoresis and the SMN1 and SMN2 genes can be
distinguished by size. SMNL1 is represented by the undigested 101 bp PCR product and SMN2 is
represented by the 78 and 23 bp digested PCR products. The 23 bp PCR product is too small to
visualise on a 3% agarose gel but is not necessary for diagnosis. Lanes 1, 2, 4 and 7: negative for
homozygous SMN1/SMN2, exon 7 deletions (lane 1 appears to have an unequal dosage of SMN1
vs SMN2 but the actual copy number cannot be established by gel electrophoresis). Lanes 3 and
9: homozygous deletion of SMN2, exon 7; Lanes 5, 6 and 8. homozygous deletion of SMN1, exon
7, confirming a diagnosis of SMA. Lane 10 is an uncut control (no enzyme added) and lane 11

contains the molecular weight marker (1kb+).

In recent years, quantitative techniques such as MLPA and quantitative/real-time PCR
(gPCR) have simplified the detection of heterozygous deletions of SMN1, exon 7 in
Caucasian populations. MLPA and gPCR approaches use probes designed

specifically to the critical ¢.840C>T difference in order to distinguish between SMN1
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and SMN2. The copy number of these genes are determined by comparing the
fluorescent signal of SMN1 and SMNZ2 to the fluorescent signal generated by internal
reference regions (de Souza Godinho et al., 2012; Maranda et al., 2012). Currently,
carrier testing for the heterozygous deletion of SMN1, exon 7 (telomeric) can be
offered to white family members, at risk. Diagnostic testing for the heterozygous
SMN1, exon 7 (telomeric) deletion is not offered routinely at the Division.

1.2.2.2 The SMN2 gene
Homozygous deletions of SMN2, exon 7 are thought to not be pathogenic (Schwartz
et al., 1997) but are commonly encountered in black SA patients referred for SMA
testing (Labrum et al.,, 2007; Stevens et al., 1999). Section 3.1.3 discusses detailed
statistics from an audit of SMA referrals, done at the Division and will expand on this
observation. A number of studies have suggested that SMN2 acts as a disease
modifying gene as SMA disease severity is inversely correlated with SMN2 copy
number (Feldkotter et al., 2002; McAndrew et al., 1997; Wirth et al., 1999). SMA has
been reported to be heterogeneous within families. Jedrzejowska et al. (2008)
reported three families with asymptomatic family members who had homozygous
deletions of SMN1, exon 7 and three to five copies of SMN2 which seemed to partly

compensate for the lack of SMN protein produced from SMNL1.

Mice have only one functional SMN gene and a homozygous deletion of this gene is
lethal due to massive embryonic cell death. The introduction of an SMN2 human
transgene rescues mice with homozygous SMN deletions from lethality and
furthermore, an increased SMN2 transgene copy number is associated with a
decreased severity of the disease (Hsieh-Li et al., 2000; Monani et al., 1999).

Section 1.2.3 further explains the transcription and translation of SMN1 and SMN2

and the mechanism by which multiple SMN2 copies can decrease disease severity.

Gene conversion events resulting in an increased number of SMN2 gene copies have
been suggested to be associated with a milder form of SMA such as SMA types Il and
I (Campbell et al., 1997; Talbot et al., 1997) and will be further explained in Section
1223
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1.2.2.3 Gene conversion between SMN1 and SMN2
Non-allelic homologous recombination (NAHR) involves the crossover of two
homologous sequences which are not located at the same locus. NAHR is one of the
many mechanisms utilised to repair double stranded breaks in DNA but it also plays a
frequent role in the formation of chromosomal rearrangements. NAHR between two
similar sequences could lead to the unidirectional transfer of a nucleotide sequence
from a “donor” DNA strand to an “acceptor” DNA strand. Mismatched repair of the
heteroduplex formed by this transfer could ultimately lead to gene conversion. Gene
conversion events can take place on the same chromatid, between sister chromatids
and even between homologous and non-homologous chromosomes (Chen et at.,

2010). Figure 1.3 showcases some of the different mechanisms of gene conversions.

Figure 1.3: Mechanisms of gene conversion

This figure illustrates three mechanisms by which non-allelic homologous recombination could cause
gene conversion and potential CNVs: a.) Homologous recombination on the same chromatid (e.g.
between the SMN1 and SMN2 gene on a single chromatid); b.) homologous recombination between two
different chromatids (e.g. between the SMN1 and SMN2 genes on different chromosomes); c.)
recombination between inter-nonhomologous chromosomes (not a known mechanism in SMA). The two

different colours (red and blue) represent two homologous sequences from different origins. Adapted

from Chen et al. (2010).
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Lefebre et al. (1995) reported 93% of SMN1 deletions to span both exons 7 and 8 but
in 5.6% of patients, a deletion of SMN1, exon 7 with the presence of exon 8 was
identified. This finding can be explained by gene conversion events resulting in a
hybrid SMN1 gene consisting of a converted exon 7 from SMN2 and a true copy of
exon 8 from SMN1 (Hahnen et al.,, 1996; Lefebvre et al., 1995).

Figure 1.4 shows an example of how gene conversion can take place due to a
crossover event between SMN1 and SMN2 on a single chromosome (intrachromatid
NAHR).

I XSMNI, Ex 7
IxSMNI, Ex 8

IXx SMN2, Ex 7
IXx SMN2, Ex 8

SMN1 deletion

2XSMN2, Ex 7
2XSMN2, Ex 8

Centromeric region

Figure 1.4: A crossover event leading to gene conversion between

SMN1 and SMN2. This illustration shows in a single chromosome, how a potential
crossover between the centromeric & telomeric copies of SMN could take place due to the
high homology of this region. SMN1, exons 7 & 8, indicated in red, are converted to SMN2,
exons 7 & 8, indicated in blue, resulting in the loss of SMN1 and in the production of multiple
SMN2 copies.

Recombinations between SMN1 and SMN2 could potentially interrupt a critical region
of SMN1, leading to the loss of full-length functional SMN transcripts. Patients with
conversions will therefore test positive for SMN1, exon 7 deletions. SMA type Il and Il
patients have been shown to have SMN1 conversions instead of deletions, resulting
in a higher copy number of SMNZ2, which has been associated with a milder
phenotype (Campbell et al., 1997). Figure 1.5 further illustrates the mechanism by

which different types of gene conversions can take place between SMN1 and SMN2.
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Chromosome 5q13

Centromeric site Telomeric site
r >1 £ i
SM\2 gent D SMS'l gene
y 'z e |
Converted SMN1 gene
Scenario A Scenario B
1

SUN2 N SMN2

- exon7 eion5

Figure 1.5: Possible gene conversions between SMN1 and SMN2,
exons 7 and 8. Although multiple conversions are possible between SMN1 and SMN2,
exons 7 and 8, only scenarios A and B will result in a functional loss of SMN1, exon 7,
leading to SMA if combined with a second SMA-causing mutation. Both scenarios involve a
conversion from the C allele at the critical position 840 in exon 7 of SMN1 to a T allele.
SMNL1 is essentially converted to SMN2 and leads to a loss of full-length functional SMN
transcripts. Adapted from Wang et al., 2010.

Figure 1.6 illustrates how a deletion or gene conversion of SMN1, exon 7 could result

in a loss of functional SMN transcripts, resulting in SMA.

10
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Exon 6 Exon 7 Exon 8
Normal arrangement of
SMN1 and SMN2
Exon 6 Exon 7 Exon 8
Deletion of SMN1
SMN1, exon 7
SMN2
Gene conversion from Exon 6 Exon 7 Exon 8
SMN1 to SMN2 could
SMN1

result in a c.840C>T
change at critical SMN1, gpN2

exon 7 region

Figure 1.6: Loss of SMN1, exon 7 critical region due to deletion or gene
conversion.
The ¢.840C allele is important for correct splicing of exon 7 and production of full-length SMN transcript.

Once the C allele is deleted or converted, splicing of exon 7 is compromised and SMN transcripts
become unstable and will be degraded rapidly.

1.2.2.4 Copy number variation of the SMN1 and SMN2 genes
Approximately 4% of American and Canadian individuals have been found to have
two SMN1 gene copies on a single chromosome in addition to a chromosome with a
deletion of SMN1, exon 7. These individuals are in effect silent carriers (also known
as 2:0 carriers), since they have the ability to pass on a deletion chromosome to
subsequent generations. Carrier testing is compromised since MLPA cannot
distinguish between two copies of SMN1, one copy present on each chromosome or
two copies of SMN1 present on a single chromosome in conjunction with O copies on
the second chromosome (McAndrew et ai, 1997). It is recommended that potential
carriers with two copies of SMN1 need to be analysed in a family context to try and
clarify the phase of these CNVs and accurately assign carrier status. Figure 1.7

illustrates this finding.
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cen cen cen cen cen cen
SMN2 SMN2 JSMN2 WSMN2 1 ISMN1 SMN2

* ASMN1* "SMN1 * <SMN1 * LSVINL

tel tel tel tel tel tel

Wild type: 2 copies ol SMN1 Carrier: 1 copy of SMN1 Duplication- 3 copies of SMN1  Silent earner: 2 copies SMN1

Figure 1.7: The outcomes of various SMN1 and SMN2 copy number

combinations

This figure illustrates the clinical outcomes of various combinations of SMN1 and SMN2
alleles. The purple arrows represent SMN1 and the blue arrows represent SMN2. SMN2
formed due to a duplicated inversion of SMN1, hence the arrows in opposite orientation
(Lefebvre et al., 1995). Example (a) shows the classic configuration of unaffected individuals
with two copies of SMN1 and SMN2, with one copy of each gene on each chromosome (1:1
SMN1 genotype). Example (b) shows an individual who has a heterozygous deletion of
SMN1 and is therefore a classic carrier of SMA (1:0). Example (c) shows an unaffected
individual who has three copies of SMN1, with 2 copies on one chromosome and one copy
on the second chromosome (2:1). The third SMN1 copy could have arisen from a gene
conversion from SMN2 to SMN1. Example (d) shows an individual who has two copies of
SMN1 on one chromosome in conjunction with zero copies on the second chromosome
(2:0). This individual is a silent carrier, since he/she can pass on a deletion chromosome to

subsequent generations. lllustration modified from Luo et al., (2014).

12



CHAPTER 1 INTRODUCTION

1.2.3 The SMN transcript, protein and function

The SMN protein is present in both the cytoplasm and nucleus of all cells, but is
particularly abundant in motor neurons. The SMN protein’s main function involves the
assembly of small nuclear ribonucleoprotein (snRNP) complexes important for pre-
messenger RNA splicing (Markowitz et at., 2012). Mutations within the Tudor domain
(amino acids 90-160) of the SMN protein reduce its ability to interact with other
proteins and to oligomerise which may cause the biochemical defects observed in
SMA (Buhler etal., 1999).

Only 20% of the total full-length SMN (FL-SMN) transcript is produced from the SMN2
gene, which partly compensates for the lack of FL-SMN transcript produced from
SMNL1 in patients with SMA but does not produce sufficient SMN protein levels in
motor neurons (Zheleznyakova et at., 2011). Individuals with homozygous deletions of
SMN1 but with five copies of SMN2 have been shown to have sufficient FL-SMN
protein produced from SMN2 (Prior et at, 2004). See Figure 1.8 for a detailed

illustration of SMN protein production.

Many clinical trials are aimed at increasing the total full length transcripts of SMN2
(Finkel et at., 2012). Genetic therapies for SMA are further discussed in section 1.4.

13
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SMN1 SMN2
a.l) b.)
Exon 6 Exon 7 Exon 8 Exon 6 Exon 7 Exon 8

Pre-mRNA

MRNA

Protein & &

& & <q,
& * e

Degraded transcripts

Normal SMN protein levels Low SMN protein levels

Figure 1.8: SMN protein production from the SMN1 and SMN2 genes

a.) SMN1 produces full-length SMN transcripts containing exon 7 (FL-SMN) leading to the
production of normal levels of the SMN protein, b.) A single base pair change from a C to a
T allele in exon 7 of SMN2 affects protein splicing and consequently, the majority (-80%) of
SMN2 transcripts lack exon 7 (SMN-A7), are unstable and are therefore degraded rapidly. A
small amount (-20%) of FL-SMN is produced from SMN2 but this amount is usually not
enough to compensate for the lack of FL-SMN transcripts produced from SMN1 in patients
with SMA. lllustration modified from Burghes and Beattie (2009).

1.24 Other genes and variants associated with SMA
It has been suggested that the heterogeneity seen among different family members
with similar genetic profiles and different disease severities, could potentially be due
to the effect of modifier genes in addition to SMN2 (Jedrzejowska et al., 2009). Other
genes located in the duplicated SMN region at chromosome 5q13.2 include NAIP,
GTF2H2, RAD17 and SERF1A and their multiple pseudocopies. Due to the lack of
understanding about the physical structure and orientation of these genes in the SMN
region, it is very difficult to completely understand the involvement of these genes in
the SMA disease mechanism. Analysing multiple genes in the SMN region could

potentially identify interactions between genes and their associated pseudogenes.

14
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NOTE

Analysis of the SMN region proved to be very complicated and for the sake of
simplicity and clarity, it is recommended that focus should be placed on the sections
focussed on the functional telomeric SMN region including SMN1, exons 7, 8 and
NAIP (1.2.2-1.2.3 and 1.2.4.1). Neighbouring genes provide some insight into the
nature of large CNVs of the SMN region but no clear pathogenic CNVs of these
regions were identified. Sections 1.2.4.2-1.2.4.5 explains the role of additional
neighbouring genes, GTF2H2, RAD17 and SERF1A/1B and other modifying factors.

1.2.4.1 The NAIP and NAIPT* genes

The NLR family, apoptosis inhibitory protein (NAIP), also known as baculoviral IAP
repeat-containing protein 1 (BIRC1) gene, has a size of 56 632 kb and encodes a
protein of 1 403 amino acids (NAIP] NCBI gene ID: 4671) (NCBI, 2016). The NAIP
protein is involved in the suppression of apoptosis. Various transcripts and partial and
complete pseudogenes have been observed. A pseudogene, NAIPV, is located in the
centromeric copy of the SMN region and differs from NAIP by lacking exons 4 and 5
(Banyer et al., 1998).

A more severe SMA phenotype has been associated with large deletions of SMN1,
exon 7 including the NAIP gene (Jedrzejowska et al., 2009; Miskovic et al., 2011,
Watihayati et al., 2009). Patients affected with SMA, type Il have been shown to have
smaller deletions, with at least one copy of the NAIP gene present, compared with
patients affected with SMA type 1 (Samilchuk et al., 1996). Qu et al. (2015) showed
that a combined increased copy number of SMN2 and NAIP are associated with a
larger effect on disease severity than each gene alone. This is supported by a recent
study performed by Noguchi et al. (2016) where the telomeric NAIP copy number
could be correlated with SMA type. The centromeric NAIP'F copy number seemed to
stay stable regardless of SMA type. A similar association is seen for the GTF2H2

gene, as discussed in section 1.2.4.2.
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1.2.4.2 The telomeric and centromeric GTF2H2 genes

The general transcription factor 11H subunit 2 (telomeric-G TF2H2) gene, also known
as the p44 subunit of basal transcription factor Il gene (BTF2p44) has a size of 1 951
bp and encodes a protein of 395 amino acids (GTH2F2; NCBI gene ID: 2966) (NCBI,
2016). The GTF2H2 protein is involved in transcription and DNA repair. Various
transcripts and a centromeric pseudogene (centromeric-GTF2H2) have been
reported. The exact role of GTF2H2 in SMA remains unknown. The GTF2H2 gene
has also been shown to act as a negative modifier of SMA (Theodorou et at., 2015).
Noguchi et al. (2016) reported the copy number of telomeric-GTF2H2 to be correlated
with SMA type. The copy number of centromeric-GTF2FI2 seemed to stay stable
regardless of SMA type. A similar association is seen for the NAIP gene, discussed in
section 1.2.4.1.

Two proposed base pair differences between centromeric-GTF2/-/2 and telomeric-
GTF2H2 can be used to distinguish between these two genes. The c.453A>G (p.
lle151 Met; rs200357275) variant in exon 7 has been associated with centromeric-
GTF2H2 and the c.706C>G (p.Leu236Val; rs201102513) variant in exon 10, has
been associated with telomeric-GTF2H2. These variants can therefore be used to
determine CNVs of centromeric-GTF2H2 and telomeric-GTF2H2, respectively (Carter
etal., 1997).

1.2.4.3 The RAD17 gene

The RAD17 checkpoint clamp loader component (RAD17) gene has a size of 45 505
bp and encodes a protein of 370 amino acids (RAD17\ NCBI gene ID: 5884) (NCBI,
2016). The RAD17 protein is a cell cycle checkpoint protein involved in cell cycle
arrest and subsequent DNA repair. Various transcripts and pseudogenes have been
reported. RAD17 is located 300kb away from SMN1 and RAD17 deletions could
indicate the extent of homozygous deletions including SMN1, exon 7 (SALSA MLPA
probemix P021-A2 SMA product description (MRC Holland, 2016)).

1.2.44 The SERF1A and SERF1B genes
The small EDRK-rich factor 1A (SERF1A) and SERF1B genes (SERF1B; NCBI gene

ID: 728492), also respectively known as telomeric and centromeric SERF, have

16



CHAPTER 1 INTRODUCTION

identical nucleotide sequences but can be distinguished by their different upstream
sequences. SERF1A and SERF1B both have a size of 17 858 bp and encode a
protein of 110 amino acids (NCBI, 2016). The SERF protein is thought to act as a

modifier of amyloid fibre assembly (Falsone, et al., 2012).

Arkblad et al. (2009) reported that SERF1A copy number correlated with SMN2 copy
number with a specificity of 98% and Noguchi et al. (2016) showed that SERF1A copy
number correlates with disease severity. An inverse correlation was found between
SMN2, SERF1B and NAIP copy number and disease severity. SMN2 and SERF1A
were shown to have a joint modifying effect on SMA phenotype (Brkusanin et al.,
2015).

1.2.45 Other disease modifying factors

The p.Gly287Arg (c.859G>C) variant in SMN2 has been shown to act as a splice
enhancer increasing the amount of full-length SMN transcripts produced from SMN2
in patients with homozygous deletions of SMN1, exon 7 (Prior et al., 2009). An
increased expression of plastin 3 (PLS3) transcripts have been associated with a
milder form of SMA in postpubertal girls, suggesting that there might be a gender/age-
based effect on patients with SMA (Stratigopoulos et al., 2010). Recently, seven novel
target genes (BMP4, SERPINE1, GATA6, PTGS2, BCL22, IL6 and CNTN1) have
been found to influence the severity of SMA by microarray RNA transcriptional
analysis (Yang et al., 2016).

1.3 SMA in African populations

131 SMA in the black SA population
Only 51% of black SA patients with SMA have been shown to have the common
homozygous deletion of SMN1, exon 7 (Labrum et al., 2007, Stevens et al., 1999).
Black SA patients, who previously tested negative for the common homozygous
SMN1, exon 7 deletion and who were thought to be clinically suggestive of SMA after
examination by a paediatric neurologist, were investigated for SMN1 copy number

using an in-house dosage assay.
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It was previously reported that one copy only of SMN1, exon 7 was deleted in 69.5%
of black SA patients. The heterozygous SMN1, exon 7 deletion frequency in the SA
population seemed much higher compared to other related studies (2-5%), supporting
the diagnosis of SMA in these patients and suggesting that SMA is probably due to
unidentified mutations in this region (Labrum et al., 2007). The heterozygous rate may

have been overestimated and will be further discussed in section 4.2.4.2.

In the same study, the frequency of SMA was reported to be high in SA populations
with an estimated birth incidence of 1 in 3 574 and a carrier rate of 1 in 50 in the black
population. The incidence of SMA in SA black individuals was reported to be almost
as common as that for albinism (1 in 3 900) (Labrum et al., 2007). The carrier rates

may have been overestimated and will be further discussed in section 4.2.1.2.

Furthermore, a high frequency of 31.5% of black SA patients with SMA were shown to
have smaller deletions including SMN1, exon 7 but with exon 8 present, due to gene
conversions (Stevens et al., 1999). Additional evidence for this hypothesis was
reported by Labrum et al. (2007) who observed a lower frequency of large deletions
spanning SMNL1, exons 7, 8 and the NAIPgene in black SA patients with SMA (9.8%)
when compared to white SA patients with SMA (41.7%).

These results were disputed by a study performed in the Western Cape on 30
patients (of which 12 were of black ancestry), showing that black SA patients affected
with  SMA do not differ genetically or phenotypically from international reports

(Wilmshurst et al., 2002).

MLPA, a robust quantitative detection method, has simplified the detection of
heterozygote deletions of SMN1, exon 7 and allows for an unbiased detection of copy
number of various genes located in the SMN region. A pilot study performed at the
Division using MLPA, showed unusual CNVs of the SMN region in black patients
(Vorster, Essop & Krause, 2011).

1.3.2 SMA in other African populations
A study performed on various North-American population groups, showed an
unusually high frequency of multiple copies of SMN1 in the African American

population when compared to other North-American populations (Hendrickson et al.,
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2009). A study performed on unaffected individuals from various sub-Saharan African
populations (Kenyan, Malian and Nigerian) confirmed this observation and showed a
higher frequency of multiple copies of SMN1 and deletions of SMN2 than European
populations (Sangare et al., 2014).

SMA was previously thought to be rare in African populations with limited studies
performed in Northern Africa (Tunisia, Egypt, Nigeria, Algeria and Senegal) but this
was likely due to an underestimation (Mrad et al., 2006; Ndiaye et at., 2002; Pelleboer
et al., 1989; Shawky et al., 2001; Tazir and Geronimi, 1990). SMA is one of the most
common reasons for referral for diagnostic testing at the Division. Multiple SMN1
copies could potentially confound diagnostic and carrier testing and will be further

discussed in sections 4.2.1.2 and 4.2.4.3.

1.4 Genetic therapies for SMA
Current research has moved away from diagnosing SMA to looking for potential
mechanisms by which SMA can be clinically treated. Of the six programs hosted by
the Cure SMA clinical trial programs, one uses gene therapy technology, two are
aimed at protecting the nerves or muscles and three are designed to manipulate the
SMN2 gene to increase SMN production (Cure SMA 2016).

In December 2016, the Food and Drug Administration (FDA) announced their
approval of Spinraza, the first therapy approved for SMA. An antisense
oligonucleotide called Nusinersen targets the intronic splicing silencer N1 (ISS-N1)
and has been shown to fully correct the faulty splicing of exon 7 from SMN2, restoring
normal levels of SMN protein in all SMA types (Glascock et al., 2017; Singh et al.,
2015).

1.5 Aim and objectives
It has been hypothesised that complex population-specific rearrangements of the
SMN region could cause SMA in the black SA population (Labrum et al., 2007,
Vorster, Essop & Krause, 2011). This hypothesis is supported by studies performed

on African American and sub-Saharan African populations showing a higher variability
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of the SMN region in individuals of African ancestry (Hendrickson et al., 2009;
Sangare et al., 2014).

Due to the discrepancies observed in previous SA studies (Labrum et at., 2007,
Wilmshurst et al., 2002) and in order to investigate potential novel complex
rearrangements of the SMN region, quantitative MLPA testing was proposed to be a
useful technique to determine the copy number of various genes in the SMN region

and the potential interaction between them.

Genomic rearrangement can be described as mutations involving deletion,
duplication, insertion, inversion and translocation. Genomic rearrangements can alter
the copy number of genes or disrupt genes and could therefore be pathogenic or
benign. Rearrangements are caused by both homologous and non-homologous
recombination mechanisms, with homologous recombination being more commonly
involved with recurrent rearrangements (Lupski and Stankiewicz, 2005). Homologous
recombination as a mechanism of gene conversion in the SMN region is described in

section 1.2.2.3.

The main aim of this research project was to further investigate the molecular basis of
SMA and to attempt to understand the possible disease mechanism of SMA in the
black SA population, using newer, more reliable technologies. This could potentially
improve the diagnostic, carrier and prenatal testing and genetic counselling for the
49% of black individuals clinically affected with SMA and their families, who test
negative for the homozygous deletion of SMN1, exon 7 and for whom definitive

diagnostic testing is currently unavailable.
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The specific objectives for this project were:

1. ) To create an SMA database and perform a retrospective audit of patients, referred
to the Division for SMA testing, from September, 1991 to October, 2015, to identify
patients belonging to different patient categories (M-i/Mt6, M2ZM2B, MV M”, M2M2WV
and U/UB.

2. ) To perform MLPA analysis on patients, who previously tested negative for the
homozygous deletion of SMN1, exon 7 and who had features clinically suggestive
of SMA (U/UB, to try to identify potential pathogenic CNVs.

3. ) To perform comparative MLPA analysis on black individuals referred for SMA
testing with known SMN1 and SMN2 CNVs (Mi/MiB and M2M2B and black
individuals not affected by SMA (N/NB), to identify common CNVs associated with
SMA in the black SA population.

4. ) To perform MLPA analysis on white patients referred for SMA testing with known
SMN1 and SMN2 CNVs (Mi/MiWand M2M2A) and unaffected white individuals
(N/Nw), as a comparison to black individuals (Mi/MiBand M2MZ2Band N/N8).

5. ) To construct pedigrees of MVMi8 and N/NB families to investigate common
pathogenic and non-pathogenic CNV patterns within the black SA population.

6. ) To analyse data generated by MLPA using statistical analysis in order to identify
statistically significant associations between CNVs and SMA disease status to
better understand the genomic architecture of the SMN region.

7. ) To validate and optimise gPCR as an alternative diagnostic technique to detect
SMN1 and SMN2 copy number.
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CHAPTER 2 SUBJECTS AND METHODS

This chapter will introduce the subjects and controls selected for this project and
explain the different methods employed to determine CNV patterns. Furthermore, this

chapter will outline the strategy for testing.

The project focussed primarily on the black SA population. Patient request forms are
often not completed sufficiently and information on the clinical symptoms, family
history (background) or ethnicity of patients are frequently omitted. If the ethnic group
was not indicated on the request from, the ethnic group was assigned using the family
surname as a proxy, if possible. This method is by no means accurate since the black
SA population consists of various ethnic groups from various geographical locations
and surnames do not always correlate consistently with ethnicity. It is possible that
there could be genetic differences related to the disease etiology of SMA among
different African ethnic groups. Panel testing using ancestry-informative markers are
not available for more detailed ancestry testing in South Africa to determine the
different tribal origins of black SA individuals, e.g. Xhosa, Zulu, Sotho, etc.
Furthermore, this kind of testing would be costly and not practical in a diagnostic

setting.

The ethnicity of SA patients of white, Indian and mixed ancestry origin was
determined similarly using the surname and geographical location of the patient as a

guide, where possible.

2.1 Audit of SMA referrals: Sep 1991 - Oct 2015

A retrospective audit of patients, referred to the Division for SMA testing, from
September, 1991 to October, 2015, a period of more than twenty years was
performed. Data were collected from request forms (including date collected, date of
birth, gender, ethnicity, referring doctor, location) and laboratory reports (homozygous

and heterozygous (where available) deletion of SMN1, exon 7 results).

An SMA database was set up to identify patients belonging to different patient
categories (Mi/MiB M2M2B, Mi/MiW, M2ZM2Wand U/UB, further defined in section 2.5.
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2.2 Subjects and controls

Comparisons of CNV patterns were performed among seven different patient groups
which will be further defined in subsequent paragraphs. The patient and subject
groups have been defined in the list of definitions at the beginning of the dissertation
(p.xv) and consist of:
Group A (U/UB): black patients who presented with symptoms clinically
suggestive of SMA and who previously tested negative for the homozygous
deletion of SMN1, exon 7 on the diagnostic assay. These black patients have
an assumed U/UB(Unidentified mutation/Unidentified mutation) genotype.
Group B (N/Nb): Black controls negative for SMA (individuals with no family
history of SMA). These black controls have an assumed N/NB
(Negative/Negative) genotype.
Group C (N/Nw): White controls negative for SMA (individuals with no family
history of SMA). These white controls have an assumed N/Nw
(Negative/Negative) genotype.
Group D (Mi/MiB): Black individuals who were previously identified to have a
homozygous deletion of SMN1, exon 7 on the diagnostic assay and were
therefore confirmed to be affected with SMA. These individuals have a Mi/MiB
(Mutation 1: deletion of SMN1, exon 7 mutation/Mutation 1: deletion of SMNL,
exon 7 mutation) genotype.
Group E (M-|//MiW): White individuals who were previously identified to have a
homozygous deletion of SMN1, exon 7 on the diagnostic assay and were
therefore confirmed to be affected with SMA. These individuals have a Mi/MiW
(Mutation T deletion of SMN1, exon 7 mutation/ Mutation 1 deletion of SMNL1,
exon 7 mutation) genotype.
Group F (M2M2): Black individuals who were previously identified to have a
homozygous deletion of SMN2, exon 7 on the diagnostic assay. These
individuals have a M2M2B (Mutation 2: deletion of SMN2, exon 7 mutation/
Mutation 2: deletion of SMN2, exon 7 mutation) genotype.
Group G (M2ZM2A):  White individuals who were previously identified to have a
homozygous deletion of SMN2, exon 7 on the diagnostic assay. These
individuals have a M2ZM2N (Mutation 2: deletion of SMN2, exon 7 mutation/

Mutation 2: deletion of SMN2, exon 7 mutation) genotype.
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Each group will be further defined in sections 2.2.1 - 2.2.2.

22.1 Group A: U/UBindividuals
U/UB individuals were identified in collaboration with the Clinical Section of the
Division and Professor John Rodda, head of the Paediatric Neurology Department,
Chris Hani Baragwanath and Charlotte Maxeke Academic Hospitals. In total, 72 U/UB
individuals were identified, nine of whom had muscle biopsies, suggestive of SMA.
MLPA analysis was performed on these individuals to identify additional potential
pathogenic CNV patterns. DNA samples of family members of U/UBindividuals were

not available. Group A is the main focus of this research project.

2.2.2 Subject groups used for comparison
2221 Control groups negative for SMA
Group B: N/NBindividuals
Sixty one black families referred to the Division for diagnostic testing for other genetic
conditions, excluding SMA or any other muscular disorders, were identified (N/NB
families). DNA samples of these families are stored in the DNA bank of the Division.
In order to be included, DNA had to be available from two unrelated parents and at

least one child. Siblings were included, where available.

MLPA analysis was performed on family members of all 61 N/NB families (200
individuals). The unaffected parents of these families were then used as negative
controls in this study and consisted of a total of 122 unrelated N/NB individuals.
Haplotypes were constructed from the MLPA data and family pedigrees (see section
2.3.4 for an explanation of haplotype analysis) in order to investigate the phase of
potential common non-pathogenic CNV patterns and to identify the normal variation of

the SMN region in the black SA population.
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Group C: N/Nw individuals

In order to compare the typical non-pathogenic CNV patterns of black and white
individuals, 30 random unrelated N/Nw individuals were tested. N/Nw families were
not included since haplotype analysis was mainly aimed at determining the phase of
multiple copies of SMN1 which are common in African populations but reported to be

rare in Caucasian populations.

2.2.2.2 Subject groups with a homozygous deletion of SMNL1,
exon 7

Group D: Mi/MiBindividuals

Twenty five unrelated black families (71 individuals), previously referred for SMA
testing, were identified (mi/m-iB families). In order to be included in the study, families
had to consist of at least two individuals, including at least one affected individual who
previously tested positive for the homozygous deletion of SMN1, exon 7 on the
diagnostic assay. For example, some families consisted of only one affected child and
a single parent and other families consisted of a pair of affected siblings. These
Mi/MiB families included 24 parents in 21 families who were all assumed to be
obligate carriers. This assumption might not be entirely accurate in families where the
parents have more than one copy of SMN1, exon 7 since novel mutation events could

explain the results in affected individuals.

MLPA analysis was performed on available family members of all 25 M-|/M-|Bfamilies
and haplotypes were constructed from the MLPA data and family pedigrees (see
section 2.3.4 for an explanation of haplotype analysis). One proband of each of these
25 M-|/MiB families in addition to 50 unrelated Mi/MiB individuals were included in
Group D (75 individuals in total). These Mi/M” individuals were tested with MLPA in
order to investigate the molecular structure of pathogenic CNV patterns including the
extent of homozygous deletion of SMN1, exon 7 and potential gene conversion
events. If a clear common pathogenic deletion CNV pattern were to be identified in
Mi/M” individuals, perhaps other pathogenic CNV patterns could be inferred in U/UB
individuals with a heterozygous deletion of SMN1, exon 7 by analysing the underlying
CNV patterns overlapping the common homozygous deletion of SMN1, exon 7

patterns.
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Group E: Mi/M” individuals
For comparison, 30 random unrelated MVM-i8individuals were tested to compare the
molecular structure of pathogenic CNV patterns between Mi/MiB and M-i/M”

individuals. Once again, Mi/MiWfamilies were not included.

2.2.2.3 Subject groups with a homozygous deletion of SMN2,
exon 7
Group F: M?/M?Bindividuals
Fifty unrelated M2MZ2B individuals were included in Group F and tested on MLPA to
determine the underlying molecular structure of this common CNV and to understand
the interaction between the SMN1 and SMN2 genes.

Group G: M2M?w individuals

For comparison, eight random unrelated M2M2N individuals were tested on MLPA to
compare the molecular structure of this CNV between M2M2Band M2M2N individuals.
Only eight M2M2W individuals were included in this group, since they were the only
M2M2W individuals who have been identified to have the homozygous deletion of
SMNZ2, exon 7. The frequency of this common CNYV differs significantly between black

and white individuals and will be further discussed in section 4.2.1.3.

Figure 2.1 gives an overall description of the subjects and controls included in this

study and the testing strategy of this project.
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Figure 2.1: The strategy of testing, summarising the patients and controls included
in this study. Families are indicated in blue.

2.3 Methods

2.3.1 DNA Extraction
Genomic DNA was extracted from whole blood using the salting out method (Miller et
al., 1988), a commercial DNA extraction kit (High Pure PCR Template Preparation Kit,
Roche Diagnostics) or in the case of chorionic villus sampling (CVS) and amniocyte
material, the phenol-chloroform extraction method (Barker, 2004). All samples have

been processed and extracted in a diagnostic setting, with stringent quality

assurance.
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2.3.2 MLPA using the P021 kit

MLPA is a robust PCR application, which utilises fluorescently labelled probes
specific to multiple targets, which are amplified with an universal primer pair in a
single reaction. By comparing the copy number of PCR products observed in a patient
sample with endogenous reference probes and external control samples, quantitative
changes in DNA fragments can be determined. Schouten et at. (2002) first described
the MLPA technique to determine abnormal CNVs in tumour samples, trisomies and
even to detect point mutations. MLPA is the gold standard technique used in exon
deletion and duplication detection in many diagnostic tests such as Duchenne/Becker
muscular dystrophy (Abbs et at., 2010).

MLPA consists of five main steps:

1 DNA denaturation and hybridisation with multiple gene-specific probes
2. Ligation of the two separate parts of each probe

3. PCR amplification of the probe regions

4. Separation of PCR products by electrophoresis

5. Fragment analysis

Each probe consists of two parts (A and B), located one base pair away from each
other. Both parts A and B contain a hybridisation sequence (indicated in blue in
Figure 2.2) which is specific to the target sequence of interest and a primer binding
region where the universal PCR primers will bind during PCR amplification (indicated
in black in Figure 2.2). In addition, part B contains a “stuffer” sequence (indicated in
green in Figure 2.2), which differs in length for each probe to ensure that different
PCR products can be distinguished by length (MRC-Holland, 2016). Figure 2.2

illustrates the various steps involved in MLPA analysis.
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1. Denaturation and Hybridization 1. Denaturation and hybridisation
Sample DNA is denatured and probes

hybridise to the regions of interest overnight.
An MLPA probe consists of 2 parts (A and B).
The hybridisation sequences, indicated in
blue, are specific to the region of interest.

Hybridation sequence (left) HybrkJuabon sequence (right)

2. Ligation
A ligation enzyme is added to the reaction to
join parts A and B of each probe to make a
single probe.

3. PCR with universal primers
exponential amplification ol ligated probes only 3 PCR

Universal primers bind to the PCR primer
sequences, indicated in black. It is important
to note that amplification of the probes and
not the DNA takes place.

4 Fragment analysis
4. Fragment analysis
Fragment separation and visualisation are

performed on a genetic analyzer. Probes are
distinguished by the difference in PCR
product size.

5. Analysis
The fluorescence quantity of each probe is

compared to the fluorescence quantity of the
internal control probes and external negative
control samples, in order to determine the
copy number of these regions

Figure 2.2: Summary of the MLPA

protocol (Adapted from MRC-Holland, 2016)

2.3.21 The P021 probe mix (version A2)
The MLPA P021 probe mix (MRC Holland, Amsterdam, Netherlands) consists of a
multiplex of 46 probes, consisting of seven “DQ” dosage quality assurance probes;
two sex-chromosome specific probes (for gender determination); 22 internal reference
probes, specific to various chromosomal regions and not associated with SMA; 15
probes specific to the SMN region (eight targeting the SMN1 and SMN2 genes and

seven probes targeting neighbouring genes).
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MLPA probes specific to SMN1 and SMN2

The MLPA P021 probe mix is mainly designed to detect SMN1 and SMN2, exon 7
copy numbers, but since deletions have been observed in exons 1, 4, 6 and 8
(Arkblad et al., 2006), probes binding to these exons have also been included. Probes
have been designed to target the critical one base pair difference between SMN1 and
SMN2 in exon 7 and can therefore distinguish between exon 7 of SMN1 and SMN2.
Similarly, probes have been designed to target a one base pair difference between
SMN1 and SMN2, exon 8 and can therefore distinguish between exon 8 of SMN1 and
SMN2.

Due to identical sequences of exons 1,4,6 and another region of exon 8 of the SMN1
and SMN2 genes, this kit cannot distinguish between SMN1 and SMN2 for these
regions and will give a combined copy number result. This essentially means the copy
number in a patient who is unaffected by SMA and who has the expected two copies
of these regions would be 4 (two copies of SMN1 and two copies of SMN2). An
absence of these probes could therefore represent a deletion in either or both copies
of the SMN1 and SMN2, which complicates analysis. It is important to keep in mind
that heterozygous deletions of these probes (representing a deletion of 2 out of 4
copies) in conjunction with an SMN1, exon 7 or SMN2, exon 7 deletion could suggest
a full deletion of the SMN1 or SMN2 genes as shown in figure 2.3. These regions are
very difficult to analyse and results for these probes need to be interpreted along with

the results for the SMN1 and SMN2 specific probes.
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a.) The normal copy number of SMN1 and SMN2

SMNI/2-1 /[SMN1/2-4/SMN1/2-6 / SMN1-7 SMN1-8 SMNI/2-8 |

Telomeric-5/WA/I \_ ‘] \_ ‘J \

(On each parental chromosome)

Exon1l Exon4 Exon6 Exon7

Centromeric-S/WA/1

(On each parental chromosome

MLPA SMNI/2-1 SMNI/2-4 SMNI/2-6 SMNI/2-8 SMNI-7
probes

S 4 4 4 4 2

number

L j
Exon 8
: SMN1-8 | SMN2-7 ; SMNI/2-8
2 2

b.) A homozygous deletion of the entire SMN1

Telomeric-5/WWI

(On each parental chromosome)

Exonl Exon4 Exon6 Exon7

Centromeric-S/W/VI

(On each parental chromosome)

MLPA SMNI/2-1 SMN1/2-4 SMN1/2-6 SMN1/2-8 SMN1-7
probes

Copy aJ
number A 0

Exon 8

SMN2-7 i SMN1/2-8

Figure 2.3: The relationship between copy number and the SMN1/2 probes

a. ) The location of the different SMN1/2 MLPA probe-binding regions is indicated in a patient who
has the expected two copies of SMN1 & SMN2 (one on each parental chromosome). The red

probes are specific to SMN1, exons 7 and 8 and the blue probes are specific to SMN2, exon 7

and 8. Two copies of each of these regions are expected. The purple probes bind to both

SMN1 & SMN2, exons 1, 4, 6 & 8. Four copies of each of these regions are expected.

b. )

In a patient who has a homozygous deletion of SMN1, no probes will bind to this gene, leading
to O copies of SMN1, exons 7 & 8 and only 2 copies of SMN1 & SMN2, exons 1, 4, 6 & 8, now

only representing the two copies of centromeric SMN2.
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Probes specific to neighbouring genes in the SMN region have been included to
assist with determining the extent of deletions. These genes are regarded as potential
disease-modifying genes (He et at, 2013). Due to the high homology and the
presence of multiple pseudogenes of the SMN region, probes have once again been
designed to target single nucleotide differences between different pseudogenes,

where possible, to provide a more detailed picture of the SMN region.

MLPA probes specific to the NAIP and NAIPV regions

A probe specific to exon 13 present in both the NAIP (BIRC1l) gene and its
pseudogene, NAIPV, binds to both genes and will give a combined copy number
result, similarly to SMN1/2, exons 1, 4, 6 and 8. The copy number in a patient who
has the expected two copies of these regions would be four copies (two copies of
NAIP and two copies of NAIP'V). An absence of these probes could therefore
represent a deletion in either or both of the NAIP and NAIPV genes. An additional
probe specific to exon 5 only binds to NAIP which (exon 5 is deleted in the NAIP'V
gene), which co-locates with SMN1. These regions are very difficult to interpret. A
heterozygous deletion of NAIP/NAIPW exon 13 (representing a deletion of two out of
four copies expected for exon 13) in conjunction with a NAIP, exon 5 deletion could
suggest a full deletion of the NAIP gene as illustrated by figure 2.4. Alternatively a
heterozygous deletion of NAIP/NAIPV exon 13 only, could suggest a full deletion of
the NAIPV gene.
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a.) The normal copy number of NAIP/NAIPV

\ NAIP-5 | NAIP-13
NAIP (telomeric)
(On each parental chromosome)
Exon 5 Exon 13
NAIP-13
NAIP-V (contromeric)
(On each parental chromosome)
Exon 13
MLPA | NAIP-5 NAIP-13
probes
Expected
Copy 2 4

number

b.) Homozygous deletion of telomeric NAIP

NAIP (telomeric)

(On each parental chromosome)

Exon 5 Exon 13
NAIP-13
NAIP-iJJ (contromeric)
(On each parental chromosome)
Exon 13
MLPA NAIP-5 NAIP-13

probes

Expected

Copy
number

Figure 2.4: The relationship between copy number and the NAIP probes

a. ) The location of the different NAIP MLPA probe-binding regions is indicated in a patient who
has the expected two copies of NAIP & NAIP-y (one on each parental chromosome). The
purple probe binds to exon 13 of both NAIP & NAIP-ijj. Four copies of this region are expected.

The red probe binds to exon 5, only present in NAIP. Two copies of this region are expected.

b. ) In a patient who has a homozygous deletion of NAIP, no probes will bind to this gene, leading
to zero copies of NAIP-5 and only two copies of NAIP-13, now only representing the two

copies of NAIP-q;.
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NOTE

The SMN region and therefore the design of the PO21 MLPA kit are complex and it is
recommended that the reader should focus on the functional telomeric probe regions,
SMNL1, exons 7, 8 and NAIP, exon 5. Probes specific to the neighbouring genes in the
SMN region provide some insight into the nature of large CNVs of the SMN region but

the main findings of this dissertation are focussed on SMN1, exons 7, 8 and NAIP.

MLPA probes specific to the centromeric-G7'F2H2 and telomeric-G7~F2H2
regions

A probe specific to exon 5 binds to both GTF2H2 gene variants (telomeric-GTF2H2,
co-locating with SMN1 and centromeric-GTF2H2, proposed to co-locate with SMN2)
and will therefore give a combined result, similarly to SMN1/2, exons 1, 4, 6 and 8
and NAIP/NAIP'F, exon 13. The copy number in a patient who has the expected two
copies of these regions would be four copies (two copies of telomeric-GTF2H2 and
two copies of centromeric-GTF2H2). An absence of these probes could therefore
represent a deletion in either or both of the telomeric-GTF2H2 and centromeric-
GTF2H2 genes. Figure 2.5 further explains the relationship of these probes with the
copy number of the GTF2H2 genes.

In addition, the PO021-A2 kit includes two probes targeting the two base pair
differences between telomeric-GTF2H2 and centromeric-GTF2H2. One probe
(GTF2H2-8) is specific to the c.453A>G (p. lle151 Met; rs200357275) variant in exon 7
which has been associated with centromeric-GTF2FI2. In contrast, the other probe
(GTF2H2-11) is specific to the ¢.706C>G (p.Leu236Val; rs201102513) variant in exon
10, which has been associated with telomeric-GTF2H2 as explained in section 1.2.4.2
(Carter et al.,, 1997). The exact role and orientation of telomeric-GTF2H2 and
centromeric-GTF2H2 in SMA are unknown. Figure 2.5 shows a visual representation

of the binding regions of the three GTF2FI2 MLPA probes.
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Telomeric-GTF2H2

(On each parental chromosome)

Centromeric-(j7F2H2

(On each parental chromosome)

Exon 5 Exon 7

MLPA GTF2H2-5 GTF2H2-8
probes

Expected
Copy 4
number

telomeric-GTF2H2 gene

Telomeric-GTF2H2

(On each parental chromosome)

Centromeric-G7F2H2

(On each parental chromosome)

Exon 5 Exon 7

MLPA GTF2H2-5 GTF2H2-8
probes

Expected

Copy 2 2

number

SUBJECTS AND METHODS

a.) The normal copy number of the telomeric-
GTF2H2 and centromeric-GTF2H2

Exon 10

b.) Homozygous deletion of the entire

Exon 10

GTF2H2-11

Figure 2.5: The relationship between copy number and GTF2H2 probes
a.) The location of the different GTF2H2 MLPA probe-binding regions is indicated in a patient

b.)

35

who has the expected two copies of telomeric-GTF2/-/2 & centromeric-GTF2H2 (one on
each parental chromosome). The purple probe binds to exon 5 of both telomeric-GTF2H2
and centromeric-GTF2H2. Four copies of this region are expected. The blue probe is
specific to the G allele at the c.453 location in exon 7 which has been associated with
centromeric-GTF2H2 and the red probe is specific to the G allele at the ¢.706 location in
exon 11, which has been associated with telomeric-G7F2/-/2. Two copies of each of these
regions are expected.

In a patient who has a homozygous deletion of telomeric-GTF2/-/2, no probes will bind to
this gene, leading to zero copies of GTF2H2-11 and only two copies of GTF2H2-5, now
only representing the two copies of centromeric-GTF2H2.
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MLPA probes specific to the SERF1A and RAD17 regions

Probes specific to the SERF1A (co-locating with SMN1) and RAD17 genes are also
included and could provide some information on the extent of large CNVs of SMN1
and SMNZ2.

Appendix A shows a table summarising the probes present in the P021-A2 kit and
Appendix B includes a step-by-step worksheet to set up the P021-A2 SMA MLPA
assay. For more information, the SALSA MLPA probemix P021-A2 SMA (Description
version 32; 14-10-2014) can be consulted (MRC-Holland, 2016).

2.3.2.2 MLPA data analysis
MLPA was performed in batches of 60 samples using the Applied Biosystems (ABI)
9700 thermal cycler and fragment separation was performed using the ABI Genetic
Analyzer 3130x1 (Applied Biosystems, Foster City, CA, USA). The ABI Foundation
Data Collection and Genemapper data packages, compatible with the ABI 3130x1
Genetic Analyzer, were used to collect raw MLPA data (Applied Biosystems, Foster
City, CA, USA). Dosage analysis was performed, using the freely available Coffalyser
software (MRC Holland, Amsterdam, Netherlands) to quantify CNVs. The Coffalyser
software has several quality assurance checks to verify the quality of the DNA used
and to ensure that the results obtained are reliable. Intra-sample normalisation
compares the intensity of each probe’s fluorescent amplification product to the
intensity of a set of internal reference probes (located across several chromosomes)
in a single patient. Inter-sample normalisation compares the relative fluorescent
intensity of each probe’s fluorescent amplification product of each patient with a set of
known negative controls (who have two copies of each probe). The intensity of a
specific probe’s amplification is measured by the height of the peak of the associated

PCR product.

The profile of a patient with no CNVs will be identical to the reference samples with
100% of the expected copy number (two) and will have a dosage quotient (DQ) of 1
Figure 2.6 represents the P021-A2 SMA MLPA profile of an N/Nw individual (two

copies present of each probe), generated by Coffalyser.
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Probes in the SMN region Reference probes

X axis: P021-A2 probes

Figure 2.6 Typical P021-A2 MLPA profile of a negative control

A DQ value of 1 represents the expected number of copies of this region. A DQ value of 1
represents four copies of the universal probes, specific to both the telomeric and
centromeric copies of a gene: SMN1/2, exons 1, 4, 6 & 8; NAIP-13 and GTF2H2-5. A DQ
value of 1 represents two copies of the rest of the probes.

Table 2.1 lists the DQ ranges used in this study to determine the copy number of a
specific probe region. These values were adapted from the recommended ranges in
the MLPA Protocol One-tube MDP-v005 (MRC Holland, 2016) and on experience
gained from performing various MLPA assays on different genetic disorders in a
diagnostic setting. These ranges are more inclusive than the original ranges and

could potentially influence the accuracy of results.

It is important to note that the copy number allocation differs between probes which
are specific to a single region with an expected total of two copies per region, one per
parental chromosome (table 2.1a) and probes which are specific to two identical
regions located in both the centromeric and telomeric regions (SMN1 and SMN2,
exons 1, 4, 6 and 8 NAIP/NAIPV, exon 13 and GTFTH2, exon 5), with an expected
total of four copies per region, two per parental chromosome (table 2.1b). When the
copy number of a region falls within the equivocal range (in the case of one, three,
five and seven copies of the probe regions specific to two regions), it may be difficult

to determine the exact copy number.
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Table 2.1 The relationship of the MLPA DQ with the probe region copy number
2.1a.) Normal probes specific to a single region (one on each parental chromosome)

Dosage Quotient (DQ) distribution Copy number
0« DQ <0.35 0
0.35 « DQ < 0.65 1
0.65 « DQ < 1.35 2
1.35 « DQ < 1.65 3
1.65 « DQ <2.35 4

To be applied to the majority of probes which targets a single gene or region. Two copies of
these regions are expected in a normal white individual.

2.1b.) Universal probes specific to two regions (two on each parental chromosome)

Dosage Quotient (DQ) distribution Copy number
0« DQ <0.35 0
0.35 « DQ < 0.65 2
0.65 « DQ < 1.35 4
1.35 « DQ < 1.65 6
1.65 « DQ <2.35 8

To be applied to the SMN1/2, exons 1, 4, 6 & 8, NAIP/NAIPV, exon 13 and GTF2H2, exon 5
probes which targets combined telomeric and centromeric regions. Four copies of these
regions are expected in a normal white individual.

MLPA results were analysed using two approaches: a.) by statistical analysis to
compare dosage trends between different subject groups and to determine significant
differences among patient and subject groups (further explained in section 2.3.3) and
secondly b.) by haplotype analysis of pedigrees of N/NB and Mi/MiB families to
determine common chromosomal CNV patterns / haplotypes in the black SA

population (further explained in section 2.3.4).

2.3.3 Statistical analysis
Statistical analysis, using Statistica (Dell, version 12.7) and Real Statistics Using
Excel (Real-Statistics, 2016) software, was performed on the seven patient groups A-

G (as defined in section 2.2).

After performing distribution-of-fit tests, it was determined that the seven patient and
subject groups do not conform to a normal distribution and non-parametric analysis
(which does not require data to conform to a normal distribution) would be more

appropriate when performing statistical analysis. The non-parametric Kruskal-Wallis
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(the non-parametric counterpart of the Analysis Of Variance (ANOVA) statistical test)
and median test (a more crude measurement of the Kruskal-Wallis ANOVA) were
performed to look for significant differences among the seven different patient and

subject groups.

The parametric Multivariate Analysis Of Variance (MANOVA) statistical test was used
to confirm results observed using the non-parametric Kruskal-Wallis and median

tests.

Due to the highly complex nature of the data (data of 15 MLPA probes across seven
patient and subject groups with potential associations among probes), multivariate
statistical analysis needed to be implemented. In order to perform valuable statistical
analysis, the right questions need to be asked. Due to a limited understanding of the
SMN region and CNVs in SA populations, statistical analyses were mainly exploratory
to see if any obvious associations could be identified among different patient and
subject groups. All statistical tests were performed at an a value of 0.05. The
Statistica statistical output is available from the CD accompanying this dissertation

and the statistical output of RealStats have been included in Appendix F.

2.3.4 Haplotype analysis using family pedigrees and MLPA
results
Pedigrees were constructed and used to haplotype MLPA data collected for each of
the 15 MLPA probes specific to the SMN region for each of the 61 N/NB and 25
MVMA families.

Haplotype phasing software was not used to determine the chromosomal phase of
different CNVs due to the complexity of the region which resulted in various
possibilities within families. By manually interrogating each SMN probe using raw
MLPA data, we attempted to determine the chromosomal phase of different CNVs
within a family. The aim of this exercise was to try and determine common pathogenic
haplotypes in MVMi6 individuals and haplotypes which form part of the normal
variation in N/NB individuals. If common haplotypes could be identified, it was hoped

that it could assist in the interpretation of CNV patterns in U/UBfamilies.
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Family pedigrees were categorised as informative if a clear pattern of inheritance
from parents to their children could be established with certainty for each of the MLPA
probes (i.e. the phase of the CNVs were correctly determined). Family pedigrees
were categorised as uninformative if the phase of the CNVs could not be correctly
determined due to multiple possible combinations which could explain the inheritance

within a family or discrepant results.

If the genotype of one or more family members did not fit within the context of the
family across multiple non-contiguous probes, these families were reported to have
discrepant results. Discrepant results could arise due to potential novel mutation
events, rearrangement of the order of genes, technical MLPA faults or family
members who are not related as specified. It is unlikely that discrepant results are due
to technical errors with MLPA analysis since all discrepant results were reloaded on
the ABI 3130x1 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) to
confirm results and these results were usually not equivocal (borderline between two
different copy numbers, as categorised in table 2.1 in section 2.3.2.2) making it
unlikely that these copy numbers were classified incorrectly. If the CNV pattern of a
single family member did not fit within the context of the family for a single probe and
the MLPA result was confirmed on a reload of the sample on the 3130x1 Genetic
Analyzer and the result was not equivocal, these families were reported to have

potential novel mutation events.

Non-pathogenic haplotypes were constructed from parental samples from informative
N/Nb families. Pathogenic haplotypes were constructed from probands from
informative Mi/MiBfamilies. Figure 2.7 shows an example of an informative pedigree
of a Mi/M-iBfamily, constructed from MLPA data from the SMN1, exon 7 and 8 and
SMN2, exon 7 and 8 regions. Clear haplotypes could be established and the phase of

these haplotypes in this family could be accurately determined.
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SMN1, ExS
SMN1, Ex7
SMN2, Ex S
SIMA2, Ex7
Chromosome A B
Il
KEY
|:| Male X X
O remae X X
Affected X -
DO Unaffected X -
E® carier
|:| One copy of this region (1) P
|:|]:| Two copies of this region (2)
X A deletion of this region (0)
SMNL1, exon 7 Number of copies
yleton SMNL exon7 SMNIL exon8 SMN2 exon7 SMN2 exon8
B 0 0 0
D 0 1 1

Figure 2.7 Example of an informative pedigree of a family with a history

of SMA. The red blocks represent SMN1, exons 7 and 8 and the blue blocks represent
SMN2, exons 7 and 8. The affected child (11-1) has O copies of the SMN1, exon 7 and 8 region,
indicating a homozygous deletion of these regions. Since the affected child had to inherit a
deletion chromosome from each parent (-1 & I-2), the phase of the CNVs could be
determined. Child II-2 inherited one SMN1, exon 7 copy from each parent and is therefore not
a carrier of SMA. The table indicates the resulting pathogenic haplotype identified in the

affected child.
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NOTE

The main focus of this project is on the MLPA analysis of relevant patient and subject
groups (Groups A - G). The next few sections explain additional techniques which
could be utilised for SMA diagnostic testing in the future. These techniques do not
form part of the main project but proofs of concept have been developed for these

techniques.

The design and optimisation of an alternative technique to MLPA, a DNA-based real-
time PCR (gPCR) assay is explained in section 2.3.5.1. RNA-based techniques,
including the optimisation of RNA extraction and reverse transcription as well as the
design of a real-time reverse transcription PCR (qRT-PCR) assay are explained in

sections 2.3.5.2 and 2.3.5.3, respectively.

2.3.5 Real-time PCR
gPCR has been found to be a reliable, accurate, rapid and user-friendly technique in
identifying SMN1 and SMN2 copy numbers as an alternative to the PCR restriction
enzyme SMA assay and MLPA (de Souza Godinho et al., 2012; Maranda et al., 2012)

and has been implemented as a diagnostic assay in many laboratories worldwide.

There are two general gPCR detection methods: one using double strand DNA
binding agents and a second using gene specific fluorescent probes with gene
specific probe assays being much more accurate and reliable (Pfaffl 2004). There are
two main methods of analysing real-time PCR data: absolute and relative
guantification. Absolute quantification relates the fluorescent PCR amplification signal
to the input copy number using a calibration curve while relative quantification
measures the change in copy number versus a reference gene, similarly to intra-
sample normalisation performed in MLPA. Various mathematical models are available
to calculate the relative copy number/expression using threshold values (Ct). Both
absolute and relative qPCR are performed as part of the ABI 7900HT-fast real-time
PCR system software (Sequence Detection Software (SDS) and RQ-Manager)
(Applied Biosystems, Foster City, CA, USA).
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Two types of real-time PCR assays were designed as part of this project. The first
DNA-based assay (real-time PCR (gqPCR)) is specific for genomic quantification of
SMN1, exon 7 and SMN2, exon 7 and was designed and optimised as part of this
study as a cheaper, less laborious and faster alternative to MLPA. This assay was
performed using the ABI 7900HT-fast real-time PCR system (Applied Biosystems,
Foster City, CA, USA). The objective of this assay is to determine the SMN1 and
SMN2 genomic copy number, simultaneously in a single assay (further explained in
2.3.51).

The second RNA-based assay (real-time reverse transcription PCR (gqRT-PCR)) is
specific for the quantification of the three different RNA transcripts of SMN1 and
SMN2: full length-SMN1 (FL-SMN1), full length-SMN2 (FL-SMN2) and SMN2
transcripts lacking exon 7 (SMNA7). This assay was designed but not optimised as
part of this project to detect the expression of the SMN protein in U/UB individuals.
RNA extraction was validated as a proof of concept. The SMN transcript expression

levels will be further investigated in a future MSc (Med) project.

2.35.1 Genomic real-time PCR (QPCR) - an alternative to
MLPA
This gPCR assay for genomic quantification of SMN1, exon 7 and SMN2, exon 7 has
been designed based on SMA Tagman probe assays previously described (de Souza
Godinho et at., 2012; Maranda et at.,, 2012) and the primer and probe sequences are

summarised in table 2.2.

Similarly to the P021-A2 MLPA probe mix, differently labelled fluorescent probes are
designed to target the single critical nucleotide difference between exon 7 of SMN1
and SMN2 (c.840C>T), making it possible to distinguish between these two genes. A
single primer pair (SMN-F and SMN-R) amplifies the SMN1 and SMN2 genes
simultaneously followed by hybridisation with two differently fluorescently labelled
probes, FAM-SMN1-Ex7 and VIC-SMN2-Ex7 binding to the SMN1 and SMN2 genes,
respectively. Primers and probes specific to the 5" UTR region of CFTR (7931)
amplify a region of 62bp that acts as an endogenous control, similar to the reference
probes in an MLPA Kkit.
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Copy numbers are determined by comparing the fluorescence generated by the SMN1 and SMN2 probes with the fluorescence
generated by the CFTR probe and compared to known control samples. See Figure 2.8 for an illustration of the binding sites of the
SMN1, SMN2 and CFTR primers and probes. See Appendix C for the SMA genomic gPCR worksheet.

Table 2.2: Primer and probe sequences of the DNA-based SMN1 and SMN2 qPCR assay

Gene Primer Sequence (5’-3) Probe Sequence (5’-3’)

SMN1  SMN-F  CTTGTGAAACAAAATGCTTTTTAACATCCAT

144bp  SMN-R GAATGTGAGCACCTTCCTTCTTTTT SMNL-EX7 FAM-R-TTTTGTCTGAAACCC

SMN2 _ - _ VIC-ATTTTGTCTAAAACCC
Will be amplified by SMN-F/R primers SMN2-Ex7

144bp

CFTR CFTR-F CAACCTGCCTTCTCTGGGAAT

62bp  CFR-R CAAGCCTGGCAATAAACAATGA CFTR NED-CTGCTGCCTGAACAT

The one nucleotide difference (c.840C>T) between SMN1 and SMNZ2 is highlighted in blue.

Table 2.3: Primer and probe sequences of the RNA-based SMN expression qRT-PCR assay

Trans- Primers Sequence (5-3’) Probe Sequence (5’-3’)

cript
FLsmn:  FLSMN-F TACATGAGTGGCTATCATACTGGCTA  FL-SMN1

730p FL-SMN-R AATGTGAGCACCTTCCTTCTTTTT NED-TATGGGTTTCAGACAAA
L e as FLSMNL FL.SMN2  VIC-ATATGGGTTTTAGACAAAA
a7sun  ATSMN-F CTGATGCTTTGGGAAGTATGTTAATT Ex7del-

780p A7SMN-R  CCAGCATTTCTCCCATATAATAGCCAGTA ~ SMN  NED-CATGGTACATGAGTGGCTA
caPoH  GAPDH-F GGGTGTGAACCATGAGAAGTATGA GAPDH

74bp GAPDH-R CTAAGCAGTTGGTGGTGCAGG FAM-CAAGATCATCAGCAATGC

The one nucleotide difference (c.840C>T) between FL-SMN1 and FL-SMNZ2 is highlighted in blue.
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The SMNL1 target gene (144 bp)

SMN-F
27361 TCAACTTAATTTCTGATCATATTTTGTTGAATAAAATAAGTAAAATGTPTTGTGAAACA] 27420
27421 |ATGCTTTTTAACATCCATLATAAAGCTATCTATATATAGCTATCTATGTCTATATAGCTA 27480

27481 TTTTTTTTAACTTCCTTTATTTTCCTTACAGGGTTTCAGACAAAATC]AAAAGAAGGAAG 27540

SMNI-ExI probe
27541 ( tgctcac; XTTAAATTAAGGAGTAAGTCTGCCAGCAT TATGAAAGTGAATCTTACT 27600

SMN-R
(Ensembl genomic sequence: ENSG00000172062)

The SMN2 target gene (144 bp)

SMN-F
27361 TCAACTTAATTTCTGATCATATTTTGTTGAATAAAATAAGTAAAATGTFTTGTGAAACAA 27420
27421 "ATGCTTTTTAACATCCATATAAAGCTATCTATATATAGCTATCTATGTCTATATAGCTA 27480

27481 TTTTTTTTAACTTCCTTTATTTTCcttacagggtttTagacaaaatcaaaaagaaggaag 27540
SMN2-ExI probe

27541 HHBBHSfe B CTTAAATTAAGGAGTAAGTCTGCCAGCATTATGAAAGTGAATCTTACT 27600
SMN-R

(Ensembl genomic sequence: ENSG00000205571)

The CFTR endogenous control gene (62bp)

CFTR-F CFTR 5"UTR probe
176701 GAGTGGTAAGGCCTTCGCCCAACCTGCCTTCTCTGGGAATATACTGCTGCCTGAACATAT 176760
176761 CATTGTTTATTGCCAGGCTTGAACTTCACCAAATTAATTTATTAGGGTCAACATCTAAAT 176820
CFTR-R

(Ensembl genomic sequence: ENSG00000001626) (Ensembl, 2016)

Figure 2.8: Location of SMN1/SMN2 relative quantification primers and probes
The pink highlighted regions represent the location of the universal SMN1/2 primers (these primers
bind to both SMN1 and SMN2) and the yellow highlighted regions represent the location of the CFTR
endogenous control primers. The underlined regions represent the location of the relevant gPCR
probes. The blue highlighted region represents the critical nucleotide difference (c.840C>T) between
SMN1 and SMN2 as well as their relevant probes.

2.3.5.2 RNA extraction and reverse transcription
RNA degrades rapidly and therefore fresh blood samples have to be collected from
positive and negative controls in special formulated Tempus blood RNA collection
tubes (Applied Biosystems, Foster City, CA, USA) to stabilise RNA and to preserve
RNA expression patterns (Duale et al., 2012). As part of validation, RNA was
extracted using the Tempus Spin RNA Isolation Kit (Applied Biosystems, Foster City,
CA, USA) using purification filters. See Tempus Blood RNA Tube and Tempus Spin
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RNA Isolation Kit protocol for a step-by-step guide to RNA extraction using the
Tempus blood RNA collection tubes (Thermo Fisher, 2016).

RNA was converted to its DNA complement (cDNA) using the two-step ImProm-l|
Reverse Transcription System (Promega, Madison, WI, USA). This technique
involves denaturation of the RNA, followed by addition of a reverse transcription
reaction containing an oligo (dT) primer and Taq polymerase (for further instructions
see ImProm-ll Reverse Transcription System). cDNA was stored for future gqRT-PCR
setup. This technique has been validated as part of this MSc project, as a proof of
concept and will be applied in a future MSc (Med) project (see Appendix D for the
Reverse transcription worksheet and step-by-step procedure).

2.3.5.3 Real-time reverse transcription PCR (qQRT-PCR) -
determining SMN expression

gRT-PCR is a particularly sensitive method for the quantification of gene expression.
A gRT-PCR SMN expression assay was designed but not optimised as part of this
project as a proof of concept. A future MSc (Med) project will involve collecting fresh
blood and extracting RNA from patients to quantify the expression of SMN1 and
SMN2 transcripts and comparing results with genomic CNV patterns. A qRT-PCR
assay was designed based on assays described by Tiziano, Pinto, Fiori et al. (2010)
and Zheleznyakova et al. (2011) to assess the quantity of SMN transcripts and to
distinguish between the three SMN transcripts: FL-SMN1, FL-SMN2 and SMNA7
(summarised in Table 2.3, p.43).

Differently labelled fluorescent probes are designed to target the single nucleotide
difference in exon 7 of the FL-SMN1 and FL-SMNZ2 transcripts (c.840C>T), making it
possible to distinguish between these two transcripts and determining the genetic
origin of the FL-SMN transcripts. A single primer pair amplifies the FL-SMN1 and FL-
SMN2 transcripts simultaneously, followed by the three different fluorescent probes,
FL-SMN1, FL-SMN2 and Ex7del-SMN, binding to the SMN1, SMN2 and A7SMN
transcripts, respectively. The Ex7del-SMN probe will not bind to the FL-SMN 1/2
transcripts since the primers have been designed to overlap the exon 6-exon 8

boundary and will therefore only bind to SMN transcripts excluding exon 7. Similarly,
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the primers and/or probes of the SMN expression gRT-PCR assay have been
designed to overlap exon-exon boundaries to ensure that genomic DNA (which

contains introns) will not be amplified and interfere with results.

Primers and probes specific to the GAPDH transcripts amplify a region that acts as an
endogenous control. Expression levels of the different transcripts are determined
comparing the fluorescence generated by the FL-SMN1, FL-SMN2 and Ex7del-SMN
probes with the fluorescence generated by the GAPDH probe and compared to
known control samples. See Figure 2.9 for an illustration of the binding sites of the
FL-SMN1, FL-SMN2, Ex7del-SMN and GAPDH primers and probes.
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The full length SMN1 transcript (73 bp)

FL-SMN-F FL-SMN1 probe

" at :;;tacatgagtggctatcatactggct; ttatatgqgttt™agacaaaatc
1021 jé&ggaaggtgctcacatfeccttaaattaaggagaaatgctggcatagagcagcactaaatg
FL-SMN-R

The full length SMN2 transcript (73bp)

FL-SMN-F___ FL-SMN2 probe .
< ; I . "tacatgaqgtqgctatcatactqqcta < . r ]iititTagacaaaatcaaaaaga
1021 (kggaaggtgctcacatljccttaaattaaggagaaatgctggcatagagcagcactaaatg
FL-SMN-R
The SMNAY transcript (78bp)
A7SMN-F
901 acctcccatatgtccagattctcttgatgatgctgatgctttgggaagtatgttaatttc

A7SMN Probe A7SMN-R
961 atqgtacatgagtqgctatcatactggctattatatg[Deletion of exon 7]gg
agaaatgctggcatagagcagcactaaatg

The GAPDH endogenous control transcript (74 bp)
GAPDH-F

AAGGGTCATCATCTCTGCCCCCTCTGCTGATGCCCCCATGTTCGTCATJGGGTGTGAACCATGAGAAGTAT

JJCAACAGCCTCAAGATCATCAGCAATGCC T i "~~~ n~~MCcACT
GAPDH Probe GAPDH-R

NCBI Reference Sequence: NM_000344.3; NM_017411.3, GCDS Sequence: 8549.1 (NCBI, 2016)

Figure 2.9: Location of SMN expression gRT-PCR primers and probes

The pink highlighted regions represent the location of the universal FL-SMN1/2 primers (these primers
bind to both the FL-SMN1 and FL-SMN2 transcripts). The yellow highlighted regions represent the
location of the primers specific to the A7SMN transcript (the A7SMN-R primer overlaps the exon 6-exon
8 cDNA boundary). The green highlighted regions represent the location of the GAPDH endogenous
control primers. The underlined regions represent the locations of the relevant gRT-PCR probes. The
blue highlighted regions represent the critical difference between the FL-SMN1 and FL-SMN2
transcripts and their relevant probes.

2.3.6 Complimentary DNA (cDNA) sequencing
An SMN cDNA sequencing assay using primers described by (Yu-Jin et al., 2012)
also has been designed as part of this MSc project as a proof of concept. The forward
primer's (SMN-cDNA-F) sequence is: 5-ATCCGCGGGTTTGCTATG-3 and the
reverse primer’'s (SMN-cDNA-R) sequence is: 5-ACTGCCTCACCACCGTGCTGG-3'.
The primer pair produces a PCR product of 1177bp. Figure 2.10 illustrates the binding
sites of the cDNA primers. A future MSc (Med) project may involve collecting blood
from patients with heterozygous deletions of SMN1, exon 7 for RNA extraction and
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performing cDNA sequencing in order to identify additional mutations. It is important
to note that the cDNA sequence of SMN1 and SMN2 are identical except for the
c.840C>T critical difference and therefore the gene origin of any pathogenic

mutations identified cannot be determined.

SMN-cDNA-F

121 taagaaggga cggggcccca B: j-g ac ccgcgggttt gctatg ; ;a tgagcagcgg

181
241
301
361
421
481
541
601
661
721
781
841
901

961
1021
1081
1141
1201
1261
1321

cggcagtggt
ccagagcgat
tgtggcttca
aaaaaccaca
agcttcctta
ttgcatttac
ttacactgga
tgaagtagct
aacagatgaa
atctgctcca
accaggaaag
ccacttacta
acctcccata
atggtacatg
aggaaggtgc
acaccactaa
cctcatttct
ttcttgatta
tttgaaaaac
Jgt gagaaa

ggcggcgtce
gattctgaca
tttaagcatg
cctaaaagaa
caacagtgga
ccagctacca
tatggaaata
aataatatag
agtgagaact
tggaactctt
ccaggtctaa
tcatgctggc
tgtccagatt

agtggctatc
tcacattcct
agaaacgatc
tcaaaatatc
aaagttatgt
catctgtaaa
atttgaatgt

cggagcagga
tttgggatga
ctctaaagaa
aacctgctaa
aagttgggga
ttgcttcaat
gagaggagca
aacaaaatgc
ccaggtctcc
ttctccctcce
aattcaatgg
tgcctccatt
ctcttgatga

atactggctattatatgggttt

taaattaagg
agacagatct
aagtgttggg
aataaccaaa
agactggggt
ggattagatt

ggattccgtg
tacagcactg
tggtgacatt
gaagaataaa
caaatgttct
tgattttaag
aaatctgtcc
tcaagagaat
tggaaataaa
accacccccce
cccaccaccg
tccttctgga
tgctgatgct

agaaatgctg
ggaatgtgaa
aaagaaaaaa
tgcaatgtga
gggggtggga
ttgaatgata

ctgttccggc
ataaaagcat
tgtgaaactt
agccaaaaga
gccatttggt
agagaaacct
gatctacttt
gaaaatgaaa
tcagataaca
atgccagggc
ccaccgccac
ccaccaataa
ttgggaagta

gcggcacagg
atgataaagc

cgggtaaacc
agaatactgc
cagaagacgg
gtgttgtggt
ccccaatctg
gccaagtttc
tcaagcccaa
caagactggg
caccaccacc
ttcccccacc
tgttaatttc

agacaaaatcaaaaaga

gcatagagca
gcgttataga
ggaagtggaa
aatattttac
Jjccagcacg
ttggataatt

gcactaaatg
agataactgg
tgggtaactc
tggactctat
gtggtgaggc
attggtaatt

SMN-cDNA-R
NCBI Reference Sequence: NM_000344.3, NM_017411.3V (NCBI, 2016)

Figure 2.10: Location of SMN cDNA primers

The pink highlighted regions represent the location of the universal SMN-cDNA primers (these primers
bind to both the SMN1 and SMN2 transcripts). The blue highlighted region represents the critical
difference between the FL-SMN1 and FL-SMN2 transcripts. PCR product size: 1177bp.
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3 RESULTS

This chapter will present and explain the results of this project. Results from the audit
on patients referred for diagnostic SMA testing will be shown and compared to data
from the MLPA analysis. MLPA results were analysed using two different approaches.
Firsty, MLPA data were analysed statistically to explore potential significant
differences of CNV patterns among the different patient and subject groups studied
and secondly, haplotypes were constructed in black families to investigate the

inheritance pattern of CNVs in the SMN region in the black SA population.

The results of the audit will be summarised and explained in section 3.1 and the
MLPA results for patient groups A-G will be presented and compared in section 3.2.
Refer to section 2.2 and the list of definitions at the beginning of the dissertation for
definitions. Section 3.3 will summarise results from general statistical analysis and
section 3.4 will summarise and compare haplotypes from N/NBand m-|/m-iB families.
Provisional results as part of a proof of concept for RNA extraction and real-time PCR

technology will be summarised in sections 3.5 and 3.6, respectively.

31 Results from audit on patients referred for

diagnostic SMA testing

311 Descriptive statistics
In total 1 268 patients were referred for diagnostic SMA testing, of which 42.5%
(539/1268) were female, 52.1% (661/1268) were male and for 5.4% (68/1268) the
gender was not provided. Of these patients, 78.2% (991/1268) were black, 15.1%
(192/1268) white, 3.9% (50/1268) Indian, 1.3% (16/1268) of mixed ancestry and 1.5%
(19/1268) with an unknown ethnicity.

Twenty six individuals (10 black, 13 white, two mixed ancestry, one Indian) were
referred for carrier testing and a total of 49 prenatal tests were performed in 38

families (including 21 white families, 13 black families and four Indian families).
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Fifty patients referred for diagnostic SMA testing (41 black, six white, one mixed
ancestry, two Indian) who previously tested negative for the homozygous deletion of

SMN1, exon 7 were tested for a heterozygous deletion of SMN1, exon 7.

3.1.2 Homozygous deletions of SMN1, exon 7
Homozygous deletions of SMN1, exon 7 (telomeric) were identified in 31.6%
(313/991) of black patients, 32.3% (62/192) of white patients, 32% (16/50) of Indian
patients and 37.5% (6/16) of patients of mixed ancestry. These patients were all
therefore confirmed to be affected with SMA. The rates of positive diagnosis did not
differ significantly between genders (x2=0.6; p=0.44) and different ethnic population
groups (x2=0.28; p=0.96) (see Appendix F, Statistical test output 1).

3.1.3 Homozygous deletions of SMN2, exon 7
Homozygous deletions of SMN2, exon 7 (centromeric) were identified in 12.4%
(123/991) of black patients, 4.7% (9/192) of white patients, 4% (2/50) of Indian
patients and 18.8% (3/16) of patients with mixed ancestry. There is a significantly
higher percentage of SMN2, exon 7 deletions in black patients when compared to
white patients (x2=1164; p=0.000645). Patients of mixed ancestry did not differ
significantly from black patients (x2=0.51; p=0.47). This finding will be further
discussed in section 4.2.1.3 (see Appendix F, Statistical test output 2). Figure 3.1
summarises the homozygous SMN1 and SMN2, exon 7 deletion percentages in SA

populations.
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m SMN2,ex7 del
m SMNI,ex7 del

Ethnic group: Black Mixed Ancestry White Indian

n=991 n=16 n=192 n=50

Figure 3.1: A bar graph comparing the percentages of homozygous SMN1

and SMN2, exon 7 deletions in SA patients referred for SMA testing

The percentage of SMN1, exon 7 deletions do not differ significantly among different population
groups. The percentage of SMN2, exon 7 deletions differ significantly, due to a high frequency of
deletions in the black and mixed ancestry population groups.

3.1.4 Carrier, additional diagnostic and prenatal testing for SMA
A total of 30.8% (8/26) of individuals referred for carrier testing was found to be
carriers of the common homozygous deletion SMN1, exon 7. Carriers of the deletion
of SMN1, exon 7 were identified in 25% (3/12) of black individuals, 27.3% (3/11) of
white individuals, 0% (0/1) of Indian individuals and 100% (2/2) of mixed ancestry

individuals tested.

Fifty patients, who previously tested negative for the homozygous deletion of SMN1,
exon 7, were tested for a heterozygous deletion of SMN1, exon 7 of which 24%
(12/50) were found to test positive on the previously used dosage assay or MLPA.
Heterozygous SMNL1, exon 7 deletions were identified in 26.8% (11/41) of black
individuals, 0% (0/6) of white individuals, 0% (0/2) of Indian individuals and 100%
(1/1) of mixed ancestry individuals tested. The accuracy of the heterozygous deletion

of SMN1, exon 7 results is discussed in sections 4.2.1.2 and 4.2.4.2.
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Since SMA is an autosomal recessive disorder, two carriers have a risk of 25% with
each pregnancy of having an affected child. A positive result (a homozygous deletion
of SMN1, exon 7) was found in 22.4% (11/49) of prenatal tests, which compares well
with the expected rate. SMN1, exon 7 homozygous deletions were identified in 18.8%
(3/16) of black individuals, 19.2% (5/26) of white individuals, 33.3% (2/6) of Indian

individuals and 100% (1/1) of mixed ancestry individuals tested.

The SMA database used for the audit is available on the CD accompanying this

dissertation.

3.2 MLPA Results
This section will summarise and compare the MLPA results of this project.
Comparisons will be made between black and white individuals from three different
categories (negative controls (Groups B and C); individuals with homozygous
deletions of SMN1, exon 7 (Groups D and E) and individuals with homozygous
deletions of SMN2, exon 7 (Groups F and G)). Finally comparisons will be made
between Group A and other black subject categories (Groups B, D and F). Refer to

section 2.2 for definitions of the patient and subject groups.

Section 3.2.1 will compare results of subject groups B (N/NB and C (N/Nw) to
establish normal CNV patterns in the black and white SA populations. Section 3.2.2
will compare results of subject groups D (Mi/M”) and E (Mi/M-iw) in order to
determine and compare pathogenic haplotypes related with the homozygous deletion
SMN1, exon 7 in black and white individuals with SMA. Section 3.2.3 will compare
results of subject groups F (M2M2B and G (M2M2W\) to further understand the role of
this common CNV in the black and white SA populations. Finally section 3.2.4 will
compare results of subject group A (U/U) with the other sample groups to try to

identify potential novel pathogenic CNVs.
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Each comparison will look at the following different sections of the SMN region:
SMN1, exons 7, 8 and NAIP, exon 5
SMN2, exons 7 and 8
Combined regions: SMN1/2, exons 1,4, 6 and 8; NAIP/NAIP'F, exon 13 and
telomeric/centromeric-GTF2/-/2, exon 5
Neighbouring genes: SERF1B and RAD17

NOTE

The SMN region is complex and due to the complex nature of the statistical analysis
between multiple control and patient groups among multiple regions, it is
recommended that the reader should focus on results and discussions pertaining to
the functional telomeric SMN region including SMN1, exons 7, 8 and NAIP, exon 5.
The neighbouring regions provide some insight into the nature of large CNVs of the
SMN region but the main findings of this dissertation are focussed on SMN1, exons 7,

8 and NAIP.

Each sample group’s results were analysed statistically as explained in section 2.3.3.
The raw DQ value data generated by MLPA and Statistica output are available on the

CD accompanying this dissertation.

321 Comparative analysis of Groups B (N/NB and C (N/Nw)
Groups B (N/Nb) and C (N/Nw) were tested to determine a baseline CNV pattern to
compare with CNV patterns in other subject groups and to compare CNV trends of
the black and white SA populations with worldwide reports. The results summarised in

this section will be further discussed in section 4.2.1.

The non-parametric Kruskal-Wallis and median tests were performed using the
Statistica software to determine which probes had a significant difference between
N/Nb and N/Nw individuals. A significant difference (p<0.05) was observed for the
majority of MLPA probes: SMN1-7, SMN1-8, SMN2-8 (Kruskal-Wallis test only),
SMN1-1, SMN1-4, NAIP5, NAIP-13, GTF2H2-5, GTF2H2-8 and GTF2H2-11),
suggesting the presence of different population-specific CNVs and will be further
discussed in the next few sections. Table 3.1 summarises the results of N/NB and

N/Nw individuals. The number and percentage of individuals who fall into different
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CNV categories (one-ten copies) are indicated for each P021-A2 MLPA probe.
Statistically significant differences are highlighted. See Figure 3.2 for examples of
MLPA results.
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Table 3.1: Comparison of CNVs between N/NBand N/Nwindividuals. Significant differences (p<0.05) between Groups B and C are highlighted.

Group P021-A2 probes
Nr of rl:l—/{\lzg Nr of "
; = copies 0
copies RAD17  SERFIB SMN2 SMN2 SMN1 SMN1 NAIP-5 GTF2H2-11 GTF2H2-8 unri)versal SMNI/2  SMNI/2 SMNI/2  SMNI/2 NAIP- GTF2H2-
N/NW: Exon 7 Exon 8 Exon 7 Exon 8 rs200357275  rs201102513 probe Exon 1 Exon 4 Exon 6 Exon 8 13 5
n=30 regions
0 0 15 33 0 1 1 11 0 0 0 0 0 0 0
n/nb (0.0%) (0.0%) (12.3%) (27.0%) (0.0%) (0.8%) (0.8%) (9.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
0 0
N /N 0 0 2 2 0 0 0 0 0 0 0 0 0 0 0
w (0.0%) (0.0%) (6.7%) (6.7%) (0.0%) (0.00%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%)
0 1 20 55 0 0 37 0 14 9 3 7 o 30
N/Nb (0.0%) (0.8%) (16.4%) (45.1%) (0.0%) (0.0%) 4 33%) (30.3%) (0.0%) (11.5%) (7.4%) (2.5%) (5.7%) 9 (7:4%) (24.6%)
i 2
/ 0 0 8 12 0 0 1 5 0 0 0 0 2 0 0
N NW (0.0%) (0.0%) (26.7%) (40.%) (0.0%) (0.00%) (3.3%) (16.7%) (0.0%) (0.0%) (0.0%) (0.0%) (6.7%) (0.0%) (0.0%)
104 120 73 31 60 54 71 74 111 106 112 118 114 112 91
N/Nb (85.2%) (98.4%) (59.8%) (25.4%) (49.2%) (44.3%) (58.2%) (60.7%) (91.0%) (86.9%) (91.8%) (96.7%) (93.4%) (91.8%) (74.6%)
2 4
30 30 18 14 29 28 25 25 24 30 30 30 28 30 30
N/NW (100%) (100%) (60.0%) (46.7%) (96.7%) (93.3%) (83.3%) (83,3%) (80.0%) (100%) (100%) (100%) (93.3%) (100%) (100%)
17 1 10 3 52 29 0 8 2 0 0 0 0 1
N/Nb (13.9%) (0.8%) (8.2%) (2.5%) 21 (42.6%) (23.8%) (0.0%) (6.6%) (1.6%) (0.0%) (0.0%) (0.0%) (0.0%) (0.8%)
3 (17.2%) 6
0 0 2 2 1 2 4 0 5 0 0 0 0 0 0
N/Nw (0.0%) (0.0%) (6.7%) (6.7%) (3.3%) (6.7%) (13.3%) (0.0%) (16.7%) (0.0%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%)
1 0 3 0 35 14 14 0 3 0 0 0 0 0 0
N/Nb (0.8%) (0.0%) (2.5%) (0.0%) (28.7%) (11.5%) (11.5%) (0.0%) (2.5%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
4 8
0 0 0 0 0 3 0 0 1 0 0 0 0 0 0
N/Nw (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (37.50%) (0.0%) (0.0%) (3.3%) (0.0%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%)
0 0 1 0 6 1 3 0 0 0 1 1 1 1 0
N/Nb (0.0%) (0.0%) (0.8%) (0.0%) (4.9%) (0.8%) (2.5%) (0.0%) (0.0%) (0.0%) (0.8%) (0.8%) (0.8%) (0.8%) (0.0%)
5 10
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
N/Nw (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%) (0.0%) (0.00%) (0.0%) (0.0%)
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P021-A2 MLPA probes
Figure 3.2: Examples of MLPA results of N/NBand N/Nw individuals
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a.) An example of an MLPA result from a N/Nw
individual

All the probes have a ratio of 1, representing two copies
of each of these regions. As can be seen from
comparing this MLPA profile with figure b.), N/NB
individuals appear to have a higher variability and
multiple copies of probes, when compared to N/Nw
individuals.

b.) An example of an MLPA result from a N/NB
individual

All the reference probes have a ratio of 1, representing
two copies of each of these regions.

The SMNL1, exon 7 (SMN1-7) and exon 8 (SMN1-8)
probes have a ratio of ~1.5 representing three copies of
these regions, in conjunction with a ratio of -0.5 of the
SMN2, exon 7 (SMN2-7) and exon 8 (SMN2-8) probes,
representing a heterozygous deletion, possibly due to a
conversion from SMN2, exon 7, 8 to SMNL1, exon 7, 8.
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3.2.1.1 Telomeric SMN region: SMN1, exons 7, 8 and NAIP,
exon 5
The SMN1 gene is the functional gene involved in SMA. The SMNL1, exon 7 copy
number was found to differ statistically between N/NBand N/Nw individuals (H=32.7;
p<0.0001). In this study, 50.8% (62/122) of N/NB individuals were found to have
multiple (three-six) copies of SMN1, exon 7. These results stand in sharp contrast to
trends observed in N/Nw individuals, with only 3.3% (1/30) with multiple copies of
SMNL1, exon 7, supporting the hypothesis that black African individuals have multiple
copies of SMN1 more commonly than white individuals as previously reported by

Hendrickson et al. and Sangare et al. (Hendrickson et al., 2009; Sangare et at., 2014).

Additionally the SMN1, exon 8 and NAIP, exon 5 copy numbers differed significantly
between N/NB and N/Nw individuals (H=14.3; p=0.0002 and H=7.2; p=0.0071,
respectively). As seen with the SMN1, exon 7 region; 54.9% (67/122) of N/NB
individuals were found to have multiple copies of SMN1, exon 8 and 37.7% (46/122)
were found to have multiple copies of NAIP, exon 5, which both co-locate with SMN1

in the telomeric SMN region.

Once again, these results stand in contrast to trends observed in N/Nw individuals,
with only 6.7% (2/30) of individuals with multiple copies of SMN1, exon 8 and only
13.3% (4/30) with multiple copies of NAIP, exon 5. As can be seen from figure 3.3,
N/Nb individuals more often have multiple copies of the telomeric region (SMN1,

exon?7 and exon 8 and NAIP, exon 5) than N/Nw individuals.
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Figure 3.3: Comparison of the copy numbers of SMN1, exons 7 and 8 and

NAIP, exon 5 between N/NBand N/Nw individuals

The SMN1, exon 7 and 8 copy numbers do not correlate fully suggesting that some of
these copies may not be contiguous and this concept will be further explained in

section 4.2.1.5.

The SMN1, exon 7 results of N/NBindividuals and N/Nw individuals were compared to
international data from North-America, Asia, Europe and Sub-Saharan Africa as
summarised in table 3.2 and figure 3.4. There was no significant difference between
the results of N/NBindividuals and individuals from Sub-Saharan Africa: Mali (x2=0.75;
p=0.69), Nigeria (x2=5.45; p=0.07) and Kenya (x2=4.62; p=0.1) and African-American
populations (x2=1.88; p=0.4). There also was no significant difference between results
of Sub-Saharan African and African American populations (x2=6; p=0.2). See

Appendix F, statistical output 3 for a breakdown of the statistical results.

There was no significant difference between the results of N/Nw individuals and
individuals from Europe: Germany (x2=0.89; p=0.64), France (x2=0.73; p=0.69) and
Sweden (x2=0.75; p=0.57) and American populations (x2=134; p=0.51). There also
was no significant difference between results of European and American populations
(X2=0.77; p=0.94). See Appendix F, statistical output 4 for a breakdown of the

statistical results.
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Table 3.2: SMN1 copy number across various geographical populations

Sub-Saharan North- .
SA - . Europe Asia
Africa America
2
SMN1 G ©
o =z 3 7 s
copy - c > o
Z Z © c O E o ® C o (] — c [N O © o
number 28 Zo =8 = S8 g oY c < SN B89 XA c o
~ e =M "o V4 C o P E - S© gw ) 8
X ofd =1 D2u o <v o = S g gl =
ec = € Zc XC ~c 3Sc [ LS 3 5¢ c
o < @ 8 o o)
3]
o = 2 n
y—
<
0% 0% 0.5% 2% 1% 1% 2.7% 3% 2% 2% 2% 5%
! ® © ) 2) O an @9 @ w9 o (10)
4?/'2 906/'7 47% 60% 61% 52% 91% 94% 96% 95% 78% 75%
2 (] ()
72 73 529 935 132 593 479 254 150
(60) (29) (295) (72) (73) (529)  (935) (132) (593)  (479)  (254) (150)
9 52.5 9 9 47% 6.3% 3% 2% 3% 20% 20%
>2 (3_4) 50.8 3.3% % 38% 38% ( 3% (] o o (]
% 1) (330) (46) (46) (475) (65) 4) (15) (14) (65) (40)
(62)
Lee Hasanza
Hendrickson Feldkott Corcia et at.,
Referenc This study Sangare eta!., 2014 etal. 2009 el IO € 2'012 etal., detal,
€ retal, 2004 2009

2002

Adapted from (Sangare et al., 2014). High frequencies of multiple SMN1, exon 7 copies highlighted.

Figure 3.4 shows that N/Nw individuals have a much lower percentage of multiple
SMN1, exon 7 copies of 3.3%, which is comparable to previous reports of 6.3%
(65/1028) in white North-American populations (Hendrickson et at., 2009) and a
combined percentage of 2.6% (33/1263) in European populations (Germany, France
and Sweden) (Corcia et at,, 2012; Feldkotter et at., 2002) when compared to N/NB
individuals of which 50.8% have multiple (3-6) copies of SMN1, exon 7, which is
similar to previous reports of 46.8% (475/1015) in African-American individuals
(Hendrickson et at.,, 2009) and a combined percentage of 48.6% (422/868) in sub-
Saharan African populations (Mali, Nigeria and Kenya) (adapted from Sangare et ai,
2014).

See section 4.2.1.1 fora detailed discussion of these results.
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Graph produced from combined data of this study and a study performed by Sangare et al., 2014.

Figure 3.4: Comparison of the SMN1, exon 7 copy number distribution of
N/Nb and N/Nw individuals with various international studies

The blue circle indicates a similar percentage of white individuals with two copies of SMN1, exon 7
in SA, North-America and Europe. The red circle indicates a similar percentage of black individuals
with multiple (more than two) copies of SMN1, exon 7 in SA, Sub-Saharan Africa and North-

America.

3.2.1.2 Heterozygous SMN1, exon 7 deletion frequency
No N/Nb (0/122) and N/Nw (0/30) individuals appeared to have a detectable
heterozygous deletion of SMN1, exon 7 (1:0 genotype), usually accepted to be
carriers of SMA. Previous studies reported on a carrier rate of 1/50 and 1/23 in the
black and white SA populations, respectively (Labrum et al., 2007). These differences
in carrier rates are most probably due to small sample sizes and the accuracy of the
previous method used to detect the heterozygous deletion of SMN1, exon 7 and will

be further discussed in section 4.2.1.2.
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3.2.1.3 Centromeric SMN region: SMN2, exon 7 and 8
The SMN2, exon 7 copy number was not found to differ significantly between N/NB
and N/Nw individuals (H=0.09; p=0.7652). The majority of N/NBand N/Nw individuals
had two copies of SMN2, exon 7; 59.8% (73/122) and 60% (18/30), respectively.

The homozygous deletion of SMN2, exon 7 rate did not differ significantly (x2=0.2;
p=0.7) between referred white patients included in the audit (4.7% (9/192)) and N/Nw
individuals in this study (6.7% (2/30)). In contrast, the homozygous SMN2, exon 7
deletion rate differed significantly (x2=16.3; p=0.0000535) between black patients
included in the audit (12.4% (123/991)) and N/NB individuals included in this study
(27% (33/122)) and could be due to a higher frequency of the homozygous deletion of
SMNZ2, exon 7 rate in N/NBindividuals and will be further discussed in section 4.2.1.3.

The SMNZ2, exon 8 copy number was found to differ significantly between N/NB and
N/Nw individuals (H=11.1; p=0.0009). N/NB individuals had a higher rate of
homozygous SMN2, exon 8 deletions (27% (33/122) than N/Nw individuals (6.7%
(2/30). This finding could be due to gene conversions from SMNZ2, exon 8 to SMNL1,
exon 8 resulting in hybrid genes consisting of SMN1, exon 7 and SMN2, exon 8 as
explained in section 1.2.2.3. Deletions of these hybrid genes would result in a loss of
SMN1, exon 7 in conjunction with SMN2, exon 8 (further discussed in sections 3.2.4.3
and 4.2.1.3).

Figure 3.5 compares the CNV results between N/NBand N/Nw individuals, showing a

different distribution of CNVs in SMN2 exons 7 and 8 across both population groups.
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Figure 3.5: Comparison of the copy numbers of SMN2, exons 7 and 8

between N/NBand N/Nw individuals

Section 3.1 has a detailed summary of results from the audit and the statistical results

are available from Appendix F, statistical test output 5.

3.2.1.4 CNVs of combined regions: SMN1/2, exons 1, 4, 6 and 8;
NAIP, exon 13 and GTF2H2, exon 5
The probes discussed in this section, bind to both the telomeric and centromeric copy
of each of these genes (identical in probe binding regions) and will therefore give a

combined result. Four copies represent a full complement of these regions.

The SMN1/2, exons 1 and 4 copy numbers were found to differ statistically between
N/Nb and N/Nw individuals (H=7.5; p=0.0061 and H=6; p=0.0143, respectively). The
SMN1/2, exons 6 and 8 copy numbers were not found to differ significantly between
N/Nb and N/Nw individuals (H=0.4; p=0.5046 and H=0.002; p=0.9649, respectively).
Although the SMN1/2, exons 1, 4, 6 and 8 regions mostly consisted of the full
complement of four copies, deletions of these regions (50% (2/4 copies of each probe
region deleted) were more frequently observed in N/NB individuals (exon 1 (11.5%
(14/122), exon 4 (7.4% (9/144)), exon 6 (2.5% (3/122) and exon 8 (5.7% (7/122))
when compared to N/Nw individuals (exon 1, 4 and 6. 0% (0/30), exon 8 (6.67%
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(2/30)). The SMN1/2, exons 1, 4, 6 and 8 copy numbers do not correlate fully which,
once again, may suggest that these exon copies may not all be contiguous. This
finding is further dicussed in section 4.2.4.3.

The GTF2H2, exon 5 and NAIP/NAIPV, exon 13 copy numbers were found to differ
statistically between N/NB and N/Nw individuals (H=14.70; p=0.001 and H=8.10;
p=0.0043, respectively). Although the GTF2H2-5 and NAIP/NAIP'V, exon 13 regions
mostly consisted of the full complement of four copies, once again deletions (50%
(2/4) of copies deleted) of these regions were more frequently observed in N/NB
individuals (24.6% (30/122) and 7.4% (9/122) respectively) than N/Nw individuals (0%
(0/30) and 0% (0/30) respectively). Figure 3.6 shows the higher frequency of deletions
of the SMN1/2, exons 1, 4, 6 and 8, GTF2FI2, exon 5 and NAIP/NAIPV, exon 13

regions in N/NBindividuals when compared to N/Nw individuals.

Centromeric-GTF2H2 (GTF2H2-8) and telomeric-GTF2H2 (GTF2H2-11) copy
numbers were found to differ significantly between Groups B (N/NB and C (N/Nw)
(H=10.60; p=0.001 and H=9.10; p=0.003, respectively) and will be further explained

and compared in Section 3.2.2.4.
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Figure 3.6: Comparison of the copy numbers of SMN1/2, exons 1, 4, 6 and §;
GTF2H2, exon 5 and NAIP/NAIPV, exon 13 between N/NBand N/Nw individuals

3.2.1.5 CNVs of neighbouring genes: SERF1B and RAD17

The SERF1B and RAD17 copy numbers were not found to differ significantly between
Groups B (N/Nb) and C (N/Nw) (H=0.80; p=0.367 and H=0.00; p=0.967, respectively).
Two copies of SERF1B were present in 98.4% (120/122) of N/NBindividuals. Multiple
copies (more than 2) of RAD17 were observed in 14.8% (18/122) of N/NB individuals.
No N/Nw individuals had deletions/duplications extending into SERF1B or RAD17,
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suggesting that N/NBindividuals have a higher variability of these regions than N/Nw

individuals.

3.2.1.6 Difference in variance between N/NBand N/Nw
individuals
The Kruskal-Wallis test is a non-parametric test of variance. N/NBindividuals had a
significantly higher variability than N/Nw individuals for the majority (67.7% (10/15)) of
MLPA probes: SMN1, exon 7; SMN1, exon 8 AA/P5, SW\2, exon 8, NAIP13;
SMN1/2, exon 1, SMN1/2, exon 4, GTF2H2-5; GTF2H2-8 and GTF2H2-11. Figure
3.7 shows scatterplots illustrating a strongly significant difference in variance between
N/Nb and N/Nw individuals for the telomeric SMN1 region. The significance and
consequences of this observation is discussed in section 4.2.1.4. Significant results
across other SMN regions are not shown here but are available in Appendix F,

statistical test output 6.
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a.) SMN1, exon 7
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Kruskal-Wallis test
Significant difference
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Figure 3.7: Scatterplot comparison of probe variances of a.) SMN1, exon 7; b.)

SMN1, exon 8 and c.) NAIP, exon 5 between N/NBand N/Nw individuals
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3.2.2 Comparative analysis of Groups D (M-i/M?) and E (M-i/M”)
MH/IVL8 and Mi/MiW individuals were tested by MLPA to confirm previous diagnostic
results obtained by the diagnostic assay (explained in section 1.2.2.1) and to
determine and compare pathogenic CNV profiles between these two population
groups. The results summarised in this section will be further discussed in section

4.2.2.

The non-parametric Kruskal-Wallis and median tests were performed using the
Statistica software to determine which probes had a different distribution between
MAMA and Mi/MiWindividuals. A significant difference (p<0.05) was observed for the
majority of MLPA probes: SMN1-8, SMNZ2-7 (H=9, p=0.0027), SMN1-4 (H=4.4,
p=0.0355), SMN1-6 (H=4.2, p=0.0399), NAIP5 (H=5.6, p=0.0181), NAIP13 (H=13.8,
p=0.0002), SERF1B (H=3.9, p=0.0480), GTF2H2-5 (H=10.8, p=0.0010), GTF2H2-8
(H=12, p=0.0005), and GTF2H2-11 (H=10.7, p=0.0011) and will be further discussed

in the next few sections.

Table 3.3 summarises the results of Mi/MiBand MVM* individuals. The number and
percentage of individuals who fall into different CNV categories (one-ten copies) are
indicated for each P021-A2 MLPA probe. Statistically significant differences are
highlighted. See Figure 3.8 for typical examples of MLPA results of M-|/Mib and
M-|/MiWindividuals.

3.221 Telomeric SMN region: SMN1, exon 7, exon 8 and
NAIP, exon 5
The SMN1 gene is the functional gene involved in SMA. As expected, MLPA analysis
confirmed SMN1, exon 7 homozygous deletions in all 75 Mi/MiBindividuals and all 30

M-|/Miw individuals.

The SMN1, exon 8 copy numbers were found to differ statistically between Mi/MiB
and Mi/Miw individuals (H=7.8, p=0.0053). This significant difference could be due
to homozygous SMN1, exon 8 deletions being more common in M-|/MiW individuals
(zero copies: 80% (24/30); one copy: 13.3% (4/30)) than Mi/MiB individuals (zero
copies: 50.7% (38/75); one copy: 29.3% (22/75)).
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Table 3.3: Comparison of CNVs in and individuals. Significant differences (p<0.05) are highlighted.
Ethnicity P021-A2 probes
m,/m ,b:
Nr of n=75 Nr of
; SMN1 copies of
copies RAD17  SERFIB SMN2 SMN2 Exon SMN1 NAIP- GTF2H2-11 GTF2H2-8 universal SMNI/2 SMNI/2  SMNI/2  SMNI/2 NAIP- GTF2H2-
M j/M i Exon7 Exon 8 Exon 8 5 rs200357275  rs201102513 Exon 1 Exon 4 Exon 6 Exon 8 13 5
n-30 regions
o 0 0 0 8 75 29 56 0 1 1 1 0 8 5
rvilliviii (0.0%) (0.0%) (0.0%) (10.7%) (100%) 38 (38.7%) (74.7%) (0.0%) (1.3%) (1.3%) (1.3%) (0.0%) (10.7%) (6.7%)
(50.7%
0 0
_ _ 0 0 0 0 30 24 12 15 0 2 2 2 2 3 0
Mi; Mi (0.0%) (0.0%) (0.0%) (0.0%) (100%)  (80.0%)  (40.0%) (50.0%) (0.0%) (6.7%) (6.7%) (6.7%) (6.7%) (10.0%) (0.0%)
) _ 0 26 4 15 0 22 16 8 6 45 46 47 46 46 50
MM (0.0%) (34.7%) (5.3%) (20.0%) (0%) (29.3%)  (21.3%) (10.7%) (8.0%) (60.0%) (61.3%) (62.7%) (61.3%) (61.3%) (66.7%)
i 2
) 0 8 2 5 0 4 17 12 0 10 10 10 1 7 15
M iMoo (0.0%) (26.7%) (6.7%) (16.7%) (0.0%) (13.3%)  (56.7%) (40.0%) (0.0%) (33.3%) (33.3%) (33.3%) (36.7%) (23.3%) (50.0%)
_ _ 75 49 63 49 0 12 22 1 67 29 28 27 29 21 20
MM (100.0%) (65.3%) (84.0%)  (65.3%) (0%) (16.0%)  (29.3%) (14.7%) (89.3%) (38.7%) (37.3%) (36.0%) (38.7%) (28.0%) (26.7%)
2 4
_ _ 30 22 17 13 0 2 1 3 29 18 18 18 17 20 15
MM (100.0%) (73.3%) (56.7%)  (43.3%) (0.0%) (6.7%) (3.3%) (10.0%) (96.7%) (60.0%) (60.0%) (60.0%) (56.7%) (66.7%) (50.0%)
) _ 0 0 5 3 0 2 7 0 2 0 0 0 0 0 0
M i/ M (0.0%) (0.0%) (6.7%) (4.0%) (0%) (2.7%) (9.3%) (0.0%) (2.7%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
3 6
) ) 0 0 10 u 0 0 0 0 1 0 0 0 0 0 0
MM (0.0%) (0.0%) (33.3%)  (36.7%) (0.0%) (0.0%) (0.0%) (0.0%) (3.3%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
» 0 0 3 0 0 1 1 0 0 0 0 0 0 0 0
MoifM i (0.0%) (0.0%) (6.7%) (0.0%) (0%) (1.3%) (1.3%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
4 8
0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
Iv.L/m » (0.0%) (0.0%) (3.3%) (3.3%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
_ _ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M /M 6 (0.0%) (0.0%) (0.0%) (0.0%) (0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
5 10
‘ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MM (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
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a. ) An example of an MLPA result for a
individual

All the reference probes have a ratio of 1, representing
two copies of each of these regions. The reference
probes are used to normalise SMN probe results. The
SMN1, exon 7 (SMN1-7) and exon 8 (SMN1-8) probes
have a ratio of O (indicated with a red box) representing
a homozygous deletion of these regions. This deletion
appears to stretch into exons 1 (SMN1-1), 4 (SMN1-4),
6 (SMN1-6), and 8 (SMN1-8) of SMN1 since the probes
have a ratio of -0.5 most probably representing a
homozygous deletion of SMN1. These probes cannot
distinguish between SMN1 and SMN2. The deletion
further appears to extend into GTF2H2 (ratio of 0.5).

b. ) An example of an MLPA result for a MIMIW
individual

The SMN1, exon 7 (SMN1-7) and exon 8 (SMN1-8)
probes have a ratio of O representing a homozygous
deletion (indicated with a red box) The SMN2, exon 7
(SMN2-7) and exon 8 (SMN2-8) probes have a ratio of
-1.75 representing four copies of these regions,
possibly due to a full conversion from SMN1, exon 7, 8
to SMN2, exon 7, 8 The SMN1/2 probes have a ratio of
1, representing four copies suggesting that the SMN1,
exon 7 deletion is limited to SMN1, exon 7, therefore
likely being a conversion rather than a large deletion of
the entire SMN1 gene.

P021-A2 MLPA probes

Figure 3.8: Examples of MLPA results in M-|/MiBand Mi/MiWindividuals
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Table 3.4 compares the homozygous SMN1, exon 7, 8 and NAIP, exon 5 deletion
results of the current study with data from a previous SA study (Labrum et al., 2007).
Results from this study did not differ significantly from results from the previous study
in either M-|/MiW (x2=0.9, p=0.8) or Mi/M-i6 individuals (x2=1.6, p=0.7) but this could be
due to an overlap of 27 Mi/MiBindividuals between these two studies (see Appendix

F, statistical test output 9 for an explanation of the calculations).

When only looking at deletion results of SMN1, exon 7 and 8 and NAIP, it appears as
if M-|/MiW individuals have larger deletions including SMN1, exon 7 and 8 and NAIP
more frequently with a frequency of 36.7-43.5%, than MH/IVh6 individuals with a

frequency of 21.3-28%. This phenomenon will be further discussed in section 4.2.2.1.

Table 3.4: The profile of homozygous deletions of SMN1, exon 7 in SA

populations. Highligted results indicate a higher frequency of large deletions in Mi/M,6

Study Labrum et al. (2003) This study
Patient cat . IVMMi IVMMi IVMMi
ent category (n=23) (n=47) (n=30) (n=75)
SMNL1, exon 7 deletion 5 (21.7%) 18 (38.3%) 7 (23.3%) 29 (38.6%)

SMN1, exon 7 and 8

0, 0,
deletions 8 (34.8%) 15 (31.9%) 11 (36.7%) 17 (22.7%)

SMNL1, exon 7 and NAIP
deletions 0 (0%) 4 (8.5%) 1(3.3%) 8 (10.7%)
(SMN1, exon 8 is present)

SMN1, exon 7 and 8 and

(Y 0,
NAIP deletions 10(43.5%) 10 (21.3%) 11 (36.7%) 21 (28%)

Furthermore SMN1, exon 7 and 8 copy numbers do not correlate fully suggesting that

these copies may not be contiguous.

Additionally the NAIP, exon 5 copy numbers were found to differ statistically between
MH/IVh6 and M-|/MiW individuals (H=5.6, p=0.0181). Heterozygous deletions of NAIP,
exon 5 (which co-locates with SMN1) were more common in Mi/MiW individuals (1

copy: 56.7% (17/30)) than Mi/IVb6 individuals (1 copy: 21.3% (16/75)).
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Figure 3.9 shows a comparison of SMN1, exon 8 and NAIP CNVs between Mi/M-iB
and Mi/Miw individuals, showing a higher frequency of deletions in Mi/Miw

individuals.

Figure 3.9: Comparison of the copy numbers of SMN1, exon 8 and NAIP
CNVs between Mi/MiBand Mi/M” individuals

3.2.2.2 Centromeric SMN region: SMN2, exon 7 and 8
The SMN2, exon 7 copy number was found to differ significantly between Mi/M-i8 and
Mi/MiW individuals (H=9, p=0.0027), likely due to a higher frequency of multiple
copies of this region in Mi/MiW individuals (three copies: 33.3% (10/30), four copies:
3.3% (1/30)) when compared to Mi/M-i6 individuals (three copies: 6.7% (5/75), four
copies: 4% (3/75)). Multiple copies of SMN2, exon 7 in conjunction with homozygous
deletions of SMN1, exon 7 suggest gene conversion from SMN1, exon 7 to SMN2,

exon 7 being more common in individuals.

The SMN2, exon 8 copy number was not found to differ significantly between Mi/M*
and Mi/MiWindividuals (H=3.1; p=0.0788), although once again a higher frequency of
multiple copies of this region was observed in Mi/MiW individuals (three copies:
36.7% (11/30), four copies: 3.3% (1/30)) when compared to Mi/MiBindividuals (three
copies: 4% (4/75), four copies: 0% (0/75)). Once again the SMN2, exon 7 and 8 copy
numbers do not correlate possibly due to these regions not being contiguous and will
be further discussed in sections 3.2.4.3 and 4.2.1.3.

72



CHAPTER 3 RESULTS

Figure 3.10 shows a comparison of SMN2, exons 7 and 8 CNVs between M-i/M” and
M-i/M” individuals with a higher frequency of multiple copies of these regions

observed in individuals when compared to IVh/M!6 individuals.

Figure 3.10: Comparison of the copy numbers of SMN2, exons 7 and 8
between IVL/MH8 and Mi/MiWindividuals

Interestingly, a homozygous deletion of SMN2, exon 8 is more commonly observed in
10.7% (8/75) of Mi/MiB individuals in comparison to 0% (0/30) in M¢M # individuals.
This finding could potentially be caused by the formation of hybrid genes during gene

conversion, as explained in section 3.2.1.3.

To summarise, by just looking at the SMN1 and SMNZ2 regions, it appears as if
M-|/Miw individuals have a higher frequency of large SMN1 deletions including SMN1,
exon 8 and NAIP, exon 5 as well as a higher frequency of gene conversions from

SMN1 to SMNZ2 resulting in multiple copies of SMN2 when compared to Mi/IVh6

individuals.
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3.2.2.3 CNVs of combined regions: SMN1/2, exons 1, 4, 6 and §;
NAIP/NAIPV, exon 13 and telomeric/centromeric GTF2H2,
exon 5
The probes discussed in this section, bind to both the telomeric and centromeric copy
of each of these genes (identical in probe binding regions) and will therefore give a

combined result. Four copies represent a full complement of these regions.

The SMN1/2, exons 4 and 6 copy numbers were found to differ statistically between
IVL/Mi6 and Mi/MiWindividuals (H=4.4, p=0.0355 and H=4.2, p=0.0399, respectively).
The SMN1/2, exons 1 and 8 copy numbers were not found to differ significantly
between IVL/Mi6 and MIYMWM individuals (H=1; p=0.3188 and H=1.3; p=0.2485,
respectively). Although the SMN1/2, exons 1, 4, 6 and 8 regions mostly consisted of
the full complement of four copies, a homozygous deletion of these regions (2/4
copies deleted) of SMN1 and/or SMN2 were more frequently observed in

individuals (exon 1. 60% (45/75), exon 4: 61.3% (46/75), exon 6. 62.7% (47/75) and
exon 8: 61.3% (46/75)) than M-|//MiWindividuals (exon 1, 4 and 6: 31.3% (10/30) and
exon 8: 36.7% (11/30)). Once again, the SMN1/2, exons 1, 4, 6 and 8 copy numbers
do not correlate fully with each other or with the SMN1, exon 7 and 8 copy numbers in
Mi/MiBor Mi/MiW individuals suggesting that these copies may not be contiguous

(discussed in section 4.2.1.3).

The GTF2H2, exon 5 and NAIP/NAIPV, exon 13 copy numbers were found to differ
statistically between IVL/Mi6 and M-i/M” individuals (H=10.8, p=0.001 and H=13.8,
p=0.0002, respectively). Although the GTF2H2, exon 5 and NAIP/NAIPV, exon 13
regions mostly consisted of four copies, a full gene deletion (2/4 copies deleted) of
GTF2H2, exon 5 and NAIP/NAIPV, exon 13 were more frequently observed in
Mi/MiB individuals (66.7% (50/75) and 61.3% (46/75) respectively) than M-i/M”
individuals (50% (15/30) and 23.3% (7/30) respectively). Figure 3.11 shows the higher
frequency of deletions of the SMN1/2, exons 1, 4, 6 and 8, GTF2H2, exon 5 and
NAIP/NAIPV, exon 13 regions in IVL/Mi6 individuals when compared to Mi/MiW

individuals.
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Region: SMN1/2 Exon 11SMN1/2 Exon 4; SMN1/2 Exon 6: SMN1/2 Exon 8

Figure 3.11: Comparison of the copy numbers of SMN1/2, exons 1, 4, 6 and 8;
GTF2H2, exon 5 and NAIP/NAIPV, exon 13 between IVMMiI8 and MIMiW
individuals

Centromeric-GTF2H2 (GTF2H2-8) and telomeric-GTF2H2 (GTF2H2-11) copy
numbers were found to differ significantly between Mi/Mib and Mi/M-iw individuals

(H=12, p=0.0005 and H=10.7, p=0.0011, respectively) and will be further explained
and compared in Section 3.2.4.4.
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3.2.2.4  CNVs of neighbouring genes: SERF1B and RAD17
SERF1B copy numbers were found to differ significantly between Mi/Mib and M-|/Miw
individuals (H=3.9, p=0.0480), most likely due to a higher frequency of heterozygous
deletions of SERF1B in 34.7% (26/75) of Mi/M-i6 individuals compared to 0% (0/30) in
Mi/MiWindividuals (illustrated in figure 3.12).

There was no difference in copy number of RAD17 between Mi/MiB and M-|/MiW

individuals.

Figure 3.12: Comparison of the copy numbers of SERF1B between Mi/M-i8

and Mi/M# individuals

Results of the SMN1/2, exons 1, 4, 6 and 8 GTF2H2, exon 5; NAIP/NAIPV, exon 13
and SERF1B copy numbers suggest that large homozygous deletions of SMN1, exon
7 extending into neighbouring genes in the SMN region is more common in IVL/Mi8
individuals when compared to M-|/MHW individuals. These results appear to contrast
results from section 3.2.2.1, which suggests that M|/MHW individuals have larger
homozygous deletions of SMN1, exon 7 extending into SMN1, exon 8 and NAIP,
exon 5 when compared to IVL/Mi8 individuals. This inconsistency will be explained

and discussed in section 4.2.2.1.
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3.2.3 Comparative analysis of Groups F (M2M2B and G (M2M2N\)
M2M2B and M2M2N individuals were tested by MLPA to confirm previous diagnostic
results obtained by the diagnostic assay (explained in section 1.2.2.1); to determine
the underlying molecular structure of this common CNV and to understand the
interaction between the SMN1 and SMNZ2 genes. The results summarised in this

section will be further discussed in section 4.2.3.

The non-parametric Kruskal-Wallis and median tests were performed using the
Statistica software to determine which probes had a significant difference between
M2M2 and M2M2W individuals. A significant difference was observed for only three
MLPA probes: NAIP-5, NAIP-13 and GTF2H2-8 and will be further discussed in the

next few sections.

Table 3.5 summarises the results of M2ZM2Band M2ZM2Vindividuals. The number and
percentage of individuals who fall into different CNV categories (one-ten copies) are
indicated for each P021-A2 MLPA probe. Statistically significant differences are
highlighted. See Figure 3.13 for examples of MLPA results.

77



CHAPTER 3 RESULTS
Table 3.5: Comparison of CNVs in Mz/Mz2Band Mz/M2Windividuals. Significant differences (p<0.05) are highlighted

Ethnicity P021-A2 probes
m2m2o
Nr of n=122 Nr of !
copies npl7  serrig SMN2 SMN2  SMNL o SMNI o GTF2H211  GTR2H28 E?]f’\;ziszl SMNI/2  SMNI/2 SMNI/2  SMNI/2  NAIP-  GTF2H2-
m2 mav Exon 7 Exon 8 Exon 7 Exon 8 rs200357275  rs201102513 probe Exon 1 Exon 4 Exon 6 Exon 8 13 5
n=30 regions
0 0 50 49 0 0 0 3 0 1 0 0 0 0 0
m2Zm 2o (0.0%) (0.0%) (100.0%)  (98.0%) (0.0%) (0.0%) (0.0%) (6.0%) (0.0%) (2.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
0 0
0 0 8 8 0 0 1 0 0 0 0 0 0 0
m2m 2v (0%) (0%) (100%) (100%) 0 %) (0%) (0%) (12.5%) (0%) (0%) (0%) (0%) (0%) (0%) (0%)
z 23 0 10 0 1 2 0 0 13 0 9 16 17 16 22 3
md4dm (0.0%) (20.0%) (0.0%) (2.0%) (4.0%) (0.0%) (0.0%) (26.0%) (0.0%) (18.0%) (32.0%) (34.0%) (32.0%) (44.0%) (6.0%)
i 2
Z ZN 0 1 0 0 0 0% 0 1 3 0 1 1 1 5 0 0
m4m (0%) (12.5%) (0%) (0%) %) (0%) (12.5%) (37.5%) (0%) (12.5%) (12.5%) (12.5%) (62.5%) (0%) (%)
50 40 0 0 16 21 5 34 50 39 34 33 34 28 47
m2Zm2 (100.0%)  (80.0%) (0.0%) (0.0%) (32.0%) (42.0%) (10.0%) (68.0%) (100.0%) (78.0%) (68.0%) (66.0%) (68.0%) (56.0%) (94.0%)
2 4
z ZN 8 7 0 0 5 5 5 3 7 7 7 7 3 8 7
md4dm (100%) (87.5%) (0%) (0%) (62.5%) (62.5%) (62.5%) (37.5%) (87.5%) (87.5%) (87.5%) (87.5%) (37.5%) (100%) (87.5%)
0 0 0 0 11 14 22 0 0 1 0 0 0 0 0
m2Zm2 (0.0%) (0.0%) (0.0%) (0.0%) (22.0%) (28.0%) (44.0%) (0.0%) (0.0%) (2.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
3 6
Z ZN 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1
m4m (0%) (0%) (0%) (0%) (0%) (0%) (12.5%) (12.5%) (12.5%) (0%) (0%) (0%) (0%) (0%) (12.5%)
Z Zj 0 0 0 0 19 15 16 0 0 0 0 0 0 0 0
mdm (0.0%) (0.0%) (0.0%) (0.0%) (38.0%) (30.0%) (32.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
4 8
z 2/\/ 0 0 0 0 3 3 1 0 0 0 0 0 0 0 0
md4dm (0%) (0%) (0%) (0%) (37.5%) (37.5%) (12.5%) (0%) (0%) (0%) (0%) (0%) (0%) (0%) (0%)
z 0 0 0 0 2 0 (0.0% 7 0 0 0 0 0 0 0 0
m2Zm 2 (0.0%) (0.0%) (0.0%) (0.0%) (4.0%) ©0%) (14.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
5 10
z ZN 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
m4m %) ©0%) ©0%) (0%) ©0%) ©0%) (0%) 0%) (0%) %) ©0%) (0%) ©0%) (0%) 0%)
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#“ESIS$=S|5**K]JggSBSESSiSSaS.S a) An example of an MLPA result for a M2M2B

sE s

All the reference probes have a ratio of 1, representing
two copies of each of these regions. The reference
probes are used to normalise SMN probe results.

The SMN2, exon 7 (SMN2-7) and exon 8 (SMN2-8)
have a ratio of O representing a homozygous deletion of
these regions. The SMN1, exon 7 (SMN1-7), exon 8
(SMN1-8) and NAIP-5 probes have a ratio of ~1.75
representing four copies of these regions, possibly due
to a conversion from the centromeric region: SMN2,
exon 7, 8 and NAIP-ip to the telomeric region: SMN1,
P021-A2 MLPA probes exon 7, 8 and NAIP.

b.) An example of an MLPA result for a M2M2WV
individual

The SMN2, exon 7 (SMN2-7) and exon 8 (SMN2-8)
probes have a ratio of O representing a homozygous
deletion of these regions. There is high variability
observed in some of the other probes, specifically the
GTF2H2-11and SMN1/2, exons 4 and 6 regions, which
appear to have one copy each.

Figure 3.13: Examples of MLPA results in M2ZM2Band M2M2Nindividuals
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3.23.1 Telomeric SMN region: SMN1, exons 7, 8 and NAIP,
exon 5
The SMN1 gene is the functional gene involved in SMA. CNVs of SMN1, exon 7 and
8 were found not to differ statistically between M2M2B and M2M2N individuals
(H=0.97; p=0.3245 and H=0.08; p-0.7819, respectively), although a higher frequency
of multiple copies of SMN1, exon 7 were observed in M2ZMZB individuals (three
copies: 22% (11/50), four copies: 38% (19/50), five copies: 4% (2/50)) when
compared to M2ZM2WV individuals (three, five copies: 0% (0/8), four copies: 37.5%
(3/8)). Similarly, a higher frequency of multiple copies of SMN1, exon 8 were
observed in M2MZ2B individuals (three copies: 28% (14/50), four copies: 30% (15/50),
five copies: 0% (0/50)) when compared to M2M2V individuals (three, five copies: 0%
(0/8), four copies: 37.5% (3/8)). Again, SMN1, exon 7 and 8 copy numbers do not
correlate fully in M2M2B individuals, suggesting that these copies may not be

contiguous (discussed in section 4.2.4.3).

The NAIP, exon 5 copy number was found to differ statistically between M2M2B and
M2M2N individuals (H=9.6; p=0.0019). As expected, a higher frequency of multiple
copies of NAIP, exon 5 were observed in M2MZB individuals (three copies: 44%
(22/50), four copies: 32% (16/50), five copies: 14% (7/50)) when compared to M2ZM2N
individuals (three, four copies: 12.5% (1/8), five copies: 0% (0/8)). Figure 3.14
illustrates differences in CNV of the telomeric region between M2M2B and M2M2W
individuals, showing a higher frequency of multiple copies of this region in M2M2B

individuals.
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Figure 3.14: Comparison of the copy numbers of SMN1, exon7 and exon 8
and NAIP, exon 5 between M2ZM2Band M2M2WVindividuals

3.2.3.2 Centromeric SMN region: SMN2, exon 7 and 8
MLPA analysis confirmed homozygous SMN2, exon 7 deletions in 100% (50/50) of
M2M2Bindividuals and 100% (8/8) of the 8 M2ZM2Windividuals identified. Homozygous
deletions of SMN2, exon 8 were detected in 98% (49/50) of M2ZM2ZB individuals and
100% (8/8) of M2M2w individuals. CNVs of SMN2, exons 7 and 8 were not found to
differ statistically between M2M2 and M2M2N individuals (H=2.4; p=0.1252 and
H=0.2; p=0.6921, respectively).

A higher frequency of multiple copies of the telomeric region (SMN1, exons 7, 8 and
NAIP, exon 5) in conjunction with homozygous deletions of the centromeric region
(SMN2, exons 7 and 8) in M2MZB individuals suggests a possible gene conversion
from SMN2, exons 7, 8 to SMN1, exons 7, 8 and will be further discussed in section

4.2.3.2.
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3.2.3.3 CNVs of combined regions: SMN1/2, exons 1, 4, 6 and §;
NAIP/NAIPV, exon 13 and telomeric/centromeric GTF2H2,
exon 5
The probes discussed in this section, bind to both the telomeric and centromeric copy
of each of these genes (identical in probe binding regions) and will therefore give a

combined result. Four copies represent full complement of these regions.

CNVs of SMN1/2, exons 1 (H=0.07; p=0.7904), 4 (H=2.5; p=0.1107), 6 (H=0.8;
p=0.3579) and 8 (H=0.01; p=0.9030) were not found to differ statistically between
M2M2B and M2M2W individuals. Although, the SMN1/2, exons 1, 4, 6 and 8 regions
mostly consisted of the full complement of four copies, a full gene deletion (two of four
copies deleted) of SMN1 and/or SMN2 was observed in M2ZMZ2B individuals (exon 1
18% (9/50), exon 4. 32% (16/50), exon 6. 34% (17/50) and exon 8 32% (16/50) and
M2M2w individuals (exon 1, 4 and 8: 12.5% (1/8), exon 6. 62.5% (5/8).

CNVs of NAIP/NAIPV, exon 13 were found to differ statistically between M2M2» and
M2M2w individuals (H=5.6; p=0.0177), most likely due to full gene deletions (two of
four copies deleted) being more frequently observed in M2M2B (44% (22/50) than
M2M2w individuals (0% (0/8)). This is not surprising since NAIPV is thought to co-
locate with SMN2.

CNVs of GTF2H2, exon 5 were not found to differ statistically between M2M2B and
M2M2W individuals (H=1.98; p=0.1596). M2ZM2AN individuals seemed to have multiple
copies of GTF2H2, exon 5 more often (12.5% (1/8)) than M2MZB individuals (0%
(0/50)), although this result is likely to have been influenced by the small sample size
of M2M2w individuals.

CNVs of centromeric-GTF2H2 (GTF2H2-8) were found to differ significantly between
M2ZM2» and M2ZM2W individuals (H=10.2, p=0.0014) and CNVs of telomeric-GTF2H2
(GTF2H2-11) were not found to differ significantly between M2ZMZ2B and M2M2N
individuals (H=0.7, p=0.4124) and will be further explained and compared in section
4.2.4.4,

Figure 3.15 shows the higher frequency of deletions of NAIP/NAIP'V, exon 13 in
M2M2s when compared to M2M2N individuals and a higher frequency of multiple
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copies of GTF2H2, exon 5 in M2ZMAN individuals when compared to M2MZ2B

individuals.

Figure 3.15: Comparison of the copy numbers of NAIP/NAIPV, exon 13 and
GTF2H2, exon 5 between M2ZM2Band M2M2Windividuals

3.2.3.4 CNVs of neighbouring genes: SERF1B and RAD17
The SERF1B copy numbers were not found to differ significantly between M2M2Band
M2M2w individuals (H=0.02; p=0.8855). All M2ZMZ2B and M2M2N individuals had two
copies of RAD17 (100% (50/50) and 100% (8/8), respectively).

3.2.4 Comparative analysis of Group A (U/UB) with other black
subject groups (Groups B (N/NB), D (M-i/M-i6) and F (M2M2B
U/UB individuals were tested on MLPA to look for a potential novel and common
disease-causing mutation and to investigate the hypothesis of pathogenic

rearrangements of the SMN region forming part of the SMA disease mechanism in

the black SA population.

The non-parametric Kruskal-Wallis and median tests were performed using Statistica
to determine which probes had a significant difference between U/UBindividuals and
other black subject groups (N/NB MiMiB and MIVb6 individuals). Table 3.6

summarises the statistical comparisons between these subject groups.
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Significant differences (p<0.05) between U/UBand IVLMi6 individuals were observed
for all (15/15) MLPA probes, suggesting that hypothesised novel pathogenic CNVs
are distinct from the common homozygous deletion of SMN1, exon 7. Similarly,
significant differences (p<0.05) between U/UBand M2MZB individuals were observed
for the majority of MLPA regions (11/15).

U/UB individuals more closely resembled N/NB individuals, however significant
differences (p<0.05) between U/UBand N/NBindividuals were observed for only five

(5/15) MLPA probe regions:
* SMN1, exon 7
* NAIP, exon 5
* NAIP/NAIPV, exon 13
* Telomeric-GTF2H2 (GTF2H2-11)

e GTF2H2, exon 5

The results for SMN1, exon 7 will be further discussed in section 3.2.4.1; the results
for NAIP-5 and NAIP/NAIP'F, exon 13 will be further discussed in section 3.2.4.2 and
results for GTF2H2, exon 5 and telomeric-GTF2H2 will be further discussed in section
3.2.4.4. The significance of these differences will be further discussed in section
4.2.4.

Table 3.7 summarises and compares the results of U/UBand N/NB individuals. The
number and percentage of individuals who fall into different CNV categories (one-ten
copies) are indicated for each PO021-A2 MLPA probe. Statistically significant
differences are highlighted. See Figure 3.16 for examples of MLPA results.
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Table 3.6: Significant differences in CNVs between patient group U/UBand black subject groups (IVL/Mi6, M2ZM2Band N/NB

Sample
group

RAD17

Milvhe ~ P2°%%

H=12.2

p<0.0001
mZm H=51.1
p=0.7576

n/nb oot

Statistically significant differences between U/UBindividua s and other black subject groups are highlighted.

SERF1B

p<0.0001
H=77.7

p<0.0001
H=19.7

p=0.5812
H=0.4

SMN2- SMN2- SMN1- SMNL1- NAIP-5 GTF2H2- GTF2H2- SMN1/2
7 8 7 8 11 8 Exon 1
p=0.0123 p<0.0001 p<0.001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001
H=6.3 H=28.2 H=126.2 H=70.6 H=47.5 H=65 H=24.9 H=56.6
p<0.0001 p<0.0001 p=0.0031 p=0.1484 p<0.0001 P=0.2831 p<0.0001 p=0.8836
H=76.7 H=77 H=8.7 H=2.1 H=45.1 H=1.2 H=24.2 H=0.02
p=0.5783 p=0.812 p=0.0201 p=0.3946 p=0.0028 p=0.0052 p=0.5381 p=0.1528
H=0.3 H=0.06 H=5.4 H=0.7 H=8.9 H=7.8 H=0.4 H=2
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SMN1/2

Exon 4

p<0.0001
H=63.2

p=0.0006
H=11.9

p=0.924
H=0.009

SMN1/2 SMN1/2 NAIP-
Exon 6 Exon 8 13
p<0.001 p<0.0001 p<0.001
H=80.2 H=64.2 H=81.8
p<0.0001 p<0.0001 p<0.0001
H=27.7 H=22.7 H=30.4
p=0.3764 p=0.1285 p=0.0204

H=0.8 H=2.3 H=5.4

GTF2H2-
5

p<0.0001
H=66.6

p=0.1760
H=1.8

p=0.0003
H=13.3



Nr of
copies

Groups

U/uUB
(n=72)

n/nb

(n=122)

u/uB

n/nb

u/uB

N/N6

u/uB

n/nb

u/uB

n/nb

u/uB

n/nb

u/uB

n/nb

RAD17

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

71
(98.6%)

104
(85.2%)

1
(1.4%)

17
(13.9%)

0
(0.0%)

1
(0.8%)

0
(0.0%)

0
(0.0%)

SERF1B

0
(0.0%)

0
(0.0%)

1
(1.4%)

1
(0.8%)

70
(97.2%)

120
(98.4%)

1
(1.4%)

1
(0.8%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

SMN2
Exon 7

10
(13.9%)

15
(12.3%)

8
(11.1%)

20
(16.4%)

51
(70.8%)

73
(59.8%)

3
(4.2%)

10
(8.2%)

0
(0.0%)

3 (2.5%)

0
(0.0%)

1
(0.8%)

SMN2
Exon 8

17
(23.6%)

33
(27.0%)

33
(45.8%)

55
(45.1%)

19
(26.4%)

31
(25.4%)

3
(4.2%)

3
(2.5%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

SMN1
Exon 7

0
(0.0%)

0
(0.0%)

6
(8.3%)

0
(0.0%)

38
(52.8%)

60
(49.2%)

11
(15.3%)

21
(17.2%)

16
(22.2%)

35
(28.7%)

1
(1.4%)

6
(4.9%)

SMN1
Exon 8

0
(0.0%)

1 (0.8%)

5
(6.9%)

0
(0.0%)

31
(43.1%)

54
(44.3%)

24
(33.3%)

52
(42.6%)

12
(16.7%)

14
(11.5%)

0
(0.0%)

1
(0.8%)

NAIP-5

0
(0.0%)

1
(0.8%)

5
(6.9%)

4
(3.3%)

42
(58.3%)

71
(58.2%)

25
(34.7%)

29
(23.8%)

0
(0.0%)

14
(11.5%)

0
(0.0%)

3
(2.5%)

P021-A2 probes

GTF2H2-11
rs200357275

5
(6.9%)

11
(9.0%)

14
(19.4%)

37
(30.3%)

49
(68.1%)

74
(60.7%)

4
(5.6%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)
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GTF2H2-8
rs201102513

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

65
(90.3%)

111
(91.0%)

7
(9.7%)

8
(6.6%)

0
(0.0%)

3
(2.5%)

0
(0.0%)

0
(0.0%)

Nr of
copies of
universal

probe

regions

SMNI/2
Exon 1

0
(0.0%)

0
(0.0%)

4
(5.6%)

14
(11.5%)

68
(94.4%)

106
(86.9%)

0
(0.0%)

2
(1.6%)

0
(0.0%)

0
(0.0%)

0
(0.0%)
10
0
(0.0%)

SMNI/2
Exon 4

0
(0.0%)

0
(0.0%)

4
(5.6%)

9
(7.4%)

68
(94.4%)

112
(91.8%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

1
(0.8%)
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SMNI/2
Exon 6

0
(0.0%)

0
(0.0%)

3
(4.2%)

3
(2.5%)

69
(95.8%)

118
(96.7%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

1
(0.8%)

SMNI/2
Exon 8

0
(0.0%)

0
(0.0%)

3
(4.2%)

7
(5.7%)

68
(94.4%)

114
(93.4%)

0
(0.0%)

0
(0.0%)

1
(1.4%)

0
(0.0%)

0
(0.0%)

1
(0.8%)

RESULTS
Table 3.7: Comparison of CNVs in U/UBand N/NBindividuals. Significant differences (p<0.05) between U/UBand N/NBindividuals are highlighted.

NAIP-
13

1
(1.4%)

0
(0.0%)

5
(6.9%)

9
(7.4%)

66
(91.7%)

112
(91.8%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

1
(0.8%)

GTF2H2-
5

2
(2.8%)

0
(0.0%)

9
(12.5%)

30
(24.6%)

60
(83.3%)

91
(74.6%)

1
(1.4%)

1
(0.8%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)



Dosage Quotient (DQ)

P021-A2 MLPA probes

Dosage Quotient (DQ)

Figure 3.16: Examples of MLPA results in U/U

individuals
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a.) An example of a heterozygous SMN1, exon 7
deletion MLPA result in an U/UBindividual

All the reference probes have a ratio of 1, representing
two copies of each of these regions. The reference
probes are used to normalise SMN probe results.

The SMN1, exon 7 (SMN1-7), exon 8 (SMN1-8), NAIP-
5 GTF2H2-5 ar'\dGTF2H2-11 gene probes have a ratio
of ~0.5 representing a large heterozygous deletion of
these regions, supporting a diagnosis of SMA, with the
second pathogenic mutation remaining unidentified.

b.) An example of an MLPA result with multiple
SMNL1 copies in an U/UBindividual

The SMN1, exon 7 (SMN1-7), exon 8 (SMN1-8) and
NAIP-5 probes have a ratio of -1.5-2.5 representing
three to four copies of these regions. The SMN2, exon
8 (SMN2-8) and the GTF2H2-5 and GTF2H2-11 probes
have a ratio of 0.5, representing a heterozygous
deletion of these regions po67yyyyyyyyyyyyyyyyssibly
representing the presence of a large rearrangement,
causing SMA in this patient.
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3.24.1 Telomeric SMN region: SMN1, exons 7 and 8
The SMN1 gene is the functional gene involved in SMA. Multiple copies (more than
two copies) were observed for SMN1, exon 7 (38.9% (28/72)) and SMN1, exon 8
(50% (37/72)) in U/UBindividuals which is similar to results of N/NB individuals (refer
to section 3.2.1.1).

The significant difference of the SMN1, exon 7 probe between between U/UB and
N/Nb individuals could be attributed to the presence of heterozygous SMN1, exon 7
deletions in 8.3% (6/72) of U/UBindividuals, not observed in any N/NBindividuals (0%
(0/122); section 3.2.1.2). This result stands in contrast to a previous South-African
study that reported a heterozygous SMN1, exon 7 deletion rate of 69.5% (16/23)
(Labrum et al., 2007) and will be further discussed in section 4.2.4.2.

3.2.4.2 CNVs of NAIP, exon 5 and NAIP/NAIPV, exon 13
The copy numbers of NAIP, exon 5 and the combined NAIP/NAIPV, exon 13 were
both shown to differ significantly between U/UB and N/NB individuals. The only
obvious difference is a larger number of multiple copies of NAIP, exon 5 in N/NB
individuals (three copies: 11.5% (14/122) and four copies: 2.5% (3/122)) compared to
U/UBindividuals (three, four copies: 0% (0/72)).

The NAIP/NAIPV, exon 13 results represent a combined NAIP and NAIPV copy
number with a full complement of four copies. No clear significant differences can be

seen.

Figure 3.17 compares the CNVs of NAIP, exon 5 & NAIP/NAIPV, exon 13 between

U/UBand N/NBindividuals. These results will be further discussed in section 4.3.3.
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Telomeric region: SMN1, exons 7 and 8, NAIP, exon 5
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Figure 3.17: Bar charts comparing the copy numbers of NAIP, exon 5 &
NAIP/NAIPV, exon 13 between U/UBand N/NBindividuals

3.2.4.3 Centromeric SMN region: SMN2, exon 7 and 8
Homozygous deletions of SMN2, exon 7 were observed in 13.9% (10/72) of U/UB
individuals which is similar to frequencies observed in black patients referred for
diagnostic testing for SMA: 12.4% (123/991) (see section 3.1 for a detailed summary
of the results from the audit). Once again, the question arises whether these deletions
might form part of the general CNV patterns observed in the black SA population. The
homozygous SMN2, exon 7 deletion rate did not differ significantly between black
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patient samples included in the audit and U/UB individuals in this study (x2=0.13;
p=0.9). Once again, copy numbers of SMN2, exons 7 and 8 do not correlate as seen
in N/Nb individuals (further discussed in section 4.2.1.3). For a summary of the

statistical calculations, see Appendix F, statistical test output 5.

These conversions are also observed in MVMi8 and U/UB individuals (refer to
sections 3.2.2.2 and 3.2.4.3, respectively) and are compared in table 3.8. Gene
conversions (explained in section 1.2.2.3) from SMNZ2, exon 8 to SMN1, exon 8 would

result in a loss of SMN2, exon 8 and an increased copy number of SMN1, exon 8.

Table 3.8: The copy numbers of SMN2, exons 7 and 8 do not correlate

Region Copy number N/Nb u/uB
SMN2, 0 (homozygous deletion) 12.3% 0% 13.9%
exon’ 1 (heterozygous deletion) 16.4% 5.3% 11.1%
SMNZ2, 0 (homozygous deletion) 27% 10.7% 23.6%
exon8 1 (heterozygous deletion) 45.1% 20% 45.8%

The highlighted cells indicate a higher deletion frequency of exon 8 when compared to exon 7.

Compiled from data from tables 3.1, 3.3 and 3.7.

3.2.4.4 CNVs of telomeric-G7F2H2 (c.706C>G, rs200357275)
and centromeric-G TF2H2 (c.453A>G, rs201102513)
The CNVs of the centromeric-GTF2H2 (¢c.453A>G; GTF2H2-8, rs201102513) variant
were shown to differ significantly among sample groups (x2=25.2, p=0.00032) (see
Appendix F, statistical test output 7 for an explanation of the calculations). This could
be due to a deletion of the centromeric-G7F2/-/2 region being present in 4% (6/150) of
SMNL1, exon 7 deletion chromosomes; not seen in any of the other sample groups

and do not represent any major observations.

The CNVs of the telomeric-GTF2H2 (c.706C>G; GTF2H2-11, rs200357275) variant
were shown to differ significantly among sample groups (x2=277.7, p=0.482x10'57)
(see Appendix F, statistical test output 7 for an explanation of the calculations). The
€.706C>G variant represents the presence of telomeric-GTF2/-/2. Deletions of the
€.706C>G variant seems to be associated specifically with three different subject

groups: MVIVL8, M-|/MiWas expected and surprisingly, N/Nw.
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See Table 3.9 for a summary of results of these two variant genotypes for all the
different subject groups. The significance of these two variants and their associations

with different subject groups will be further discussed in section 4.2.4.4.

Table 3.9: Genotype results for telomeric-GTF2H2 and centromeric-GTF2H2

Deletion of Centromeric-G7F2H2 Telomeric-G7"F2W2
centromeric- (GTF2H2-8, (GTF2H2-11,
GTF2H2 & rs201102513, c.453A>G) rs200357275, C.7060G)
telomeric-
o GTF2H2
Patient group Ethnicity (combined oresence Absence/ oresence Absence/
result) . deletion . deletion of
of region of region of region region
(G allele) (A allele) (G allele) (C allele)
(GTF2H2-5)
NMIVL6 40% 96% 4% 20% 80%
n=150 Black
- (60) (144) (6) (30) (120)
Mi/Miw _ 25% 100% 0% 30% 70%
n=60 White
(15) (60) ©) (18) (42)
M2M2 3% 100% 0% 81% 19%
n=100 Black
©) (100) ©) (81) 19
M2M2u 0% 100% 0% 68.8% 31.25%
White
n=16 ) (16) ) (11) (5)
N/Nb 12.3% 100% 0% 75.8% 24.2%
n=044 Black
B (30) (244) ©) (185) (59)
N/NW _ 0% 100% 0% 8.3% 91.7%
n=60 White
©) (60) ) (5) (55)
U/UB 9% 100% 0% 83.3% 16.7%
n=144 Black
- (13) (144) 0) (120) (24)

The major allele in each group is shaded.

3.3 General statistical analysis

In order to test the accuracy of non-parametric statistical tests used to analyse MLPA
results, a parametric MANOVA statistical test was performed. A MANOVA statistical

test uses the “group means less total means” value to showcase the more obvious

91



CHAPTER 3 RESULTS

major differences between subject groups for each MLPA probe. A value of zero
represents the expected two copies and no major fluctuations in copy number. A
positive value represents a higher copy number of a region (multiple copies) and a
negative value represents a lower copy number of a region (deletions). These results

are only intended to show major significant differences.

MANOVA analysis showed strongly significant differences among the seven subject

groups. Figure 3.18 summarises the MANOVA results in a graph.

Figure 3.18: Comparison of MLPA probe group means across 7 patient groups

Each colour represents a different subject group - 1 M-i/M,8, 22 M-|/MiW, 3: M2MZB 4: M2M2N, 5: N/NB 6:
N/Nw and 7: U/UBindividuals. The X axis represents the different MLPA probes and the Y axis represents the
“group means less total means” value. A value of zero represents no fluctuation/variation from the normal
expected two copies; a value greater than zero represents an increased copy number and a value smaller
than zero represents a decrease in copy number of these regions.

The N/Nw profile seems to cluster around zero, which represents the two expected
copies of each probe, showing no major fluctuations among different MLPA probes.
The N/Nb profile seems to have a higher value for the SMN1, exons 7 and 8 probes,

which is supported by the observation of multiple copies of these regions.

As expected both the M-|/Mieand Mi/Miw profiles have a lower value for the telomeric
region (SMN1, exons 7, 8 and NAIP, exon 5) when compared to other groups due to
deletions of these regions in conjunction with higher values of the centromeric region

(SMN2, exons 7 and 8) possibly due to gene conversion events.

As expected, the M2ZM2B and M2M2N subject groups have a lower value for the
centromeric region (SMN2, exons 7, 8) when compared to other groups due to
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deletions of these regions in conjunction with higher values of the telomeric region

(SMNL1, exons 7 and 8) possibly due to gene conversion events.

The only major difference between these two groups is the NAIP, exon 5 value which
is much higher in the M2M2Bprofile when compared to the M2M2N profile, suggesting
the presence of multiple NAIP, exon 5 copies in M2MZBindividuals not seen in M2ZM2V

individuals.

The MANOVA statistical test, in summary, therefore confirms major statistical
differences between subject groups observed using non-parametric statistical tests

used to analyse MLPA results and therefore adds confidence to the results.

3.4 Haplotype analysis
Pedigrees were drawn for all 86 black families: 25 families positive for the
homozygous deletion of SMN1, exon 7 (Mi/MiBfamilies) and 61 families negative for
SMA (N/Nb families), in order to attempt to determine the phase of CNVs within
families. Mi/MiB families were analysed to possibly construct common pathogenic
haplotypes associated with SMA and N/NB families were analysed to possibly

construct non-pathogenic haplotypes.

The haplotypes were constructed using current map information from the Ensembl
genome browser (Ensembl genome browser, 2016) as illustrated in section 1.2.1,
figure 1.1. As explained in section 1.2.2, the exact location and order of genes in the

SMN region is not completely understood, and may influence haplotype results.

Some examples of family case studies will be discussed. All the pedigrees are

available on the CD disk that accompanies this dissertation.

34.1 N/Nbfamilies
Only 31.7% (19/60) of N/NBfamilies were completely informative where the phase of
CNVs could be determined with absolute certainty (figure 3.19 shows an example).
For 60% (36/60) of N/NB families, multiple combinations were possible, due to the
presence of multiple copies of one or more probe regions. The exact locations of

these multiple copies are not known. Figure 3.20 shows examples of N/NB family
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pedigrees with multiple gene copies which showcase the challenges of constructing
clear pedigrees. Discrepant results were observed in 5% (3/60) of N/NBfamilies either
due to non-paternity or novel deletion/duplication events in the proband. Figure 3.21
shows an example of an N/NBfamily with discrepant results. Two N/NBfamilies had
clear novel results with a new mutation rate of 3.3% (2/60). Figure 3.22 shows an
example of an N/NBfamily with novel results. Section 2.3.4 explains the requirements

of family pedigrees to be classified as having discrepant or novel results.

34.1.1 Non-pathogenic haplotypes
In total, 19 N/Nb families, consisting of 38 unrelated parents were found to be
informative, from which 76 haplotypes were constructed. In total, 35 unique
haplotypes were identified, emphasising the high variability of this region, and these
data are summarised in Appendix G. Even though no clear pattern emerged, some

generalisations could be drawn.

The telomeric region: SMN1, exons 7, 8 and NAIP, exon 5

Multiple copies (more than two) of SMN1, exon 7 and 8 were observed in 19.7%
(15/76) of haplotypes and multiple copies of NAIP, exon 5 were observed in 21.1%
(16/76) of haplotypes, as expected from results observed in N/NBindividuals (section
3.2.1.1). The majority of these 15 haplotypes (80% (12/15)) had a combined SMN1,
exon 7 and 8 duplication. The remaining 20% (3/15) of haplotypes had a larger

duplication extending into NAIP, exon 5.

No N/Nb family had family members with a clear silent carrier genotype (2:0, 3:0, 4.0,
5.0, 6:0 etc.; defined in section 1.2.2.4). Four individuals from N/NB families had
uninformative results for SMN1, exon 7, where the individual could either have one
copy of SMN1, exon 7 on each of his/her chromosomes (1:1 genotype) or two copies
of SMN1, exon 7 on one chromosome in conjunction with no copies of SMN1, exon 7

on the other chromosome (2:0 silent carrier genotype).
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The centromeric region: SMN2, exons 7 and 8

Deletions of SMN2, exon 7 were observed in 31.6% (24/76) and deletions of SMN2,
exon 8 were observed in 36.8% (28/76) of haplotypes. Once again the copy number
of SMN2, exons 7 and 8 do not fully correlate with each other.

A deletion of SMN2, exon 7, together with a deletion of SMN2, exon 8, was observed
in 26.3% (20/76) of haplotypes, suggesting a true deletion in these cases, although
larger deletions of the rest of the SMN1 and/or SMN2 exons were not observed in
these cases. Only 7.9% (6/76) of haplotypes had a full deletion of SMN2 exon 7 and 8
in addition to four copies of SMN1, exon 7 and 8, suggesting a full gene conversion

from SMN2 to SMNL1.

Combined regions: SMN1/2, exons 1, 4, 6 and 8; GTFTH2, exon 5 and NAIP,
exon 13 regions

As explained in section 2.3.2.1, probes specific to the combined SMN1/2, exons 1, 4,
6 and 8, GTFTH2, exon 5 and NAIP, exon 13 regions cannot distinguish between the
telomeric and centromeric copies of these regions and will give a combined result.
CNV results of these regions need to be analysed in context of the CNVs observed in
each family. Only 2.6% (2/76) of haplotypes with deletions of SMN2, exons 7 and 8,
included deletions of SMN1 and/or SMN2 exons 1, 4, 6 and 8 suggesting full gene
deletions of SMN2 in these cases. Deletions of GTF2H2, exon 5 were observed in

6.6% (5/76) of haplotypes, suggesting a deletion of centromeric-GTF2/-/2.

Telomeric-GTF2H2 and centromeric-G7~F2H2

All 76 haplotypes had a full complement (one copy per chromosome) of telomeric-
GTF2H2. A full complement (one copy per chromosome) of centromeric-GTF2H2 was
observed in 85.5% (65/76) of haplotypes.
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a.) This pedigree shows an example
of a clear informative pedigree
where the phase of the SMN region
could be accurately determined,
despite multiple copies of NAIP,
exon 5, SMNL1, exons 7 and 8 and
RAD17.

b.) This pedigree shows another example
of a clear informative pedigree where the
phase of the SMN region could be
accurately determined. This pedigree is
also an example of a family with a large
deletion chromosome (chromosome B).
Interestingly, all three family members
have two copies of SMN1, exon 7 and
therefore are not at risk of SMA. The
mother (1-1) and child (11-1) both have
homozygous deletions of SMN2, exons 7
and 8. This is a good example of the high
variability in the SMN region in the black
negative population.

Figure 3.19: Informative pedigrees of N/NBfamilies

The different coloured boxes represent the copy number of different probe regions. One coloured box
indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5
regions represent combined results for the telomeric and centromeric copies of these regions. An X
indicates a deletion of the specific region.

96



CHAPTER 3 RESULTS

a.) This pedigree shows an
example of an uninformative
pedigree where the phase of the
SMN region could not be
accurately determined due to
multiple copies of SMN1, exons 7
and 8. The mother (1-1) has the
largest number of copies (six) of
SMN1, exon 7 observed in this
population group. She has a
heterozygous deletion of SMN2,
exon 7 and a homozygous
deletion of SMN2, exon 8, which
could be indicative of a gene
conversion from SMN2to SMNL1.

b.) Multiple CNV combinations are possible in this family. This picture showcases two potential
combinations of many. Differences are indicated with arrows. The phase of the chromosomes
cannot be accurately assigned due to the presence of multiple gene copies.

Figure 3.20: Uninformative pedigrees of N/NB families with multiple gene copies.
The different coloured boxes represent the copy number of different probe regions. One coloured box
indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5
regions represent combined results for the telomeric and centromeric copies of these regions. An X
indicates a deletion of the specific region.
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This pedigree shows an example of
a family with discrepant results.
Potential novel events could have
taken place in child 1 (11-1). In order
for the child to fit within the context of
the family, four novel mutation
events are needed to have taken
place: a deletion of SMN1/2, exons 4
and 8 in addition to a deletion of
SMN1, exon 8 and a duplication of
SMN2, exon 8. This could potentially
indicate a novel conversion of
SMN1, exon 8 to SMN2, exon 8 in
child 11-1 It is also possible that the
mother in this pedigree (1-1) is not
the actual biological mother of child
111 The mother's CNV profile
suggests that she could be the true
biological mother of child II-2.

Figure 3.21: Pedigree of a N/NBfamily with discrepant results

The different coloured boxes represent the copy number of different probe regions. One coloured box
indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5
regions represent combined results for the telomeric and centromeric copies of these regions. An X
indicates a deletion of the specific region.
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a.) The two children (111 and 1-2)
appear to have inherited different
chromosomes from both parents. Child
I-2 seems to have inherited
chromosome D from his father (I-2)
with a novel deletion of SMN2, exon 7
(indicated with an arrow). The deletion
can be explained either due to a de
novo deletion event in the child or non-
paternity. Multiple combinations are
possible in this uninformative family
pedigree due to multiple gene copies.

b) The two children (111 and 112)
appear to have inherited the same
chromosomes from both parents
(chromosomes B and C). Child 112
seems to have inherited chromosome
B from his mother (11) with a novel
duplication of SMN1, exon 8 (indicated
with an arrow). The duplication either
arose as a result of a novel duplication
event in the child or perhaps non
maternity, although this is unlikely
since the children have inherited the
same CNV pattern. Multiple
combinations are possible in this
uninformative family pedigree due to
multiple gene copies.

Figure 3.22: Pedigrees of N/NBfamilies with novel mutation events

The different coloured boxes represent the copy number of different probe regions. One coloured box
indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5
regions represent combined results for the telomeric and centromeric copies of these regions. An X
indicates a deletion of the specific region.
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3.42 M|/MiBfamilies
Only 44% (11/25) of Mi/M-iBfamilies were completely informative where the phase of
CNVs could be assigned with certainty (figure 3.23 shows some examples). For 48%
(12/25) of these IMWIVh6 families, multiple combinations of CNVs were possible, due to
the presence of multiple copies of one or more probes (figure 3.24 shows an
example). CNV data on additional relatives could potentially improve the assignment
of phase in these families. Discrepant results were observed in 8% (2/25) of Mi/MiB
families which could be due to a variety of causes such as non-paternity or novel
deletion or duplication events in the proband (figure 3.25 shows pedigrees of these
two families). Section 2.3.4 explains the requirements of family pedigrees to be

classified as having discrepant or novel results.

3.4.21 Pathogenic SMN1, exon 7 deletion haplotypes
In total, 22 pathogenic haplotypes were constructed from probands from Mi/MiB
families. Of these, 17 unique haplotypes were identified and are summarised in
Appendix H. Even though no clear pathogenic CNV pattern associated with SMA

emerged, some generalisations could be drawn.

The telomeric region: SMN1, exons 7, 8 and NAIP, exon 5

It was determined that 63.6% (14/22) of haplotypes had larger deletions including
SMN1, exon 8 and 31.8% (7/22) had even larger deletions including SMN1, exon 8
and NAIP, exon 5 (which are both thought to co-locate with SMN1).

Five unrelated individuals from Mi/IVh6 families, exon 7 had a confirmed 2:0 silent
carrier genotype (as explained in section 1.2.2.4). Figure 3.23b shows an example of
such a family (individuals 11, 12 and Il 2). The parents and fetus Il in this family are all
silent carriers of SMA since they have the ability to pass on an SMN1, exon 7 deletion

to subsequent generations.

Two unrelated individuals from Mi/MiB families had uninformative results for SMN1,
exon 7, where the individual could either have one copy of SMN1, exon 7 on each of
his/her chromosomes (1:1 genotype) or two copies of SMN1, exon 7 on one

chromosome in conjunction with no copies of SMN1, exon 7 on the other
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chromosome (2:0 genotype) (figure 3.24, individual 12 shows an example of such a

case).

The centromeric region: SMN2, exons 7 and 8
An SMN1, exon 7 deletion in conjunction with an SMN2, exon 8 deletion was
observed in 18.2% (4/22) of haplotypes, suggesting partial gene conversion from

SMNZ2, exon 8 to SMN1, exon 8 on these chromosomes.

Only 1 haplotype included deletions of both SMN1 exon 7 and 8 in conjunction with 4
copies of both SMN2, exon 7 and 8, suggesting a full gene conversion from SMN1 to
SMN2. Two haplotypes had a large deletion encompassing both SMN1, exon 7 and 8§,
as well as SMN2, exon 7 and 8. One of these major deletions included SMN1 and/or
SMN2 exons 1, 4, 6 and 8, NAIP, exons 5 and 13, SERF1B and GTF2H2, exon 5. It is
important to note that no homozygous deletions of both SMN1, exon 7 and 8, in
addition to SMN2, exon 7 and 8 have been observed in any of the patient and subject

groups, possibly being incompatible with life.

Combined regions: SMN1/2, exons 1, 4, 6 and 8; GTFTH2, exon 5 and NAIP,
exon 13 regions

Large deletions of SMN1 and/or SMN2, exons 1,4, 6 and 8 regions were observed in
36.4% (8/22) of Mi/M-iBfamily haplotypes, suggesting full gene deletions of SMN1 in
these cases. A further 27.3% (6/22) of haplotypes had GTF2H2, exon 5 deletions and
13.6% (3/22) had SERF1A deletions.

Telomeric-GTF2H2 and centromeric-GTF2H2

A full complement (1 copy per chromosome) of centromeric-GTF2H2 was observed in
95.5% (21/22) of Mi/MiB family haplotypes. Deletions of telomeric-GTF2H2 were
observed in 77.3% (17/22) of haplotypes, confirming an association of SMN1, exon 7

deletions with telomeric-GTF2H2 deletions as discussed in section 3.2.4.4.
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3.4.2.2 Non-pathogenic haplotypes
Twenty non-deletion (negative) haplotypes were identified from the parents of
affected probands. The number of haplotypes does not correspond to the 22
pathogenic haplotypes identified because the fathers of two families were not
available and the paternal haplotypes could not be inferred due a lack of family data.
The negative parental haplotypes from Mi/MiB families were compared to negative
haplotypes from N/NBfamilies (described in section 3.4.1) using a MANOVA statistical
test and interestingly were found to differ significantly for a single probe, A/A/P, exon 5
(p=0.01086; F=6.75). The non-deletion (negative) haplotypes are available from
Appendix | and the statistical calculations are summarised in Appendix F, statistical

test output 8 and will be discussed further in section 4.3.3.
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Individual 111 is affected with

iy SMA caused by a
ki homozygous deletion of
zx'm SMNL1, exon 7 and fetus II-2 is
wro |t C . 6 o not affected with SMA.
SM//ZB: | | 1m This pedigree shows an
SUNI Z Ei ¢ 0 example of a clear informative
v 1 J INFERRED inheritance pattern where the
HUM! X g( SMNL, ex7 phase of the SMN region
I could be accurately
determined.
|

b.) Prenatal testing in
an informative family

This pedigree shows
an example of an
informative pedigree
where the phase of the
SMN region could be
accurately determined.
The SMA status was
accurately determined
in two prenatal tests.
Fetus 1I-2 has two
copies and fetus II-3
has four copies of
SMN1, exon 7. Both
fetuses tested negative
for SMA. Fetus 1I-2 is a
silent carrier (indicated
with a red block) with
two copies of SMN1 on
a single chromosome
in conjunction with zero
copies on the other
chromosome.

Figure 3.23: Pedigrees of informative Mi/Mi8 families

The different coloured boxes represent the copy number of different probe regions. One coloured box
indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5
regions represent combined results for the telomeric and centromeric copies of these regions. An X
indicates a deletion of the specific region.
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This pedigree shows an example of an uninformative
pedigree where the phase of the SMN region could
not be accurately determined due to the presence of
multiple gene copies (specifically SMN1, exon 7 and
SMN2, exon 8). There are multiple potential
options/scenarios which could explain the results in
this family. Note that there are no data available on
I I the parents which could potentially assist with the
. CNV inheritance pattern.

O O —
O O —

cC G Individual 11 is affected with SMA and has a
homozygous deletion of SMN1, exon 7 but the phase
of the multiple copies of SMN1, exon 7 and SMN2,

- ' B exon 8 is unknown. Individual I-2 is not affected with

I n I t SMN1, ex8  gya and has two copies of SMNL, exon 7. This

SMN1, ex7 individual could either have one copy on each
chromosome 5 (1:1) or have two copies on one

SMN2, ex7 chromosome 5 (2:0), meaning that he could be a
silent carrier of SMA.

This is also an example of a possible gene

conversion since SMN1, exon 7 and SMN2, exon 8

are homozygously deleted in conjunction with

multiple copies of SMN2, exon 7 and SMN1, exon 8.

It appears as if a hybrid SMN1, exon 7 and SMN2,
A ¢ ¢ D exon 8 gene was deleted.

OPTION 1 OPTION 2

Figure 3.24: Pedigree of an uninformative Mi/MiBfamily with multiple gene copies

The different coloured boxes represent the copy number of different probe regions. One coloured box indicates a single copy of a
region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and GTF2H2, exon 5 regions represent combined results for the telomeric
and centromeric copies of these regions. An X indicates a deletion of the specific region.
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a.) The affected child (11-1) has 3
copies of SMN2, exon 8 which do
not seem to fit in context of the
parental chromosomes. One copy
was inherited from the mother (I-
1) and at least one copy from the
father (I-2).

A second discrepancy is seen at
the GTFTH2-11 probe. The
affected child is homozygous for
a G allele/deletion at this position.
One G allele was inherited from
the mother. The father is
homozygous for the C allele and
could not have passed on a G
allele.

The third copy of SMN2, exon 8
and the additional G allele in the
child is most likely explained by
non-paternity.

b.) The two affected children (1-1

and I-2) have discrepant results

even though they are expected to

share  the same mutant

chromosomes. The affected girl

. I I (1-1) has two copies of SMN1/2,

o exon 8 while her affected brother

meEeer has only one copy of this region.

s In addition, the girl has two

I * copies of NAIP, exon 13 whereas

J . NAIP, ex 13 the brother has only one copy.

These discrepancies could be

X due to novel events in one / both

X X children. Non-paternity cannot be

* I excluded, although it is unlikely

SMN1/2. ex 8 that the children have two

SHNi2. £t different biological fathers who

sz, e both happen to be carriers of a
SUNI2. Exi deletion SMN1, exon 7.

SERf-IB X

Teomere

Exc

SM*Jlv Ex7

Figure 3.25: Pedigrees of uninformative IVh/Mi8 families with discrepant

results

The different coloured boxes represent the copy number of different probe regions. One coloured
box indicates a single copy of a region. The SMN1/2, exons 1, 4, 6 and 8; NAIP, exon 13 and
GTF2H2, exon 5 regions represent combined results for the telomeric and centromeric copies of
these regions. An Xindicates a deletion of the specific region.
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3.5 RNA extraction

Since patient blood samples often take days and sometimes weeks to be transported
to the Division for diagnostic testing, a reliable and simple method is needed to
protect the global RNA expression pattern at the time of blood collection.

RNA was successfully extracted from blood collected in Tempus Blood RNA tubes (as
described in section 2.3.5.2) which contain a stabilising agent which deactivates
natural RNase enzymes in the blood and preferentially precipitates RNA molecules.
RNA expression profiles are said to be stable in Tempus Blood RNA Tubes for up to
five days at room temperature and for at least seven days at 4°C. Since DNA yield
improves during salting out DNA extraction if the blood has been frozen, a Tempus
Blood RNA tube was stored at -70°C for two months to test long term storage. Figure
3.26 shows the gel electrophoresis results, which confirms the quality of the RNA at
storage with different conditions. Good RNA quality was confirmed in all samples
using the Nanodrop spectrophotometer (Nanodrop, Wilmington, Delaware, USA). A
260/280 ratio of ~2.1 indicates good quality RNA.

Figure 3.25b

28S rRNA

18S rRNA

a.) Lane 1 RNA extracted from Tempus Blood RNA tube immediately after collection.

b)) Lane 1 RNA extracted from Tempus Blood RNA tubes left for five days at room
temperature, Lane 2: RNA extracted from Tempus Blood RNA tubes left for seven days
at 4°C, Lane 3. RNA extracted from Tempus Blood RNA tubes left for two months at -
70°C

Figure 3.26: Gel electrophoresis results illustrating RNA extraction
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3.6 Provisional real-time PCR results
gPCR was performed in order to optimise a DNA-based assay to identify SMN1 and
SMN2 copy numbers as a quicker and cheaper alternative to MLPA analysis
(described in section 2.3.5.1). The assay was designed to distinguish between exon 7
of SMN1 and SMN2 using differently labelled fluorescent probes and comparing the
fluorescence with a CFTR endogenous control in a single multiplex reaction.
Individuals with known SMN1 and SMN2 copy numbers, determined by MLPA
analysis, were used as controls to optimise the assay. All samples were set up in

triplicate.

The SMN1, exon 7 simplex assay shows some promise with SMN1 fluorescent
signals increasing exponentially to the SMN1 copy number, although there seems to
be some overlap in results of different copy numbers. The SMN2 copy number could
not be accurately determined using this assay and therefore the assay needs further
optimisation. Figure 3.27 shows a snapshot of the SMN1, exon 7 gPCR results.

Once the SMN1, exon 7 and SMN2, exon 7 multiplex is fully optimised, it could be
used as an alternative diagnostic test for SMA. This assay could be useful for
diagnostic and prenatal testing as it will identify homozygous deletions of SMN1, exon
7. Zero SMN1, exon 7 copies could either represent a failed qPCR reaction or a
homozygous deletion of SMN1, exon 7. Zero SMN1, exon 7 copies in combination
with one or more SMN2, exon 7 copies indicates that the PCR reaction worked and
that the patient tested positive for a homozygous deletion of SMN1, exon 7. Zero
copies of SMN1, exon 7 and SMN2, exon 7, indicates that the PCR reaction failed. It
is unlikely that SMN1, exon 7 and SMN2, exon 7 will both be homozygously deleted

since it might be incompatible with life as explained in section 3.4.2.1.

The multiplex assay would also be useful in identifying carriers, since it is quantitative
and would be able to detect heterozygous deletions of SMN1, exon 7. Silent carriers
with two or more copies of SMN1, exon 7 will not be identified using this assay,
unless analysed within a family context. Furthermore, the SMN2, exon 7 copy number
can be determined in patients who are affected with SMA in order to determine their

appropriateness for inclusion in clinical trials which increase the production of FL-
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SMN transcripts from multiple SMN2 gene copies (as explained in section 1.2.3). This

assay is not able to identify other pathogenic CNVs.

Figure 3.27: gPCR results indicating SMN1 copy number

The X axis represents different patients with known copy SMN1/2 numbers. The SMN1, exon 7
copy number is indicated (e g. four copies = x4). The Y axis represents the relative fluorescence
as compared with the CFTR endogenous control. Lane 1 NTC (ho template control); Lane 2:
patient with zero SMN1, exon 7 copies; Lane 3: patient with one SMN1, exon 7 copy; Lane 4:
patient with two SMN1, exon 7 copies; Lane 5: patient with three SMN1, exon 7 copies; Lane 6:

patient with four SMN1, exon 7 copies.

Table 3.10 shows a comparison of the cost for three different techniques (the current
diagnostic homozygous SMN1, exon 7 deletion assay, MLPA and qPCR). The current
diagnostic homozygous SMN1, exon 7 deletion assay (described in section 1.2.2.1) is
much cheaper than MLPA and qPCR although MLPA and gPCR have the advantage
of being quantitative techniques, which would be able to determine the copy number
of SMN1, exon 7 and SMN2, exon 7. This cost comparison will be further discussed in

section 4.5.
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Table 3.10: Comparison of cost of the diagnostic homozygous SMN1, exon 7
deletion assay, gPCR and MLPA

_ Reagent cost Labour cost Final cost
Assay/technique _ _ )
per patient per patient per patient
Diagnostic R77.77
homozygous SMN1, R11.46 4.5 hours/batch R89.23
exon 7 deletion assay over 2 days
R77.77
gPCR
o R16.26 3.5 hours/batch R94.03
(set up in triplicate)
on lday
R148.24
MLPA R314.62 7 hours/batch R462.86

over 2-3 days
A batch consists of ten patient samples and positive and negative controls

See Appendix K for the calculations of this costing comparison.
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4 DISCUSSION

A major limitation of previous quantitative studies of the SMN1 gene performed in
African-American (Hendrickson et al., 2009) and sub-Saharan African populations
(Sangare et al., 2014) was that CNV analysis was performed in unaffected individuals
only. This study focuses on comparing CNVs in black individuals who are negative for
SMA (N/Nb) in order to identify non-pathogenic CNVs as well as individuals with
known homozygous SMN1 and SMN2, exon 7 deletions (M-i/M-i8 and M2MZB,
respectively) and patients who are clinically suggestive of SMA (U/UB in order to

delineate potential pathogenic CNVs.

The results of the audit performed on samples referred to the Division for SMA testing
will be discussed in section 4.1. General trends in CNVs determined by MLPA
analysis for each population group (black and white SA populations) as well as
between different subject groups (Groups A - G) will be discussed in sections 4.2.1 to
4.2.4. The results of pedigree and haplotype analysis in M-|/MiBand N/NBfamilies will

be discussed in section 4.3.

As a proof of concept, the provisional results for RNA analysis and qPCR will be
discussed in sections 4.4 and 4.5, respectively. The implications for diagnostic testing
will be discussed in section 4.6 and finally, the challenges and limitations of this study

will be explored in section 4.7.

4.1 Audit on patients referred for diagnostic SMA testing
411 Homozygous deletions of SMN1, exon 7
Homozygous SMN1, exon 7 (telomeric) deletions were identified in an average of
31.7% of patients referred for SMA testing across all population groups (refer to
section 3.1 for results) and did not differ significantly among different population
groups. Currently a diagnosis of SMA therefore cannot be confirmed or refuted in

68.3% of referred patients across all population groups.

Since the SMN1, exon 7 homozygous deletion frequency does not appear to be

different in black patients when compared to other SA population groups, it is possible

no
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that black patients who test negative on the diagnostic assay do not in fact have SMA,

but may be presenting with other similar neuromuscular disorders. These results
appear to contradict previous SA reports of a lower homozygous deletion of SMNL1,
exon 7 frequency observed in black SA SMA cases (51%) when compared to
frequencies worldwide (-94%) but this previous frequency was generated from results
of a cohort of patients who were assessed by a paediatric neurologist and determined
to be clinically suggestive of SMA (Labrum et al., 2007).

Many of the request forms for testing for SMA have little or no clinical information and
often samples are referred for multiple genetic tests with overlapping clinical
symptoms with SMA such as hypotonia (e.g. Prader Willi syndrome and myotonic
dystrophy) questioning whether these patients are being “over-serviced” and whether

appropriate testing is being done.

The positive pickup rate for patients affected by skeletal muscle disorders is higher
using NGS strategies when compared to gene-by-gene analysis (Ankala et al., 2015;
Nigro and Savarese, 2016). In a South African context, referrals for neuromuscular
genetic testing are not always appropriate and many patients are not referred by
neurology clinics, which might result in delayed diagnoses and a high cost associated

with gene-by-gene testing.

Furthermore, 16 additional genes with overlapping phenotypes to SMA have been
shown to be associated with non-5q forms of SMA (Peeters et al., 2014). It may be
more appropriate to perform testing by a NGS neuromuscular panel first to exclude
other related neuromuscular diseases and other causes of SMA before continuing
SMA testing in individuals who test negative for the homozygous SMN1, exon 7
deletion. This will need to be evaluated for clinical utility before being instituted as a

diagnostic test, as NGS panel testing is expensive.

4.1.2 Homozygous deletions of SMN2, exon 7
Homozygous SMN2, exon 7 (centromeric) deletions were significantly more common
in the black and mixed ancestry populations (12.4% and 18.8%, respectively) when
compared to the white and Indian populations (4.7% and 4%, respectively); (results

are available in section 3.1.3). Interestingly, the frequency of homozygous SMN2,
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exon 7 deletions was even higher in N/NBindividuals (27%); (refer to section 3.2.1.3

for results of N/NB individuals).

The homozygous SMN2, exon 7 deletion frequency discrepancy between M2ZM2Band
N/Nb individuals, could potentially be indicative of two different types of CNVs
involving homozygous SMN2, exon 7 deletions. A non-pathogenic CNV resulting in a
homozygous SMN2, exon 7 deletion could form part of the normal variation present in
the black SA population. A different pathogenic CNV, perhaps involving the
homozygous loss of genes converted from SMN1 to SMN2, would also result in a
homozygous SMN2, exon 7 deletion and may be the cause of SMA in M2MZ2B

individuals. SMN1 genes could potentially be masquerading as SMN2 genes.

4.2 MLPA analysis - general trends in CNVs

The next few sections will discuss the results described in section 3.2

Black SA individuals were found to have a high variability in CNV when compared to
white SA individuals across multiple MLPA probe regions in the SMN region. More
specifically, multiple copies of the telomeric region including SMN1, exon 7, exon 8
and NAIP, exon 5 were more commonly found in black individuals when compared to
white individuals which could complicate diagnostic, carrier and prenatal testing in the
black SA population. Results of this study emphasises the limited knowledge we have
of the complex architecture of the SMN region particularly in the hypervariable black

SA population. The next few sections will look at these outcomes in more detail.

Section 4.2.1 will discuss results of the comparative analysis of Groups B (N/NB and
C (N/Nw); section 4.2.2 will discuss results of the comparative analysis of Groups D
(Mi/MiB and E (M-|/MiW); section 4.2.3 will discuss results of the comparative
analysis of Groups F (M2MZ2B and G (M2M2N) and lastly, section 4.2.1 will discuss
results of the comparative analysis of Group A (U/UB with Groups B (N/NB, D
(Mi/MiB and F (M2M2B..
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421 Groups B (N/NB and C (N/Nw)

4.2.1.1 Multiple copies of the telomeric region (SMN1, exons 7
and 8 and NAIP, exon 5) were observed in N/NB
individuals and could complicate analysis

This section will discuss the MLPA results from section 3.2.1. In this study, 50.8% of
N/Nb individuals were found to have multiple (3-6) copies of SMN1, exon 7, which is
similar to previous reports in African-American individuals (Hendrickson et al., 2009)
and sub-Saharan African populations (Mali, Nigeria and Kenya) (adapted from

Sangare et al., 2014).

In contrast, N/Nw individuals were found to have a lower percentage of multiple
SMNL1, exon 7 copies of 3.3%, which is similar to previous reports in white North-
American populations (Hendrickson et al., 2009) and European populations
(Germany, France and Sweden) (Corcia et al.,, 2012; Feldkotter et al., 2002). Table

3.2 and Figure 3.4, section 3.2.1.1 shows a detailed comparison between various

international studies.

The high rates of multiple copies of SMN1, exon 7 in N/NB individuals could be a
consequence of the hypervariability of the SMN region in the black SA population,

(further discussed in sections 4.3.2 and 4.7.1).

Similarly, multiple copies of SMN1, exon 8 and NAIP, exon 5 were more frequently
observed in N/NB individuals (54.9% and 37.7%, respectively) when compared to
N/Nw individuals (6.7% and 13.3%, respectively) (described in section 3.2.1.1). It is
interesting to note that the copy numbers of SMN1, exon 7 and 8 and NAIP, exon 5
do not correlate, which could indicate the presence of non-contiguous copies of these

genes (further discussed in section 4.2.4.3).

Multiple SMN1, exon 7 copies confound analysis since the location, phase and
functionality of these multiple gene copies are unknown. Multiple SMN1, exon 7
copies could complicate carrier testing by masking silent carrier profiles (further
discussed in section 4.2.1.2) and carriers of potential unidentified pathogenic CNVs

(further discussed in section 4.2.4.3).
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4.2.1.2 Silent carriers of SMA may be masked by the presence

of multiple SMN1, exon 7 copies in N/NBindividuals
A study performed on unaffected individuals from various sub-Saharan African
populations (Kenyan, Malian and Nigerian) using qPCR reported a slightly lower
carrier frequency of deletions of SMNL1, exon 7 (0.5-2%) in sub-Saharan populations
when compared to carrier frequencies of 1-5% also determined using qPCR in the

European and Asian populations (Sangare eta/., 2014).

Interestingly, no heterozygous deletions of SMN1, exon 7 were identified in either
N/Nb or N/Nw individuals in this study (section 3.2.1.2). These rates are much lower
than the previously predicted SA carrier rate of 1/50 in the black population and 1/23
in the white population (Labrum et al., 2007). A small sample size (n=30) could have
caused this discrepancy in N/Nw individuals in this study. The discrepancy in N/NB
individuals could be due to two different reasons. Firstly, MLPA analysis is a very
robust technique, which has built-in statistical tests and extensive normalisation,
which are likely to yield more reliable and accurate results than the previously used
in-house dosage system (Labrum et al., 2007). In support of this hypothesis, four
individuals previously reported to have heterozygous deletions of SMN1, exon 7 on
the dosage assay were retested on MLPA and all four individuals tested negative for
heterozygous deletions of SMN1, exon 7 (results in Appendix J). Two of these
individuals had three copies of SMN1, exon 7, which were mistaken for one copy on

the previous dosage assay.

Secondly, it is possible that there is a higher frequency of silent carriers (2:0, 3:0, 4.0,
5.0, 6:0, etc.) in the black SA population, not detectable by either of these two assays.
Multiple copies of SMN1, exon 7 could mask carrier profiles. MLPA cannot provide
information on the location or phase of multiple SMN1, exon 7 copies on an
individual’s chromosomes and therefore these multiple copies could be located on a
single chromosome, resulting in a silent carrier profile. Figure 4.1 illustrates this

concept and section 1.2.2 4 defines the term “silent carrier”.



CHAPTER 4 DISCUSSION

SMN1
SMN 1
SMN 1
SMN 1
SMN 1

SMN2

Chromosome:

Figure 4.1: The presence of multiple copies of SMN1 could mask deletion

chromosomes in silent carriers of the SMN1, exon 7 deletion

The red Lego blocks represent SMN1, the blue Lego blocks represent SMN2 and a cross
represents a deletion. Two chromosomes are shown here (A + B). This individual has two copies of
SWA2, one copy on each chromosome (A + B) and five copies of SMN1, all located on
chromosome B in conjunction with a deletion of SMN1 on chromosome A. This individual is
therefore a silent carrier since he/she has a risk of passing on the deletion chromosome (A) to the
next generation even though he/she has multiple copies of SMN1, exon 7.

42.1.3 Homozygous SMN2, exons 7 and 8 deletions could
form part of the normal variation in N/NBindividuals

The high frequency of homozygous SMN2, exon 7 (centromeric) deletions in N/NB
individuals (27%) when compared to N/Nw individuals (6.7%) suggests that these
deletions could form part of non-pathogenic CNVs present in the black SA population.

Furthermore, the copy numbers of SWA/2, exons 7 and 8 do not correlate, suggesting
that these two regions may not be contiguous due to possible gene conversions from
SMN2, exon 8 to SMN1, exon 8 which would result in a loss of SMN2, exon 8 and an

increased copy number of SMN1, exon 8 (see section 3.2.4.3, table 3.8 for a

summary of results).



CHAPTER 4 DISCUSSION
4.2.1.4 A high variability in copy number of SMN1/2 exons

and neighbouring genes could be indicative of large
CNVs in N/Nb individuals
Although rare, N/NB individuals seemed to have larger deletions and duplications
stretching into the rest of the SMN region than N/Nw individuals, suggesting that
potential large rearrangements of the SMN region could form part of the general
variability of the SMN region in the black SA population (refer to section 3.2.1.4).

Since the SMN2, exon 7 and 8 regions have more frequent deletions than the SMN1,
exon 7 and 8 regions, it is hypothesised that the deletions observed in the SMN1/2,
NAIP/NAIP'V, exon 13 and GTF2H2, exon 5 combined regions most probably
represent deletions of SMN2 extending into the rest of the centromeric SMN region.
This hypothesis cannot be confirmed as the P021-A2 MLPA kit cannot distinguish

between the centromeric and telomeric copies of these regions.

The SMN region is too large to be cloned in its entirety but Yu-Jin et al. described a
technique by which the cDNA of patients affected with SMA was subcloned. SMN1
and SMN2 subclones were differentiated by restriction enzyme digest and the clones
were sequenced in order to identify subtle SMA-causing mutations (Yu-Jin et al.,
2012). It may be possible to use this technique, to perform specific analysis of SMN1
and SMN2 and potentially of NAIP/NAIPV and telomeric/centromeric-GTF2H2. The
complexity of the SMN region, the presence of partial genes and other

rearrangements in this region may make this extremely challenging.

4215 Multiple copies of SMN1, exon 7 may be incomplete,
non-contiguous gene copies which may not be
functional

N/Nb individuals had a significantly higher variability than N/Nw individuals for the
majority of MLPA probes (section 3.2.1.6). Whereas the copy number of SMN1,
exons 7, 8 and NAIP, exon 5 of N/Nw individuals seem to cluster at two copies, as
expected; the copy number of SMN1, exons 7, 8 and NAIP, exon 5 of N/NBindividuals
varies extensively from one to six (refer to figure 3.7 in section 3.2.1.6). Perhaps
some of these SMNL1 gene copies are partial disconnected gene copies which may be
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non-functional due to interruptions in the coding region and will be further discussed

in section 4.2.4.3. See figure 4.2 for an illustration of the possible composition of

CNVs of the SMN region in N/NBindividuals.

Telomeric region
\> RAD17 SERF1B NAp SMN1, Ex7 & 8

if

Telomeric region

v & RAD17  SERFIB NAIP SMN1, Ex7 & 8

N/Nb

Figure 4.2: The SMN region in N/NB individuals is more variable than

N/Nw individuals The red Lego blocks represent the SMN1 gene and the blue Lego
blocks represent the SMN2 gene. N/NBindividuals more frequently have multiple copies of
SMN1, exon 7 in conjunction with SMN2, exon 7 deletions than N/Nw individuals.

42.2 Groups D(M ~ 8) and E (MIMIW
This section will discuss the MLPA results from section 3.2.2. As expected, MLPA
analysis confirmed homozygous deletions of SMN1, exon 7 in all MHi/IVh8 and M-|/MiW

individuals (section 3.2.2.1).
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4221 In contrast to previous SA reports, large deletions

extending into the rest of the SMN region appear to be

more common in Mi/M-i8 individuals
Homozygous deletions of SMN1, exon 8 have been reported to be associated with
93% of homozygous deletions of SMN1, exon 7 (Lefebvre et al., 1995). Furthermore,
NAIP deletions have been associated with SMN1 deletions in 67% of SMA type |
patients (Roy et al., 1995). A previous SA study proposed that Mi/MiWindividuals had
larger homozygous deletions of SMN1, exon 7 also encompassing SMN1, exon 8 and
NAIP more often than Mi/IVh6 individuals (Labrum eta/., 2007). Furthermore, IVWIVhG
individuals were reported to have a homozygous SMN1, exon 7 deletion in
conjunction with a homozygous NAIP deletion (SMN1, exon 8 is present), suggestive
of gene conversion (discussed in section 1.2.2.3) from SMNL1, exon 7 to SMN2, exon

7, more often than Mi/MiWindividuals (Labrum et al., 2007; Stevens et al., 1999).

When only looking at information from SMN1, exon 7, exon 8 and the NAIP gene, a
lower frequency of large deletions and a higher frequency of potential gene
conversions (SMN1, exon 7 deletion in conjunction with a NAIP deletion) were
predicted in Mi/M-i6 individuals when compared to M-|//MiW individuals (table 3.4,
section 3.2.2.1) which supports the results of previous SA studies. MLPA probes
cover a larger part of the SMN region than previous studies, giving us additional clues

on the extent of CNVs.

NAIP and GTF2H2 deletions have been observed in patients with SMA (Carter et al.,
1997; Roy et al., 1995)) and could therefore provide some information on the extent of
SMN1, exon 7 deletions. A higher frequency of homozygous deletions into the rest of
SMN1/2 (exons 1, 4, 6 and 8), NAIP/NAIP'F, exon 13 and GTF2H2, exon 5 were
observed in M”AM~* individuals (60%, 61.3%, 62.7% 61.3%, 61.3%, 66.7%
respectively) compared to M-|/MiW individuals (31.3%, 31.3%, 31.3%, 36.7%, 23.3%,
50%); (refer to sections 3.2.2.3 and 3.2.2.4). Since the SMN1, exon 7 and 8 regions
have more frequent deletions than the SMN2, exon 7 and 8 regions, it is hypothesised
that the deletions observed in the SMN1/2, NAIP, exon 13 and GTF2H2, exon 5
combined regions most probably represent deletions of the SMN1 gene extending
into the rest of the telomeric SMN region. This hypothesis cannot be confirmed as the



CHAPTER 4 DISCUSSION
P021-A2 MLPA kit cannot distinguish between the centromeric and telomeric copies

of these regions.

Furthermore, heterozygous deletions of SERF1B were higher in Mi/IVh8 individuals
(34.7%) compared to Mi/M-iWindividuals (0%). The frequency of SERF1B deletions in
Mi/MiB and Mi/M” individuals are much lower than reports of 94% in European
patients with SMN1 deletions (Scharf et al., 1998). The small sample size could have
confounded results of IVh/M” individuals in this study and a different underlying
pathogenic CNV pattern may explain this discrepancy in Mi/M-i8 individuals in this
study. This discrepancy could also be due to the use of different technologies to

determine copy number (microsatellite analysis in the European study vs MLPA in this

study).
4.2.2.2 Gene conversions between SMN1 and SMN2, exons 7
and 8 could explain the lack of correlation of copy
number of exons within the same genes
Deletions of SMN2, exon 8 were observed more often in individuals (zero

copies: 10.7%, one copy: 20%) than M-|//MiWindividuals (zero copies: 0%, one copy:
16.7%). It is possible that some of these SMN2, exon 8 copies may have been
converted from SMN2, exon 8 to SMN1, exon 8, resulting in hybrid genes consisting
of SMN1, exon 7 and SMN2, exon 8. Deletions of these hybrid genes would result in
a loss of both SMN1, exon 7 and SMN2, exon 8, as proposed in section 4.2.2.1. The

presence of such hybi d genes could mask larger deletions of the SMN1 gene.

All of these observations suggest that large deletions are more common in Mi/M-iB
individuals than MM v individuals. Gene conversion from SMN2, exon 8 to SMN1,
exon 8, also seen in N/NB individuals (table 3.4, section 3.2.2.1), could have
confounded previous SA reports (Labrum et al.,, 2007; Stevens et al., 1999) and
created the false impression of smaller deletions in M-|/MiB individuals when

compared to M-|/M-|Windividuals.

In support of this hypothesis, the CNVs of SMN2, exons 7 and 8 do not correlate in
N/Nb, Mi/M-iBand N/N individuals (as shown in table 3.8, section 3.2.4.3), suggesting

that these two regions may not be contiguous due to gene conversion (as discussed
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in section 4.2.1.3). Once again due to limited knowledge available on the structure

and orientation of genes in the SMN region, it was not possible to determine

underlying pathogenic CNV patterns in M*M-i8 individuals.

4.2.2.3 In contrast to previous SA reports gene conversion from
SMNL1, exon 7 to SMN2, exon 7 appear to be more common in

Mi/M” individuals
In contrast, Mi/M” individuals had a higher frequency of multiple copies of SMN2,
exon 7 (three copies: 33.3%, four copies: 3.3%) when compared to Mi/M-iBindividuals
(three copies: 6.7%, four copies: 4%), suggesting that gene conversion from SMNL1,
exon 7 to SMN2, exon 7 might be more common in MYMM individuals (section

3.2.2.2). See figure 4.3 for an illustration of this hypothesis.
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Figure 4.3: Homozygous SMN1, exon 7 deletions appear to be caused

by different mechanisms in MiM”~and MiM-iW individuals. The blue Lego
blocks represent the SMN2 gene and a cross represents a deletion. M#M,8 individuals
appear to have large deletions of SMN1, exon 7 including SMN1, exons 1, 4, 6 and 8,
GTF2H2 and SERF1B more often than M-iM” individuals. individuals appear to
have gene conversion events from SMN1 to SMN2, resulting in multiple copies of the
SMNZ2 region, more often than IV"M,6 individuals. Both deletions and conversions of
SMN1, exon 7 results in the loss of this region.

4.2.2.4 Due to a different genetic composition of the SMN region,
Mi/MiBand Mi/Miwindividuals could have different clinical
phenotypes
True large deletions appear to be more common in Mi/MiBindividuals whereas gene

conversions seem to be more common in Mi/MiWindividuals in this study.

Gene conversion from SMN1, exon 7 to SMN2, exon 7 could result in a loss of
SMN1, exon 7 and a corresponding increase in SMN2 copy number and since
disease severity is inversely correlated with SMN2 copy number (McAndrew et al.,
1997), these patients are predicted to have a milder form of SMA (Campbell et al.,
1997). Patients with large scale homozygous deletions including SMN1, NAIP and
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GTF2H2 have been shown to develop a severe form of SMA within two months and

die by the age of two (He et al., 2013) and therefore appear to have a more severe

clinical picture.

Unfortunately there was limited clinical information available on the subtypes of SMA
for black and white patients referred for SMA testing to the Division. Black patients
affected with SMA have not been reported to be more severely affected than white
patients but they do appear to have a different phenotype with more frequent
involvement of the facial muscles (Moosa and Dawood, 1990), potentially due to the

different genetic background observed in this study.

4.2.3 Groups F(M2M2B and G (M2M2N)
This section will discuss the MLPA results from section 3.2.3. MLPA analysis
confirmed homozygous deletions of SMN2, exon 7 in al M2MZ2B and M2M2aN

individuals (see section 3.2.3.2).

4.2.3.1 The homozygous SMN2, exon 7 deletion forms part of
the normal genetic variability of the SMN region in the

black SA population
A similar frequency of N/NB and U/UB individuals tested positive for a homozygous
SMN2, exon 7 deletion (12.3% and 13.9% respectively) suggesting that these
deletions may form part of the normal background variability in the black SA
population and are probably not useful in predicting the disease status in U/UB
individuals. Interestingly, black patients referred for SMA testing to the Division had a
higher homozygous SMN2, exon 7 deletion frequency, which could potentially be
indicative of a pathogenic CNV, also resulting in an apparent homozygous SMN2,
exon 7 deletion. The possibility of overlapping CNVs complicates the accurate

interpretation of homozygous SWA2, exon 7 deletions.
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4.2.3.2 Gene conversions between SMN1 and SMN2, exons 7

and 8 could explain the lack of correlation of copy
number of exons within the same genes and the
presence of multiple copies of SMN1, exons 7 and 8
and NAIP, exon 5
A higher frequency of multiple copies of SMN1, exon 7 was observed in M2MZ2B
individuals (three copies: 22%, four copies: 38%, five copies: 4%) when compared to
M2M2v individuals (three, five copies: 0%, four copies: 37.5%), suggesting that
homozygous SMN2, exon 7 deletions are likely to be due to gene conversion from
SMN2, exon 7 to SMN1, exon 7, ultimately leading to the loss of SMN2, exon 7 in
Mi/MiB individuals. Similarly, a higher frequency of multiple copies of SMN1, exon 8
was observed in M2ZMZB individuals (three copies: 28%, four copies: 30%) when
compared to M2M2N individuals (three, five copies: 0%, four copies: 37.5%) and a
high frequency of multiple copies of NAIP, exon 5 was observed in M2ZMZB individuals
(three copies: 44%, four copies: 32%, five copies: 14%) when compared to M2ZM2W
individuals (three, four copies: 12.5%). Again, SMN1, exon 7 and 8 and NAIP, exon 5
copy numbers do not correlate fully in M2MZB individuals, suggesting that these
multiple copies may not be contiguous, as explained by section 4.2.1.5. Refer to

section 3.2.3.1 for a more detailed summary of the results.

4.2.3.3 Large deletions extending into the rest of the SMN
region appear to be more common in M2MZ2B

individuals
M2M2b individuals appear to have a slighter higher number of chromosomes with
homozygous deletions extending into the rest of the SMN1 and/or SMN2 genes,
exons 1, 4, 6 and 8 and neighbouring genes, NAIP/NAIPV (18%, 32%, 34%, 32%,
44%, respectively) than M2M2AN individuals (12.5%, 12.5%, 12.5%, 62.5%, 0%,
respectively), supporting the hypothesis of large deletions/rearrangements being
more common in black patients than white patients (section 4.2.2.1). See figure 4.4
for an illustration of the possible mechanism causing homozygous SMN2, exon 7

deletions in black patients.
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Since the SMN2, exons 7 and 8 regions have more frequent deletions than the

SMN1, exon 7 and 8 regions, it is hypothesised that the deletions observed in the
SMN1/2, NAIP, exon 13 and GTF2H2, exon 5 combined regions most probably
represent deletions of the SMN2 gene into the rest of the centromeric SMN region.
This hypothesis cannot be confirmed as the P021-A2 MLPA kit cannot distinguish

between the centromeric and telomeric copies of these regions.

Telomeric region

NAIP

SMN1, Ex 7 & 8
RAD17

SMN1, Ex 7 & 8

Centromeric region

Figure 4.4: A proposed mechanism of homozygous SMN2, exon 7

deletions in IMelVie6 individuals. The red Lego blocks represent sMN1 and a cross
represents a deletion. M2M2B individuals appear to have large deletions of SMN2, exon 7,
potentially due to gene conversion from the SMN2 to the SMN1 region, resulting in multiple
copies of the SMN2 region (SMN2, exon 7, 8 and NAIP, exon 5). Homozygous deletions of
SMN2, exon 7 appear to be large in M2MZBindividuals including sMN2, exons 1, 4, 6 and
8, and neighbouring genes more often than seen in M2M2Nindividuals.

Even though no clear common CNVs could be identified in Mi/M-iB and MIM-|W
individuals, testing for SMN2, exon 7 copy numbers may be useful in individuals who
are interested in knowing if they will be suitable for enrolment in clinical therapies
which are based on increasing full-length SMN transcripts by utilising multiple copies
of SMN2, exon 7 (Cure SMA 2016).
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4.2.4 Group A (U/UB)

This section will discuss the MLPA results from section 3.2.4.

4.2.4.1 No novel pathogenic CNVs were identified in U/UB
individuals
It was hypothesised that pathogenic rearrangements of the SMN region could
potentially form part of the SMA disease mechanism in black SA patients (Labrum et
al., 2007; Vorster, Essop & Krause, 2011). The presence of large complex
rearrangements in the black SA population is supported by the high variability and
lack of correlation of copy number between different exons and genes seen in black
SA individuals (further discussed in sections 4.2.1 and 4.7.1) even though no novel

pathogenic CNVs were identified in U/UBindividuals.

U/UB individuals differed significantly from MVMi6 and M2ZMZ2B individuals for the
majority of MLPA probes. Homozygous deletions of SMN2, exon 7 in U/UBindividuals

were present at a frequency of 13.9% and have been discussed in section 4.2.3.1.

U/UB individuals differed significantly from N/NB individuals for only five probes:
SMN1, exon 7, NAIP, exon 5 GTF2H2, exon 5 and combined telomeric/centromeric
regions: NAIP/NAIP'F, exon 13 and GTF2H2, exon 11, which will be discussed in the

next few sections. Results are available from section 3.2.4.

4.2.4.2 A lower frequency of heterozygous SMNI1, exon 7
deletions was observed in U/UB individuals than the
previous SA study

Black SA patients have always appeared to have a different SMA mutation profile
than other populations described in the literature. Previously, U/UB individuals
appeared to have a much higher frequency of the heterozygous SMN1, exon 7
deletion when compared to international studies (69.5% vs 2-5%) (Labrum et al.,
2007; Wirth, 2000).

The significant difference of SMN1, exon 7 results between U/UB and N/NB

individuals, can be attributed to a higher frequency of heterozygous SMN1, exon 7
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deletions in U/UB individuals in this study. In contrast to previous South-African

reports of heterozygous SMN1, exon 7 deletions being present in 69.5% of U/UB
individuals (Labrum et al., 2007), only 8.3% of U/UB individuals were confirmed to

have heterozygous deletion of SMN1, exon 7 in this study.

Only one mutation, a heterozygous deletion of SMN1, exon 7, was identified in these
individuals and could be supportive of a diagnosis of SMA. The second disease-

causing mutation, if present, remains unidentified in these U/UBindividuals.

The discrepancy of the heterozygous SMN1, exon 7 rate between the previous SA
study and this project could firstly be due to MLPA being a more reliable technique
than the previously used in-house dosage system (as explained in section 4.2.1.2)
and secondly the presence of multiple copies of SMN1, exon 7 could mask the actual
heterozygous SMN1, exon 7 deletion rate in U/UB individuals (further discussed in
section 4.2.4.3). Finally, it is also possible that some of these patients do not have
SMA but a related neuromuscular disease. The results of non-SMA patients could

confound the true heterozygous SMNL1, exon 7 deletion rate.

4.2.4.3 Multiple copies of the telomeric region SMN1, exons 7
could mask pathogenic CNVs in U/UBindividuals

Multiple copies of SMN1, exon 7 were observed in 38.9% of U/UBindividuals, similar
to the rate observed in N/NB individuals (50.8%). It is possible that these multiple
copies may be non-contiguous, partial copies, which may not be functional and could
mask pathogenic CNVs of the SMN gene. This hypothesis is supported by the
observation that the copy number of SMN1, exons 7 and 8 and A/A/P, exon 5 do not
correlate fully with each other or with the SMN1, exons 1,4, 6 and 8 copy numbers as

illustrated in section 3.2.2.3.

MLPA testing cannot give us information about the functionality of potential multiple,
partial copies, suggesting that functional studies (RNA expression and protein
studies) may be more informative about the levels of full-length protein present in

affected individuals and will be further discussed in section 5.5.1.
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Furthermore, the exact orientation of genes in the SMN region and therefore the

orientation of MLPA probe regions are not well understood and could confound
analysis. Results of this study did not provide additional information on the structure

of the SMN region.

See figure 4.5 for an illustration of the possible mechanism of multiple SMN1, exon 7

copies in black SA individuals.
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a.) Multiple partial copies of the SMN region are present. This will appear as six SMN1
gene copies on MLPA. The copy number cannot be interpreted as having an effect on
disease severity, since partial copies could be non-functional.

b.) Multiple partial copies of the sMN1 region, indicated by red Lego blocks are present.

Figure 4.5: Multiple partial non-coding gene copies could result in an
apparent increased copy number

4.2.4.4 The copy number of centromeric-GTF2H2 and
telomeric-G7F2H2 are not associated with SMA in

either the white or black SA populations
Probes specific to the ¢.706C>G (telomeric-GTF2H2/) and c¢.453A>G (centromeric-
GTF2H2) variants were included in the P021-A2 MLPA kit and are used as proxies to
distinguish between the telomeric and centromeric copies of the GTF2H2 gene as

described in a single publication (Carter etal., 1997). Limited research has been done
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on the association of these genes to SMA, questioning the appropriateness of their

inclusion in this MLPA Kkit.

Even though significant differences were observed for the GTF2H2, exon 5 and
GTF2H2, exon 11 regions between U/UBand N/NBindividuals, no major conclusions
could be drawn. This difference alone does not suggest any clear pathogenic

rearrangement in U/UBindividuals.

The centromeric-GTF2H2 copy number does not differ among different subject and
population groups, questioning whether this variant has any association with SMA
(see table 3.9 in section 3.2.4.4).

Deletions of telomeric-GTF2H2 were associated with Mi/MiB homozygous SMNL1,
exon 7 (telomeric) deletions in Mi/M-iB (80%) and Mi/M-iW individuals (70%) as
expected as deletions of at least one copy of telomeric-GTF2H2 have been observed
in patients with SMA (Carter et al., 1997).

It is surprising to note that deletions of telomeric-GTF2/-/2 were observed in M-|/Miw
individuals as well as N/Nw individuals, questioning the association of this deletion

with SMN1, exon 7 deletions in white populations.

The copy number of telomeric-GTF2H2 does not differ among N/NB M2M2B or U/UB
individuals, suggesting that this probe is not useful in providing information on
pathogenic rearrangements in the black SA population. Testing for the presence of
telomeric-GTF2H2 might not have any clinical utility but to provide information on
SMN1, exon 7 deletions extending into neighbouring genes in the black SA

population.

In summary, the c.453A>G and c¢.706C>G variants are not useful in predicting SMA
disease status in the black or white SA population and do not seem to add any value
to the P021-A2 MLPA kit. The inclusion of probes specific to these two gene variants

does not seem appropriate or useful, even for Caucasian populations.

As a side note, MLPA is not an ideal technique to test for the presence of single
nucleotide differences. An absence of fluorescent probe signal could either be caused
by actual deletions of this region or a change from a G to a C allele, essentially
converting telomeric-GTF2H2 to centromeric-GTF2H2 and leading to the loss of
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telomeric-G7F2H2 or potentially large rearrangements of the SMN region could

influence results.

There were no families available of U/UBindividuals. Determining the phase of CNVs
in these families could potentially assist with the identification of novel pathogenic

CNV patterns.

4.3 Haplotype and CNV pattern analysis
4.3.1 Multiple SMN1, exon 7 copies complicate haplotype
construction in the black SA population
As part of a previous study performed in the Division, linked marker analysis, using
two intragenic and six extragenic microsatellite markers across the SMN1 gene, was
performed to see if a common chromosomal background could be established in U/UB
individuals. No clear haplotype or common allele was identified and it was reported

that it was particularly difficult to construct haplotypes (Labrum et al., 2007).

Similarly, in this study, multiple gene copies in the black SA population complicated
haplotype construction. Only 44% of Mi/IVh6 families and 31.7% of N/NBfamilies were
completely informative where the phase of the haplotype could be determined with
absolute certainty (see section 2.3.4 for an explanation of family pedigree

construction and haplotype analysis).

The orientation of genes in the SMN region is not known (explained by figure 1.1 in
section 1.2.1) and this study could not predict the orientation of MLPA probe regions
even though the phase could be determined. Furthermore, each probe region was
analysed as if it was a single locus, in order to simplify analysis but this may not be
completely accurate since CNVs include multiple interacting regions. Without an
accurate map of the SMN region, the true copy number and breakpoints of CNVs

cannot be determined.

Results for N/NB families are summarised in section 3.4.1 and results for MAM”

families are summarised in section 3.4.2.
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4.3.2 A high variability of the SMN region in the black SA

population could lead to novel changes
Seventeen unique pathogenic haplotypes were identified in probands of Mi/Mib
families and 35 additional unique haplotypes were identified in N/NB individuals
emphasising the high variability of the SMN region in the black SA population.

Discrepant results (apparent non-Mendelian inheritance) were observed in 8% of
Mi/Mib families and 5% of N/NBfamilies, potentially due to a variety of causes such
as the parents in these families not being the actual biological parents of the children;
proposed novel deletion or duplication events in the proband or the unknown

orientation of genes and multiple copies within this family confounding results.

Potential novel events (sporadic deletions or duplications) were observed in 3.3%
(2/61) of N/Nb families. A new mutation rate of 3.3% is not unexpected as novel
mutations have been reported at a rate of 2% due to the high instability of this region
(Wirth et al., 1997). Moosa and Dawood reported a paucity of family history in black
SA families affected by SMA (discussed in section 1.1) potentially due to SMA being
more sporadic in this population (Moosa and Dawood, 1990). Sporadic mutations
could be a consequence of novel gene conversion and rearrangement events. Table

4.1 summarises these results.

Table 4.1: A comparison of hap otype results of M-i/M-i6 and N/NBfamilies
Uninformative results

Informative Multiple

Black families | Discrepant Clear novel
results combinations
results events
possible
Mi/Mib families 44% 48% 8%
(n=25) (11/25) (12/25) (2/25)
N/Nb families 31.7% 60% 5% 3.3%

(N=60) (19/60) (36/60) (3/60) (2/60)
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4.3.3 Multiple NAIP, exon 5 copies observed in N/NBfamilies

The significant difference of NAIP, exon 5 and NAIP/NAIPV, exon 13 results between
U/UBand N/NB individuals, can be attributed to a higher frequency of multiple copies
(>2) of NAIP, exon 5 in N/NB individuals when compared to U/UB individuals (see
section 3.2.4.2 for results). Perhaps multiple copies of NAIP have a protective effect
in the black SA population. Caution is advised with this hypothesis since the role of
NAIP in the SMA disease mechanism needs to be further investigated and should not

be viewed in isolation. Figure 4.6 illustrates this association.
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Figure 4.6: The association of NAIP, exon 5 copy number with disease

status
N/Nb and U/UBindividuals tend to have multiple copies of sSMN1, exon 7 (represented by red

blocks). N/Nb individuals tend to have multiple copies of NAIP 7 (represented by green
blocks). Deletions are indicated by crosses and appear to be common in and U/UB

individuals.

4.3.4 Silent carriers of SMA may be masked by the presence of
multiple SMN1, exon 7 copies in N/NBindividuals
This hypothesis has been introduced in section 4.2.1.2. Five unrelated individuals
from IVWM-6 families had a 2:0 silent carrier genotype (defined in section 1.2.2.4) and
two individuals had uninformative results for SMN1, exon 7, where the individual
could either have a 1:1 or 2:0 genotype. No individual from N/NB families had an
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unequivocal silent carrier genotype, although four individuals from N/NBfamilies had

uninformative results for SMN1, exon 7, where the individual could either have a 1:1

or 2:0 genotype.

A potential silent carrier rate of 3.3% (4/122) seen in N/NB individuals compares well
with the rate of 4% reported in the French-Canadian population (McAndrew et al.,
1997) although the true silent carrier rate is likely to be underestimated in the black
SA population due to the multiple copies of SMN1, exon 7, complicating the

determination of phase.

Two variants, ¢.885+83T>G and ¢.885+667delAT in exon 8 of the SMN1 gene have
been described to be associated with multiple SMN1 copies on a single chromosome
in combination with a SMN1, exon 7 deletion on the other chromosome in African
American and Ashkenazi Jewish population groups. It was suggested that these two
variants could be useful in refining the silent carrier risk in individuals who have
multiple copies of SMN1, exon 7 (Luo et al., 2014). An honours project was performed
in 2016, supervised by the researcher, to investigate the association of the
€.885+83T>G and c.885+667delAT variants to silent carrier haplotypes in the black
SA population. Black silent carrier individuals, who had two copies of SMN1, exon 7
on a single chromosome (2:0) were identified through family haplotype analysis. The
€.885+83T>G and c.885+667delAT variants were observed in 60% (3/5) of known
silent carrier individuals (2:0) compared to 0% (0/7) of individuals known to have two
copies of SMN1, exon 7 copy, one copy on each of their two chromosomes (1:1),

suggesting that the two variants are associated with duplicated SMN1, exon 7 alleles.

Uninformative Mi/Mib families were investigated to identify potential silent carriers,
who had two copies of SMN1, exon 7 but where the phase of these SMN1, exon 7
copies could not be accurately determined (2:0 or 1:1). The ¢.885+83T>G and
€.885+667delAT variants were identified in 37.5% (3/8) of these individuals who
therefore have an increased risk of being silent carriers. These two variants could be
useful in refining the carrier risk of black SA individuals who have two copies of
SMN1, exon 7 (Khan et al., 2016).

Table 4.2 summarises the results of MLPA analysis across all seven patient and

subject groups (Group A-G).



CHAPTER 4 DISCUSSION

Table 4.2: Summary of main MLPA findings

Patient/Subject

category

N/Nb
n=122

N/Nw
n=30

M~M-,6
n=75

M,/ Mr
n=30

M2M 2o
n=50

M2M2n
n=8

u/uB
n=72

Main findings

High variability when compared to N/Nw
No carriers identified (0% vs previous rate of 1/50)
Gene conversion between SMN2, exon 8 and SMN1, exon 8

Multiple copies of SMN1, exon 7 (observed in 50.8%):

. Similar rates in African-American & sub-Saharan populations
. Could mask presence of silent carriers (2:0. 3:0. 4:0, 5:0 etc.)
. No common non-pathogenic haplotypes

(60% of families were uninformative; 35 unique haplotypes)

Majority have two copies of SMN1, exon 7

Similar rates in European & North-American populations

Larger deletions extending into the rest of the SMN1 gene and
neighbouring genes

No common pathogenic haplotypes
(48% of families were uninformative; 17 unique pathogenic haplotypes)

Gene conversion between SMN1, exon 7 and SMN2, exon 7 result in
smaller deletions

Homozygous deletions of SMN2, exon 7 forms part of general variation
in black SA population (audit: 12.4%, N/NB 27%, U/UB: 13.9%)

Gene conversion from SMN2 to SMN1 result in deletions of SMN2,
exon 7 & multiple copies of SMN1, exon 7

Larger deletions extending into the rest of the SMN1 gene and
neighbouring genes

Homozygous deletions of SMN1, exon 7 not as common as seen in
individuals of black or mixed ancestry

Gene conversion from SMN2 to SMN1 result in deletions of SMN2,
exon 7 & multiple copies of SMN1, exon 7

No novel pathogenic CNVs identified
Multiple NAIP, exon 5 copies observed - could have protective effect

Rate of heterozygous deletions of SMN1, exon 7 much lower than
previously reported (8.3% vs 69.5%)

Multiple SMN1, exon 7 copies (observed in 38.9%):
. Could mask pathogenic CNVs and true heterozygous rate

. May be partial, disconnected, non-functional copies
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4.4 RNA analysis

This section will discuss the results from section 3.5. Good quality RNA was
successfully extracted from blood collected in Tempus Blood RNA tubes stored at a
variety of conditions. The Tempus Blood RNA tubes show promise for RNA-based
tests in a diagnostic setting, especially since many samples are sent from locations
far away from the test laboratory and may take multiple days to arrive which may

influence the quality of the RNA.

4.5 Provisional real-time PCR results
This section will discuss the results from section 3.6. A gPCR assay showed a
corresponding increase in SMNL1 fluorescent signal to SMN1, exon 7 copy number,
although there seems to be some overlap in results of different copy numbers and

therefore this assay needs further optimisation.

The current diagnostic homozygous SMN1, exon 7 deletion assay (described in
section 1.2.2.1) is much cheaper than MLPA and gPCR (table 3.10 in section 3.6),
indicating that it is still a cost effective first-line testing strategy. The advantage of both
gPCR and MLPA over the diagnostic assay is the determination of copy number of
SMN1 and SMN2, exon 7 which could be used to determine carrier status and identify
patients with multiple copies of SMN2, exon 7 for possible clinical trials. The only
advantage of MLPA over gPCR is the inclusion of multiple regions across the rest of
the SMN1 and SMN2 genes and neighbouring genes and may therefore be useful to
give some indication of the extent of deletions/duplications but it is not useful in
identifying additional pathogenic CNV patterns and it is very complicated to analyse.

The gPCR assay, once fully optimised, has the potential to detect SMN1, exon 7 copy
numbers, making it possible to detect heterozygous SMN1, exon 7 deletions in
carriers of SMA and the 8.3% of U/UB individuals. This would be a clear advantage
over the current diagnostic assay, only able to detect the presence or absence of
homozygous SMN1 and SMN2, exon 7 deletions and could potentially be

implemented as an alternative to the current diagnostic assay and MLPA in the future.
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4.6 Implications for diagnostic testing

4.6.1 The clinical utility of MLPA as a diagnostic test
Heterozygous SMN1, exon 7 deletions were identified in only 8.3% of U/UB
individuals. Multiple copies of SMN1, exon 7 could mask heterozygous SMN1, exon 7
deletions which may lead to the underestimation of the true heterozygous SMN1,

exon 7 deletion rate in U/UBindividuals.

Furthermore, no additional pathogenic CNVs were identified in U/UBindividuals using
MLPA (section 4.2.4.1). Once again, multiple copies of SMN1, exon 7 may potentially
be masking unidentified pathogenic rearrangements of the SMN region. The CNV
profiles of U/UB individuals who do not in fact have SMA may also mask true

pathogenic CNV patterns.

Previously, heterozygous SMN1, exon 7 deletion testing was offered to U/UB
individuals, who previously tested negative on the diagnostic assay but the high cost,
low pickup rate and the presence of multiple copies confounding results, suggest that

MLPA is not an appropriate standard diagnostic procedure in the black SA population.

4.6.2 The clinical utility of MLPA as a testto determine SMA
carrier status
The silent carrier genotype (2:0) has been reported to be much more common in
African-American individuals (27%) when compared to white individuals (3.6%). As a
result, the carrier detection rate in African-American individuals is lower at 70%

versus 91% in other population groups (Sugarman et al., 2012).

No N/Nb carriers of the heterozygous SMN1, exon 7 deletion were identified in this
study. Multiple copies of SMN1, exon 7 and unidentified CNVs could potentially mask
the presence of silent (2:0; 3.0, 4:0, 5:0) carriers and confound the true carrier rate in

the individuals of African ancestry.

With the advent of new sequencing technologies, pan-ethnic population-based
expanded carrier screening has been gaining momentum internationally. As an
example, Israel has implemented a genetic screening program including carrier
testing for SMA for couples of reproductive age (Zlotogora et al., 2016).
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The American College of Medical Genetics (ACMG) supports the inclusion of SMA

into expanded carrier screening tests (Prior and Professional Practice and Guidelines
Committee, 2008). The American College of Obstetricians and Gynecologists (ACOG)
does not recommend inclusion of SMA into expanded carrier screening tests but does
recommend carrier testing for SMA in family members of patients affected with SMA
or SMA-like diseases. Furthermore, ACOG comments on a lack of pilot programs and

standard laboratory assays to detect SMA (ACOG, 2009).

Caution is advised against population screening in the black SA population, due to the
presence of multiple copies of SMN1, exon 7 which could confound the actual carrier
risk. MLPA may be useful in detecting the carrier risk in members of Mi/M-iBfamilies
but it is highly recommended that MLPA results of samples referred for prenatal and
carrier testing should be analysed within a family context in order to identify the phase

of multiple SMN1 genes in all SA populations.

In conclusion, the carrier frequency of SMA cannot be determined with accuracy in
the black SA population until the disease mechanism of SMA has been completely

uncovered and well understood.

4.6.3 Recommendations for future diagnostic testing
When considering the cost of the homozygous SMN1, exon 7 deletion assay, gPCR
and MLPA, the homozygous SMN1, exon 7 deletion assay is still a reliable first line
test for patients presenting with clinical features suggestive of SMA. Once optimised,
the gPCR assay could potentially replace this diagnostic assay and MLPA as a

guantitative first-line assay.

Patients affected with SMA have previously been shown to have significantly lower
FL-SMN1 transcript levels in blood derived samples when compared to negative
controls, even when patients were separated by clinical type (Crawford et al., 2012;
Tiziano et al., 2010; Zheleznyakova et al., 2011). Patients affected with SMA, types I-
Il were shown to have a mean FL-SMN transcript value of 38.3+16.3 -
58.4+19.7mol/ng compared to negative controls who were shown to have a mean FL-
SMN transcript value of 134.1+65.1mol/ng. SMN protein levels have been shown to

be decreased in patients affected with SMA but has not been shown to differ
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significantly between different clinical types (with a mean value of 10.1+4.8 -

14.7+10pg/106 cells for the different types of SMA when compared to a mean value of
25.2+19.6pg/106 cells for negative controls) (Crawford et al., 2012). Furthermore FL-
SMN2 has been shown to increase with SMA type but not to correlate with SMN2
copy number (Crawford et al., 2012; Tiziano et al., 2010).

A future MSc (Med) project (2017) will be focussed on investigating the practical
application and clinical utility of RNA expression studies using gRT-PCR as a
potential second-line diagnostic test (as described in section 2.3.5.3). qRT-PCR may
be able to truly quantitate the expression of full-length SMN transcripts which may be
a more accurate indication of the amount of SMN protein produced in U/UBindividuals
even in the presence of multiple SMN1, exon 7 copies. Figure 4.7 shows a proposed

diagnostic approach going forward.

139



CHAPTER 4 DISCUSSION

Figure 4.7: Proposed diagnostic strategy for future diagnostic testing

for SMA in black patients in the Division
Blue blocks represent DNA-based assays and analysis while yellow blocks represent RNA-
based assays and analysis

4.7 Challenges and limitations of the study

4.7.1 Hypervariable SMN region
The SMN region is extremely complex containing multiple pseudogenes (Selig et al.,
1995) and repetitive sequences (Burglen et al., 1996) within a large inverted
duplication. Due to this complexity, there is limited understanding of the exact order
and location of genes in the SMN region. This is complicated even further since the
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location and order of multiple copies of SMN1, exon 7 in the black SA population is

not understood.

CNV trends observed in the various subject groups tested on MLPA (Groups A-G),
suggest that large rearrangements form part of the general variation within the black
SA population. SMA was suggested to be a heterogeneous disorder as early as 1971
when it was shown that different types of SMA were observed within a single family
(Ghetti et al., 1971). It is possible that the structure of the SMN region could differ
among different population groups, among different patients affected with SMA and
even within the same family, potentially influencing the risk to disease and the

severity of the disease.

It is well established that African populations have a higher level of genetic diversity
than any other population, due to a combination of genetic drift, multiple migration
events, drastic changes in population size and local selection forces (Conrad et al.,
2006; Pickrell et al., 2014; Tishkoff and Kidd, 2004; Tishkoff and Williams, 2002). A
local group of researchers who investigated CNV in SA populations found that
haplotype block lengths are significantly smaller in African populations when
compared to non-African populations. These regions seem to coincide with
recombination hotspots (Chimusa et al., 2015). More frequent recombination events
will lead to a decrease in linkage disequilibrium and consequently smaller haplotype

blocks will form. Recombination hotspots have also been shown to be enriched with

SNPs (Choudhury et al., 2014).

Perhaps the high variability of the SMN region in the black SA population could be
due to frequent recombination events in the SMN region. This hypothesis is supported
by a new mutation rate of 3.3% in this study. Frequent recombination events causing
smaller haplotype blocks could also explain the lack of linkage disequilibrium of the
C.453A>G (centromeric-GTF2H2) and c¢.706C>G (telomeric-GTF2H2) variants in the
black SA population.

The African Human Genome Variation project (AHGVP) has reported that existing
gene arrays and SNP panels will miss common haplotypes within African populations,

due to ascertainment bias (a focus on variations not common in African populations)
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and that we need to take these differences into account when designing future African

projects (Gurdasani et al., 2015).

We need to identify and comprehend natural CNVs in the general SA population in
order to fully understand disease mechanisms overlaying these variations, specifically
in the SMN region. The Southern African Human Genome Project (SAHGP) shows
some promise in creating a better understanding of the baseline CNVs in the general
black SA population (Pepper, 2011) although it is unlikely to provide detailed

information on the architecture of the SMN region.

4.7.2 High SMN sequence homology
The high sequence homology of the SMN1 and SMN2 genes, with only a 5 nucleotide
difference between the two genes and the highly variable CNVs of these genes make
molecular diagnosis extremely challenging. This limitation complicates and restricts
the design of primers and probes in this region and limits the choice of laboratory
techniques. In example, primers and probes have to be designed based on the single
base pair difference at cDNA position 840 in order to distinguish between the SMN1
and SMN2, exon 7. This same challenge applies to other exons and genes in the

SMN region and their pseudogenes.

Furthermore, frequent gene conversion events, multiple copies of SMN1, exon 7 and
potential unidentified CNVs of the SMN region in the black SA population could
interfere with the binding of primers/probes used in quantitative techniques, resulting

in false negative and/or false positive results.

Since the cDNA sequences of SMN1 and SMN2 are almost identical; it will not be
possible to determine whether any mutations identified are based in the SMN1 or the

SMNZ2 gene, using conventional Sanger sequencing in future research projects.

4.7.3 Limitations of the methodology
The P021-A2 MLPA kit was mainly designed to distinguish between exons 7 and 8 of
the SMN1 and SMN2 gene, but cannot distinguish between exons 1, 4, and 6 of the

SMN1 and SMN2 genes. This means that a combined result is observed for these
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probes. This makes it difficult to assign multiple copies of specific exons to either

SMN1 or SMN2. Similarly, the NAIP/NAIPV, exon 13 probe was designed to detect
the combined copy number of the NAIP gene and its centromeric pseudogene,
NAIPV and the GTF2H2, exon 5 was designed to detect the combined copy number
of telomeric-G TF2H2 and centromeric-GTF2H2.

In addition the copy numbers of SMN1/2 exons 1,4, 6 and 8 do not correlate fully with
each other or with the SMN1, exons 7 an 8 copy numbers suggesting that CNVs of
the SMN1 gene do not consist of complete gene copies and that the exons may be
non-contiguous. This is further complicated by gene conversion events between
SMN1 and SMN2. Result interpretation is therefore incredibly difficult and it is not

possible to construct accurate CNV patterns using MLPA.

Any single nucleotide change or rearrangement overlapping with the MLPA or qPCR
probe-binding region could result in a lack of amplification of the specific probe,

distorting the results and appearing as deletions.

The inclusion of MLPA probes specific for the neighbouring genes GTF2H2, SERF1B
and RAD17 could only suggest the extent of CNVs but did not assist with the
determination of novel pathogenic CNVs or the order of genes or multiple copies of
these genes. Similarly, the c.453A>G and c.706C>G variants were not useful in
predicting SMA disease or carrier status in the black or white SA population and the

inclusion of these two probes in the P021-A2 kit needs to be questioned.

MRC Holland is considering the removal of probes for RAD17, SERF1B, GTF2H2 and
NAIP and the inclusion of additional probes for SMN1/2 probes, exons 2a, 2b, 3 and 5
in their development of a new version of the P021-A2 SMA MLPA kit and we were

asked for our recommendations (personal communication with Dr Mirjam Ketema).

On the basis of this study, the researchers recommended that MRC Holland should
include at least one probe specific to the NAIP and GTF2H2 genes in order to provide
information on the extent of large deletions for diagnostic purposes but agreed with
the removal of other genes located in the SMN region. The researchers advised that
analysis of the combined SMN1/2 exons proved to be very difficult and it would be
beneficial if MRC Holland could add guidelines in the SMA product description
document to assist the user to analyse copy numbers of these probes.
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Furthermore, the researchers advised them to include probes specific to the

€.885+83T>G and c¢.885+667delAT variants in SMN1 which have been described to
be associated with silent carrier genotypes in African American and Ashkenazi Jewish
population groups (Luo et al.,, 2014) and shows some promise in the black SA
population. MRC Holland has released the provisional P460 MLPA kit which can
detect these two variants in addition to CNVs of SMN1 and SMN2, exon 7.

The researchers will recommend that MRC Holland should add a cautionary
statement to the product sheets for these MLPA kits when determining carrier status
in individuals of African ancestry. Furthermore, a cautionary statement should be
included on the complex architecture of the SMN region and that the exact orientation

of genes and multiple copies observed in individuals are not known.

4.7.4 Lack of clinical information
The majority of referrals to the Division for diagnostic SMA testing lack proper clinical
information on the request forms and consequently no clinical subtypes could be
assigned accurately. The majority of international studies performed to correlate
disease severity with the copy number of the SMN2, NAIP, GTF2H2 and SERF1A,

rely on the clinical subtype of the patients.

It is also possible that some of the patients referred for SMA testing, do not in fact
present with  SMA but with similar neurological diseases, although this is unlikely
since U/UBindividuals were all identified in collaboration with a paediatric neurologist

centre who has a special interest in SMA.
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5 CONCLUSION

5.1 Conclusions from MLPA analysis

This is the first report summarising CNV patterns of the SMN region in African
individuals with known homozygous SMN1 and SMNZ2, exon 7 deletions (Mi/MiB,
M2M2b) and patients who are clinically suggestive of SMA (U/UB). This is also the first
report of CNVs patterns of the SMN region in the general black SA population.

5.1.1 N/NBindividuals
A very high variability of the SMN region was observed in the black SA population
when compared to the white SA population. More specifically, multiple copies of
SMN1, exon 7 were observed in 50.8% of N/NB individuals and could complicate
analysis by masking silent carriers and obstructing haplotype construction. No
common non-pathogenic haplotypes were identified in the black SA population. N/NB
individuals have a significantly higher frequency of multiple copies of NAIP, exon 5
when compared to U/UB individuals suggesting a potential protective effect. NAIP
could have a complex disease modifying effect but the role of NAIP in the SMA

disease mechanism is poorly understood and needs further investigation.

5.1.2 Mi/MiBindividuals
Homozygous deletions of SMN1, exon 7 seem to more often form part of large
deletions including the rest of the SMN1 gene and neighbouring genes in Mi/M”
individuals, whereas homozygous deletions of SMN1, exon 7 seem to be caused
more often by gene conversion from SMN1, exon 7 to SMN2, exon 7 in Mi/MiW
individuals. A different genetic profile in Mi/MiB and U/UB individuals have been
established by this study and could support previous reports of black SA patients with
SMA having a different clinical phenotype from worldwide reports (Moosa and
Dawood, 1990). No common pathogenic haplotypes were identified in the black SA

population.
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5.1.3 M2MBindividuals
Homozygous SMN2, exon 7 deletions were present at a high frequency in the black

SA population, suggesting that this CNV forms part of the general variation.

5.1.4 U/UBindividuals
MLPA identified heterozygous deletions of SMN1, exon 7 in 8.3% of U/UBindividuals,
which contrasts previous SA reports of 69.5%. The previous rate may have been
overestimated due to inaccuracies of the previously used dosage assay. MLPA

analysis did not identify additional pathogenic rearrangements in U/UBindividuals.

Multiple copies of SMN1, exon 7 were observed in 38.9% of U/UB individuals and
could complicate analysis by masking the true rate of heterozygous SMN1, exon 7
deletions and possibly the presence of other pathogenic CNVs in U/UB individuals. It
is hypothesised that multiple SMN1, exon 7 copies may consist of partial, non-
contiguous gene copies. The exact location, order and functionality of these multiple
gene copies are not known and therefore do not provide information on their role in
the SMA disease mechanism. Expression studies, using qRT-PCR, could potentially

provide information about the functional effect of these multiple gene copies.

It has been previously hypothesised that complex population-specific rearrangements
of the SMN region could account for the remaining 49% of U/UB individuals who test
negative for the homozygous deletion of SMN1, exon 7 (Labrum et al., 2007). This
hypothesis is supported by this study, even though the underlying disease

mechanism could not be determined.

5.2 Conclusions from RNA extraction and qPCR

The Tempus Blood RNA tubes and extraction kit was successfully validated for future
RNA-based studies. The SMN1, exon 7 gPCR assay holds promise as an alternative

cost-effective and less laborious quantitative technique to MLPA.

5.3 The clinical significance of this study
The P021-A2 MLPA kit did not provide any further clues on the location, order,

completeness and functionality of genes in the SMN region. The high cost and

146



CHAPTER 5 CONCLUSION

complexity of MLPA does not make it a viable alternative to the current diagnostic
assay. Due to the low frequency of heterozygous SMN1, exon 7 deletions, and the
fact that no additional pathogenic CNVs were identified in U/UB individuals, MLPA is

also not an appropriate second-line diagnostic test for SMA.

The hypervariabilty of the SMN region need to be taken into account when
counselling black families with SMA. Even in families where the common mutation is
identified, multiple gene copies and novel deletion/duplication/conversion events
could still complicate carrier testing for the potential partners and prenatal testing.
Carrier and prenatal testing can be offered to families who have an immediate family
member who is affected with SMA and if sufficient family data is available to interpret
the phase of the potential multiple copies of the SMNL1 region.

5.4 The hypervariable SMN region
There is a limited understanding of the genomic architecture of the SMN region due to
the high complexity and homology of the region. Perhaps it is time to return to basics
and reinvestigate the structure of the SMN region before investigating the disease

mechanism.

5.5 Future research

551 RNA expression
A future MSc (Med) project (2017), to be supervised by the researcher, will be
focussed on RNA expression studies to test for the presence and dosage of FL-SMN
transcripts in U/UBindividuals. The genomic MLPA results of affected individuals with
little or no expression of FL-SMN transcripts identified by gqRT-PCR can be
investigated to try and identify corresponding genomic pathogenic CNV patterns. If
multiple copies of the SMN1 gene are present on MLPA but there is no corresponding

FL-SMN transcript, it could be indicative of partial non-functional SMN1 copies.

Once optimised, the gRT-PCR assay could be offered as a second-line test to
patients who test negative on the homozygous deletion of SMN1, exon 7 assay.
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5.5.2 Transcriptome analysis
Seguencing analysis of the cDNA of U/UB individuals found to have heterozygous
SMN1, exon 7 deletions, could be performed to potentially identify the second
pathogenic mutation in these patients, although there is little supporting evidence for
the presence of additional common pathogenic mutations since no clear haplotype

could be identified in U/UBindividuals with heterozygous deletions of SMN1, exon 7.

Furthermore, sequencing of the SMN1 gene was previously performed on random
unrelated black individuals in the Division, in order to look for additional pathogenic
mutations in the black SA population. Only 38.5% (5/13) of individuals could be fully
sequenced, most probably due to the interference of large CNVs of the SMN region
and no clear additional pathogenic mutations were identified (Labrum et al., 2007).

Mutations affecting mRNA splicing has been estimated to be the causastive factor of
15-60% of genetic diseases. Next-generation sequencing of the full transcriptome has
been shown to detect mutations causative of SMA phenocopies, previously missed by
other NGS sequencing strategies. This could be a possible avenue for future research

(Kernohan et al., 2017).

5.5.3 Next generation and third generation sequencing
A custom Next-generation sequencing panel could be designed to investigate SMA
phenocopies and other neuromuscular disorders with overlapping clinical symptoms
in U/UB individuals, although this might be challenging due to the complex nature of
the SMN region (lllumina, 2016). Patients, in whom diagnoses of an alternative
neuromuscular disease have been excluded (by including on an NGS neuromuscular
panel as discussed in section 4.1.1), can then be further investigated for SMA. It is
possible that the CNV profiles of U/UBindividuals who do not in fact have SMA could

mask pathogenic CNV profiles of patients who are affected with SMA.

CNV testing using NGS sequencing is becoming increasingly popular but analysis
has proven difficult in regions of high homology such as the SMN region. Feng et al.
(2017) developed a method called paralogous gene copy number analysis by ratio
and sum which is reported to accurately distinguish between one, two and three or
more SMN1 copies (Feng et al., 2017).
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Third generation nanopore sequencing technology (Kasianowicz et al., 1996) could
be investigated to try and further define the structure of the SMN region. This
technology is currently limited to 20 kb reads, which may still be too small to detect

the full 500 kb sequence of the SMN region.

Expanded short tandem repeats of up to 3kb have been successfully sequenced in
diseases such as spinocerebellar ataxia (Doi et al., 2014). This technology could
show some promise for determining the architecture of the SMN region using longer

sequencing reads.

5.6 Concluding statements
Multiple copies of SMN1, exon 7 were observed as evidence of the incredible
hypervariability of the SMN region in the black SA population. These multiple copies
confound diagnostic and carrier testing and could potentially consist of partial, non-
contiguous copies. Future studies investigating the expression of these multiple gene
copies may provide information on their functional effect. No additional pathogenic
CNV patterns were identified in U/UB individuals. This study emphasises the lack of
understanding of the architecture of the SMN region and the composition of CNVs in
the black SA population and needs to be taken into account when counselling and

performing diagnostic, carrier and prenatal testing in the black SA population.

Further, new therapies aimed at increasing SMN2 expression may be problematic in
view of the complex architecture of the SMN region and the high number of apparent

SMN2 deletions in the black SA population.
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Appendix A: Summary of probes in P021-A2 MLPA kit

Length
<nt)

SALSA MLPA probe

Reference

Chromosomal position
Target

64-70-76-82 Q-fragments: DNA quantity; only visible with less than 100 ng sample DNA
D-fragments: Low signal of 88 or 96 nt fragment indicates incomplete denaturation

88-92-96
100
105
140
148

193
202 -,
210
218 >

382
391
400
409
419
427
433
445
454 -,
463

X-fragment: Specific for the X chromosome
Y-fragment: Specific for the Y chromosome

Reference probe 01061-0L0727
Reference probe 01254-L00815
Reference probe Q1112-L00549
Reference probe 01448-L00932
Reference probe 00808-L00638
GTF2H2 probe 01256-L00972
Reference probe 01115-L00005
RAD17 probe 01257-L001S4
Reference probe 01220-L00689
GTF2H2 probe 01813-L00818
Reference probe 01120-L00060
NAIP probe 01259-L00811
Reference probe 00816-L00334
Reference probe 00807-L00325
SMN1 probe 01260-L00966
SMN2 probe 01260-L00967
Reference probe 00824-L00970
SMN1 probe 01812-L01373
SMN2 probe 01812-L01372
Reference probe 00871-L00461
Reference probe 01042-L00791
GTF2H2 probe 01262-L00971
Reference probe 00812-L00330
NAIP probe 01263-L00812
Reference probe 00965-L00552
SMN1/2 probe 01814-L00807
Reference probe 01046-LQ0624
SMN1/2 probe 01265-L00808
Reference probe 01160-L00716
SMN1/2 probe 01816-L00809
Reference probe 00963-L09340
SMN1/2 probe 01815-L00810
Reference probe 01108-L00679
Reference probe 01057-L00630
Reference probe 00802-L00320
SERF1B probe 01269-L00813
1Reference probe 00846-LO0377

12ql5
5pl3
3ql2
17pll
18921
7921
10pl5
g 13
21qll
1823
3025
13934
8q24
21qg21
2pl3
8pl

3p25
2plé
8023
17ql2

1334

12q24

Exon 11 in NM 001515.3 Detects C>G transition

Exon 14 in NM 002873.1

Exon 8 in NM 001515.3 Detects G>A transition

Exon 5in NM 004536.2

Exon 7 probe - indicates * of SMN1 copies

Exon 7 probe - indicates * of SMN2 copies

Exon 8 - usually indicates * of 5SMN1 copies

Exon 3 - usually indicates * of SMN2 copies

Exon 5in NM_001515.3 Detects both GTF2H2 valiants

Exon 13 in NM 004536.2

Exon 8 Detects £ of 5MN1 + SMN2 copies

Exon 1 Detects # of SMN1 + SMN2 copies

Exon 4 Detects * of 5SMN1 + SMN2 copies

Exon 6 Detects » of SMN1 + SMN2 copies

Exon [/Upstream in NM_022978.2

From P021-A2 SMA product description (description version 31; 13-07-2013)
(http://www.mlpa.com/WebForms/WebFormProductDetails.aspx?).
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Appendix B: MLPA worksheet and step-by-step procedure

MLPA worksheet - one tube procedure
Adapted from MLPA Protocol One-tube MDP-v005 (MRC Holland, 2016)
PROBE KIT:
DATE: [] Bench decontaminated PERFORMED BY:

DAY 1.

1.) Hybridisation protocol

Dilute DNA in TE Buffer (40ng, but can use 20-250ng)

Allow DNA to resuspend for 45 min

Add 54 diluted DNA to 0.5ml PCR tube.

Denature DNA. Denaturation protocol: 98°C - 5 minutes, 25°C - hold
Prepare Hybe mix as explained below. Vortex reagents briefly before use.

Hybe Master Mix

Reagent Batch number 1x volume X mix
SALSA probe mix (black cap) 1.5pl
MLPA buffer (yellow cap) 1,5pl
TOTAL : 3pi 3pl/reaction

Mix thoroughly and centrifuge. Extra hybe mix can be frozen and reused.

Remove tubes from PCR machine & add 3pl Hybe mix to each tube containing
denatured DNA

Mix by pipetting

Start Hybridisation protocol:

95°C - 1minute; 60°C - 18 hours (12-26 hours); 54°C - hold

DAY 2:

2.) Ligation protocol

Prepare a Ligase-65 mastermix
Vortex Buffer A and B (MRC Holland) before use
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Ligase-65 Master Mix

Reagent Batch number 1x volume X mix
Ligase-65 buffer A (transparent cap) 3pl
Ligase-65 buffer B (white cap) 3pl
ddHD : 25pl

Mix thoroughly and centrifuge.
Ligase-65 (green cap) 1pl pl
TOTAL “ - 32pl/reaction

Mix bv pipetting and centrifuge. Extra Ligase-65 mix can be frozen and reused.

While the hybridised samples are at 54°C, add 32l of the Ligase-65 master mix (as
described above) to each reaction, mixing by pipetting up and down. Each reaction will
consist of total volume of 40]ul.

Start Ligation protocol at 54°C - 15 minutes; 98°C - 5 minutes; 20°C - hold
Remove tubes from PCR machine

Can store ligated products at 4°C

3.) PCR protocol
Vortex & centrifuge the SALSA PCR primer mix before use

Warm the polymerase for 10s in your hand to reduce viscosity
Prepare the polymerase mix as explained below and store on ice until use

Polymerase Mix:

Reagent Batch number 1x volume X mix
SALSA PCR primer mix(brown tube)* 2pl p
ddH2 ‘ 7.5pl o
SALSA polymerase (orange cap) 0.5pl pl
TOTAL ‘ ! 10pl/reaction

Mix bv pipetting and centrifuge. Extra Polymerase mix can be frozen and reused.

* = FAM labeled primers, One tube PCR primer mix has the MRC Holland logo on the label

At room temperature add 10pl of Polymerase mix to each tube of ligated product to
make up a final volume of 50pl per reaction

Mix by pipetting & centrifuge

Start PCR protocol:
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95°C - 30 seconds; 60°C - 30 seconds; 72°C - 1 minute x35 cycles

72°C - 20 minutes, 4°C - hold

PCR products can be stored for one week at 4°C. For longer periods, storage between
25°C and -15°C is recommended. As the the fluorescent dyes used are light sensitive,
the PCR products should be stored in a black bag or aluminium foil.

Load 1pl of the PCR product with 0.5pl Liz-500 marker and 8.5pl Hi-Di Formamide
(Applied Biosystems, Foster City, CA, USA) into a 96-well plate

Perform fragment analysis on ABI 3130x1 genetic analyzer
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Appendix C: SMA gPCR worksheet: relative quantification of SMN1 and SMN2, exon 7 genomic copy number

gPCR SMN1, SMN2, CFTR PCR
worksheet

gPCR Universal PCR Master Mix

TagMan Universal MM
Forward Primer: SMN-ex7-F /| CFTR-F
Reverse Primer: SMN-ex7-R/ CFTR-R

TagMan Probe: SMN1-Ex7 / SMN2-Ex7 / CFTR
DNA
H20

TOTAL

How to dilute 100 pmole/pl primer to 900 nM:
Make 1/10 dil of 100 pmole/pl primer stock

900 nM =900 000 pmole/1 000 000 pi
900 nM =0.9 pmole/pl

To add V2 value of primer into this amount of ddH20:

How to prepare a dilution of 10 uM for each of the SMN1,

Run name:
Input values
[Stock] (M)
2X
100
pmole/pl 100 pM
100
pmole/pl 100 pM
10
pmole/pl 10 pm
Xng/pl
10 Cl
0.9 2
VI to
9 calculate
100 V2
91 H20

10000 Cl

Output
values

[Final]
IX

0.9 pmole/pl

0.9 pmole/pl
0.25
pmole/pl
25-100 ng/pl

Bench decontaminated? Yes/No Date:

Ix Volume Mastermix
[Final] (M) (HD HD
5 105
900 nM (0.9
pM) 1 21
900 nM (0.9
pM) 1 21
250 nM
(0.25pM) 1 21
n/a
21
10 189
9

pi per reaction

Add 1 pi
DNA/reaction



SMN2 and CFTR probes to 250 nM, separately:

10 pM =10 000 nM

To add V2 value of probe into this amount of ddH20:

250

25
100

97.5
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Appendix D: Reverse Transcription of RNA worksheet

Reverse Transcription of RNA using Promega ImProm-Il system

- Extract RNA using the Tempus RNA tubes and Tempus spin RNA isolation kit (see
https://mww.thermofisher.com/order/catalog/product/4380204 for the manual)

Table 1 RNA Extraction using Tempus Spin RNA Isolation kit

Name Code [RNA] 260/280 260/230 Conditions/ comment
(ng/fil) (>2.1) (-2)

Check RNA on 0.8 % gel (1pl)

Not necessary to thaw reagents on ice
- Thaw RNA and enzymes on ice

Table 2: RNA dilution for reverse transcription

Reagent Lot# Volume / rxn (pl)
Primer (Oligo(dT)1H 1
RNA (-430 ng) 4
TOTAL “ 5pl

RNA volume will vary depending on [RNA], Add 2X for +ve Cil.

- Set up positive Qrl (supplied) & blank (ho RNA added) with every reaction

- 70 °C heating block for 5 min (double stranded RNA becomes single stranded)
- Place on ice for at least 5 min

- Spin and keep on ice until transcription mix is added

157


https://www.thermofisher.com/order/cataloq/product/4380204

APPENDIX D

Table 3: Reverse transcription reaction

Reagent Lot# Volume (pi) Master mix X___ (pi)

Nuclease-free water 3.7

ImProm-ll 5x reaction buffer 4

MgCl2 48

dNTP mix 1

Recombinant RNasin Ribonuclease Inhibitor 05

ImProm-Il Reverse Transcriptase 1

RNA dilution mix ‘ 5

TOTAL “ 20 pi 15 pi / m<n

Set up a blank (no reverse transcriptase) separately for each reaction

Perform reverse transcription reaction in PCR machine:

25°C - 5min, 42°C - 60 min, 70°C - 15 min, 4°C - Hold (Store in fridge)

Table 4: Reverse Transcription Reaction:

Sample Name Code Comments
1 Positive Qi
2 Blank (no RNA)
3 Blank (no reverse transcriptase)
4
5
6
7
8
9

10

Check on 0.8% agarose gel. Adjust number of rows as necessary.
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Appendix E: Ethics clearance certificate
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Appendix F. Statistical test output

1) Section 3.1.2: Testing for significance in results generated from the SMA audit

using the Chi-Square test of Independence: SMN1

Chi-Square test result - different genders

Expected Values Chi-Square Test
Gender P N Total SUMMARY Alpha 0.05
F 169.785 369.215 539 Count Rows Cols df
M 208.215 452.785 661 1200 2r 2 1
Total 378 822 1200
CHI-SQUARE
chi-sq p-value X-crit sig Cramer V Odds Ratio

Pearson's 0.602937 0.43746 3.841459 no 0.022415 110171
Max likeli 0.602289 0.437706 3.841459 no 0.022403 1.10171

Chi-Square test result different ethnic groups -SMN1 deletions

Expected Values Chi-Square Test

Ethnicity P N ;I'otal SUMMARY Alpha 0.05

B 314.9936 676.0064 991 Count Rows Cols df

C 5.085669 10.91433 16 1249 4 2 3

1 15.89271 34.10729 50

w 61.02802 130.972 192 CHI-SQUARE

Total 397 852 1249 chi-sq  p-value x-crit sig CramerV

Pearson's 0.283233 0.96315 7.814728 no 0.015059
Max likeli 0.276371 0.964409 7.814728 no 0.014875
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2.) Section 3.1.3: Testing for significance in results generated from the SMA audit
using the Chi-Square test of Independence: SMN2

Chi-Square test result - SMN2 deletions among different poulation groups

Expected Values Chi-Square Test

Ethnicity P N Total SUMMARY Alpha 0.05

B 108.7006 882.2994 991 Count Rows Cols df

MA 1.755004 14.245 16 1249 4 2 3

1 5.484388 44.51561 50

w 21.06005 170.94 192 CHI-SQUARE

Total 137 1112 1249 chi-sq p-value x-crit s? CramerV

Pearson's 13.34835 0.003941 7.814728  yes 0.103379
Max likeli 157241 0.001292 7.814728  yes 0.112202

Chi-sauare test result- "MN? deletions between black (B) and white (\N) oatients

Ethnicity P N Expected Values Chi-Square Test
B 13 868
w 9 183 Ethnicity P N Total SUMMARY Alpha 0.05
B 1105765 880.4235 991 Count Rows Cols df
w 21.4235 170.5765 192 1183 2 2 1
Total 132 1051 1183
CHI-SQUARE sig Cramer V Odds Ratio
chi-sq  p-value X-crit yes 0.090459 2.881336

Pearson's  9.68034 0.001863 3.841459  yes 0.099204 2.881336
Max likeli  11.6423 0.000645 3.841459

Chi-sauare test result - SMN2 deletions between black and mixed ancestrv (MA" oatients

Ethnicity P N Expected Values Chi-Square Test
B 123 868
MA 3 13 Ethnicity P SUMMARY Alpha
123.998 867.002 991 Count Rows
MA 2.001986 13.99801 16
Total 1007
Cramer V Odds Ratio
chi-sq  p-value x-crit 1 0.023955 0.614055
Pearson's 0.577858 0.447153 3.841459] 0.022569 0.614055

Max likeli 0.512919 0.473878 3.841459
Chi-Square test result - SMN2 deletions between black (B) & Indian (1) patients

Ethnicity P N Expected Values Chi-Square Test
B 123 868
1 2 48 Ethnicity P Alpha
118.9962 872.0038
I 6.003842 43.99616
Total

Cramer V Odds Ratio
chi-sq  p-value 0.055335 3.400922
Pearson's  3.18755 0.074201 3.841459] jres_  0.062881 3.400922

vlikali A lIAIftQ nMMTT 9 MIXSO
Chi-Square test result - SMN2 deletions between white (W) & mixed ancestry (MA) patients

Ethnicity P N Expected Values Chi-Square Test

MA 3 13

w 9 183 Ethnicity j>_ Alpha
MA 0.923077 15.07692
W 11.07692 180.9231 192
Total 208

Cramer V Odds Ratio
chi-sq  p-value x-crit _JEs_  0.160714 4.692308
Pearson's 5.372449 0.020457 3.841459] 0.132622 4.692308
Max likeli 3.658405 0.055787 3.841459
Chi-Square test result - SMN2 deletions between white (W) & Indian (I) patients

Ethnicity P N Expected Values Chi-Square Test
1 2 48
w 9 183 Ethnicity P SUMMARY Alpha
2.272727 47.72727 Count Rows Cols
w 8.727273 183.2727 192 242
Total 242
Cramer V Odds Ratio
chi-sq  p-value 0.013363 0.847222
Pearson's 0.043214 0.835322 3.841459] 0.013563 0.847222

Max likeli 0.044518 0.832893 3.841459

Ethnicity P N Expected Values Chi-Square Test
MA 3 13
1 2 48 Ethnicity P Alpha
MA 1212121 14.78788 16
3.787879 46.21212 50
sig Cramer V Odds Ratio
chi-sq  p-value  x-crit 1 0.238884 5.538462
Pearson's 3.766328 0.052294 3.841459]| 0.219384 5.538462

Max likeli 3.176539 0.074703 3.841459
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3.) Section 3.2.1.1: Testing for significance in results between SMN1, exon 7 copy

number among various African populations using the Chi-Square test of

Independence

Testing for difference between African American & Sub-Saharan populations

Expected Values Chi-Square Test
Mali Nigeria ~ Kenya African-AiTota SUMMARY Alpha 0.05
3 1.338645 1.338645 11.32271 14 Count Rows Cols of
295 64.44622 64.44622 545.1076 674 1255 3r 3 4
330 54.21514 54.21514 458.5697 567
Total 120 120 1015 1255 CHI-SQUARE
chi-sq p-value X-crit

Pearson's 5.99662504 0.1994 9.487729
Max likeliho 6.015782 0.197973 9.487729

Comparisons of SM N1, exon 7 copy number across different African populations

Comparison: Black SA & Mali

Expected Values Chi-Square Test
SMNL1 cop Black SA  Mali Total SUMMARY Alpha 0.05
1 0.488 2.512 3 Count Rows Cols of
2 57.74667 297.2533 355 750 3" 2 2
>2 (3-5) 63.76533 328.2347 392
Total 122 628 750 CHI-SQUARE
chi-sq  p-value x-crit sig

Pearson's 0.746179 0.688604 5.991465 no

Comparison: Black SA & Nigeria
Chi-Square Test

Expected Values

SUMMARY Alpha 0.05
SMN1 cop Black SA Nigeria  Total Count Rows Cols of
1 1.008264 0.991736 2 242 3r 2 2
2 66.54545 65.45455 132
>2(3-5) 54.44628 53.55372 108 CHI-SQUARE
Total 122 120 242 chi-sq p-value x-crit sig

Pearson's 5.445122 0.065706 5.991465 no

Comparison: Black SA& Kenya

>2 (3-5) 62 46 Chi-Square Test
Expected Values SUMMARY Alpha 0.05
Count Rows Cols df
SMN1 cop Black SA Kenya Total 242 3r 2 2
1 0.504132 0.495868 1
2 67.04959 65.95041 133 CHI-SQUARE
>2(3-5) 54.44628 53.55372 108 chi-sq p-value x-crit sig
Total 122 120 242 Pearson's 4.624834 0.099022 5.991465 no

Comparison: Black SA & African American

1 0 11
2 60 529 Chi-Square Test
>2(3-5) 62 475
SUMMARY Alpha 0.05
Expected Values Count Rows Cols df
1137 3r 2 2
SMN1 cop Black SA African-AiTotal
1 1.180299 9.819701 11 CHI-SQUARE
2 63.19965 525.8004 589 chi-sq  p-value X-crit sig
>2(3-5)  57.62005 479.3799 537 Pearson's 1.876586 0.391295 5.991465 no

Total 122 1015 1137
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4.) Section 3.2.1.1: Testing for significance in results between SMN1, exon 7 copy

number among various Caucasian populations using the Chi-Square test of

Independence
Testing for difference between white American & European populations
Expected Values Chi-Square Test
American Germany France  Sweden Total SUMMARY Alpha 0.05
28 2.882027 12.78385 10.33413 26 Count Rows Cols df
935 133.46 591.9905 478.5495 1204 1263 3" 3 4
65 3.657957 16.22565 13.11639 33
Total 140 621 502 1263 CHI-SQUARE
chi-sq p-value X-crit slg Cramer V
Pearson's 0.811775 0.936863 9.487729 no 0.017927
Max likeli 0.772702 0.94207 9.487729 no 0.01749

Comparisons of SM N1, exon 7 copy number across different Caucasian populations

Comparison: White SA & American

Expected Values Chi-Square Test
White SA American Total SUMMARY Alpha 0.05
1 0.793951 27.20605 ' 28 Count Rows Cols df
2 27.33459 936.6654 ' 964 1058 3r 2 2
>2 (3-5) 1.871456 64.12854 66
Total 30 1028 1058 CHI-SQUARE
chi-sq p-value Xx-crit sig Cramer V

Pearson's 1.339191 0.511916 5.991465 no 0.035578

Comparison: White SA & Germany
Chl-SquareTest

Expected Values

SUMMARY Alpha 0.05
White SA Germany Total Count Rows Cols df
1 0.705882 3.294118 ' 4 170 3r 2 2
2 28.41176 132.5882 161
>2 (3-5) 0.882353 4.117647 5 CHI-SQUARE
Total 30 140 170 chi-sq p-value X-crit sig Cramer V
Pearson's 0.890979 0.640511 5.991465 no | 0.072395
Comparison: White SA & France
1 0 13
2 29 593
>2(3-5) 1 15 Chi-Square Test
Expected Values SUMMARY Alpha 0.05
Count Rows Cols df
White SA France Total 651 3" 2 2
1 0.599078 12.40092 13
2 28.66359 593.3364 622 CHI-SQUARE
>2 (3-5) 0.737327 15.26267 16 chi-sq p-value x-crit sig Cramer V
Total 30 621 651 Pearson's 0.730256 0.694108 5.991465 no 0.033492
Comparison: White SA & Sweden
2 29 479 Chi-Square Test
>2(3-5) 1 14
SUMMARY Alpha 0.05
Expected Values Count Rows Cols df
532 3F 2 2
White SA Sweden Total
1 0.507519 8.492481 ' 9 CHI-SQUARE
2 28.64662 479.3534 508 chi-sq p-value X-crit sig Cramer V
>2 (3-5) 0.845865 14.15414 15 Pearson's 0.572234 0.751175 5.991465 no 0.032797

Total 30 502 532



APPENDIX F
5.) Sections 3.2.1.3 & 3.2.4.3: Comparison of homozygous SMN2, exon 7 deletion rates between the audit & this study

Comparison of black homozygous SMN2, exon 7 deletions between audit and this study Chi-Square Test

Audit: Study:
SMN1 co] Black SA Black SA SMN1 cop Audit: Bla Study: Bla Total SUMMARY Alpha 0.05
p 123 33 P 138.9003 17.09973 156 Count Rows Cols df
N 868 89 N 852.0997 104.9003 957 1113 2 2 1
Total 991 122 Total 991 122 1113
CHI-SQUARE
chi-sq p-value X-crit sig Cramer V Odds Ratio
Pearson's 19.31188 1.11E-05 3.841459 yes 0.131724 0.382174

Max likelihood 16.32158 5.35E-05 3.841459 yes 0.121097 0.382174

Comparison of white homozygous SMN2, exon 7 deletions between audit and this study Chi-Square Test

Audit: Study:
SMN1 co] White SA White SA
P 9 2 Expected Values SUMMARY Alpha 0.05
N 183 28 Count Rows Cols df
Total 192 30 SMN1 cop Audit: Wh Study: Wh Total 222r 2 2 1
P 9.513514 1.486486 11
N 182.4865 28.51351 211 CHI-SQUARE
Total 192 30 222 chi-sq p-value X-crit sig Cramer V Odds Ratio
Pearson's 0.215807 0.642254 3.841459 no 0.031179 0.688525
Max likelihood 0.198879 0.655627 3.841459 no 0.029931 0.688525

Comparison of black homozygous SM N2, exon 7deletion between audit and patients clinically suggestive of SMA

Audit:
SMN1 copy number Black SA Suggestive Expected Values Chi-Square Test
P 123 10
N 868 62 SMN1 cop Audit: Bla Suggestivi Total SUMMARY Alpha 0.05
Total 991 72 P 123.9915 9.008467 133 Count Rows Cols df
N 867.0085 62.99153 930 1063 2 2 1
Total 991" 72 1063
CHI-SQUARE
chi-sq p-value x-crit sig Cramer V Odds Ratio
Pearson's 0.133805 0.714519 3.841459 no 0.011219 0.878571
Max likeli 0.130112 0.718316 3.841459 no 0.011063 0.878571



SMN2, exon 8

Kruskall-Wallis: significant
H=10.3; p= 0.001241

SMN1/2, exon 4

Kruskall-Wallis: significant
H=4.3; p= 0.037492
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GTF2H2, exon 11

Kruskall-Wallis: significant
H=7.3; p= 0.006835
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NAIP1/2, exon 13

Kruskall-Wallis: significant
H=10.4; p= 0.001255
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GTF2H2, exon 5

«4MVN

Kruskall-Wallis: significant
H=12.3; p= 0.000456
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Kruskall-Wallis: Not significant
H=0.06; p= 0.81
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SMN1/2, exon 1
¢ mmt e ¢

Kruskall-Wallis: significant
H=5.6; p= 0.017597

0 0.2 0.4 0.6 0.8 1 1.2 1.4

GTF2H2, exon 8

Kruskall-Wallis: significant
1-1=10.7;, p= 0.001051
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APPENDIX F

2.5

6.) Section 3.2.1.6: Significant differences in variance between N/NBand N/Nw individuals across various MLPA

probes



APPENDIX F

7.) Section 3.2.4.4: Chi-squared and Hardy-Weinberg tests to determine significant differences of the rs200357275 &
rs201102513 variants

rs201102513
Patientgr G A Total
BT 148.8372 1.162791 150
WT 59.53488 0.465116 60
BC 99.22481 0.775194 100
wcC 15.87597 0.124031 16
BN 242.1085 1.891473 244
WN 59.53488 0.465116 60
BS 142.8837 1.116279 144
774
rs2000357275
rs200357275 Expected Values
(GTF2H2-11)
G C
BT 120 30 BT
WT 42 18 WT
BC 19 8l BC
WC 5 u WC
BN 59 185 BN
WN 55 5 WN
BS 24 120 BS
Total
Hardy Weinberg equilibrium
BSgroup GG GC cC Total
observed 5 14 53 72
expected 20 20 42
(0-E)A2/E 45 1.8 54.45 60.75
P 0.166667 Alpha 0.05
q 0.833333 df 1
P2 0.027778 x-crit 3.84
q2 0.694444 Test value 60.75
2pq 0.277778

Chi-Square Test

SUMMARY Alpha 0.05
Count Rows Cols df
774 7 2 6
CHI-SQUARE
chi-sq p-value X-crit sig | Cramer V
Pearson's 25.155 0.00032 12.59159 yes | 0.180278
Chi-Square Test
G C Total SUMMARY Alpha 0.05
62.7907 87.2093 150 Count Rows Cols df
25.11628 34.88372 60 774 7 2 6
41.86047 58.13953 100
6.697674 9.302326 16 CHI-SQUARE
102.1395 141.8605 244 chi-sq p-value x-crit
25.11628 34.88372 60 Pearson's 261.439 1.47E-53 12.59159
60.27907 83.72093 144 Max likeli 277.7259 4.82E-57 12.59159
324 450 774

Since 60.75 >3.84, we reject the null hypothesis. The sample is not in HW equilibrium

166

Patientgr
BT

WT

BC

wcC

BN

WN

BS

sig CramerV
0.581185
0.599015

yes
yes

144
60
100
16

244
60

144
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APPENDIX F
8.) Section 3.4.2.2: MANOVA test to compare non-deletion negative chromosomal CNV patterns of parents of positive SMA

families and negative chromosomal CNV patterns of negative controls

Multiple ANOVA

ANOVA: Single Factor [SMN1-4"

: Sources SS df MS F Rvalue Ferit RMSSE OmegaSq
ANOVA:Single Factor [SMN1-7] Between 0.01096 1 0.01096 0.2611110.6105] 9.07273 0.09081 -0.0078
Sources SS dr MS F Rvalue Ferit RMSSE OmegaSq Within Gr 3.94737 94 0.04199
Be_tW_een 0.02467 1 002467 0.126161> 72324 9.07273 0.06312 -0.0092 Total 3.95833 95 0.04167
Within Gr 18.3816 94 0.19555
Total 18.4063 95 019875 ANOVA: Single Factor [SMNI-6]

ANOVA: Single Factor [SMN1-8] Sources SS df MS F Rvalue Ferit RMSSE Omega Sq
Sources SS df MS E Rvalue Ferit RMSSE  OmegaSq Between 0.01096 1 0.01096 0.52928] 0.46s7] 9.07273 0.12928 -0.0049
Between 0.21228 1 0.21228 0.844771).360~ 9.07273 0.16333 0.0016 Within Gr 1.94737 94 0.02072
Within Gr 23.6211 94 0.25129 Total 1.95833 95 0.02061
Total 23.8333 95 0.25088

ANOVA: Single Factor [SMNI-8]
ANOVA: Single Factor [SMN2-71 Sources SS df MS F Rvalue Ferit RMSSE OmegaSq
Sources SS df MS F Pvalue Ferit RMSSE Omega Sq Between 0.01096 1 0.01096 0.2611110.6105] 9.07273 0.09081 -0.0078
Between 0.02149 1 0.02149 0.0693 E0 798S7 9.07273 0.04541 0.0093 Within Gr 3.94737 94 0.04199
Within Gr 30.9368 94 0.32912 Total 3.95833 95 0.04167
Total 30.9583 95 0.32588

ANOVA: Single Factor [NAIP-13]
ANOVA: Single Factor [SMN2-8] Sources SS df MS F Rvalue  Fcrit RMSSE  Omega Sq
Sources SS o Ms F Pvalue Ferit RMSSE Omega Sq Between 0.03958 1 0.03958 1.2613 0.26427 9.07273 0.19958 0.00271
Between 0.46327 1 0.46327 1.462487)2 2~ 9.07273 0.2149 0.00479 Within Gr 2.95 94 0.03138
Within Gr 29.7763 94 0.31677 Total 2.98958 95 0.03147
Total 30.2396 95 0.31831

. ANOVA: Single Factor [NAIP-5]

ANOVA: Single Factor [RAD17-17] Sources SS df Ms F Pvaiue Ferit RMSSE OmegaSq
Sources S5 df MS F Rvalue Ferit  RMSSE OmegaSq Between 1.91053 1 1.91053 6.75416 0.01086 9.07273 0.46183 0.05655
Bgtwgen 1 0'dDIV/O". 9.07273 r #DIV/0! r#0OIV/0! Within Gr 26.5895 94 0.28287

Within Gr 0 94 0 No difffl[ilnce in copy number at all Total 285 95 03

Total 0 95 0

ANOVA: Single Factor [SERFIB-up] ANOVA: Single Factor [GTF2H2-5]

Sources SS of MS F P value Ferit RMSSE  Omega Sq Sources S df MS F Rvalue Ferit RMSSE Omega Sq
Between 0 1 0 . Il 9.07273 0 0.0105 Between 0.01853 1 0.01853 0.26918 0.6051 9.07273 0.0922 -0.0077
Within Gr 2 94 0.02128 Within Gr 6.47105 94 0.06884

Total 2 95 0.02105 Total 6.48958 95 0.06831

ANOVA: Single Factor [SMNI-1]

Sources SS df MS F P value Ferit RMSSE OmegaSq

Between 0.00175 1 0.00175 0.0282810 S66Sj 9.07273 0.02988 0.0102

Within Gr 5.83158 94 0.06204

Total 5.83333 95 0.0614



APPENDIX F
9.) Section 4.2.2.1: Comparing the homozygous SMN1, exon 7, 8 and NAIP, exon 5 deletion results of the current study

with data from previous SA studies

Testing ifthere isa difference in results between previous SA study and this study: Extent of homozygous SMN1, exon 7 del inwhite patients

White patients Expected Values Chi-Square Test
Deletion Previous SA study This study
SMN1, exon 7 deletion 5 7 Deletion Previous* This studyTotal SUMMARY Alpha 0,05
SMN1,exon 7 and 8
deletions 8 11 SMN1, exon 7 deletion 5.207547 6.792453 Count Rows Cols df
SMN1.exon 7 and NAIP
deletions 0 1 SMN1, exon 7 and 8 deletion 8.245283 10.75472 53 4 2 3
SMN1.exon 7 and 8 and
NAIP deletions 10 1 SMN1, exon 7 and NAIP delet 0.433962 0.566038
Total 23 30 SMNL1, exon 7 and 8 and NAIP 9.113208 11.88679 CHI-SQUARE
Total 23 30 chi-sq p-value x-crit \  sig Cramer V
Pearson's 0.946621 0.814165 7.814728 no 0.133644
exon 7 del in black patients
Black patients Expected Values Chi-Square Test
Deletion Previous SA study This study
SMN1, exon 7 deletion 18 29 Deletion Previous ‘ This studyTotal SUMMARY Alpha 0.05 1 1
SMN1, exon 7 and 8
deletions 15 17 SMN1, exon 7 deletion 18.10656 28.89344 47 Count  Rows Cols df
SMN1,exon 7 and NAIP
deletions 4 8 SMNZ, exon 7and 8 deletion 12.32787 19.67213 R 122 4 2 3
SMN1,exon 7 and 8 and
NAIP deletions 10 21 SMN1, exon 7 and NAIP delel 4.622951 7.377049 12
Total 47 75 SMN1, exon 7and 8 and NAIP 11.94262 19.05738 31 CHI-SQUARE
Total 47 75 122 chl-sq p-value x-crit s CramerV

Pearson's 1.593747 0.660809 7.814728 no 0.114296



APPENDIX G
Appendix G: Haplotypes constructed from pedigrees of N/NBfamilies

Number of copies: o - Normal amount expected: 4

1forsingle genes, 2 for combined genes

. Famil Copy Number for SMN Region (MLPA)
Fam  cronof v SM  SMN GTF2H2 ~ GTF2H2-  GTF2H2- Haplotype
ily chromo- chrom RADI SERF1B SMN2 SMN2 NL 1Ex SMNI/ SMNI/ SMNI/ SMNI/ NAIPI NAIPI/ Ex 5 38 1 number
some osom 7 Ex 7 Ex 8 2Ex1 2Ex4 2Ex 6 2Ex8 Ex5 2Ex 13
e Ex 7 8
4 Mother B 1 1 1 . 1 N 2 2 2 2 1 2 2 1 1 1
25 Mother N 1 . 0 0 1 1 2 2 2 2 1 2 2 1 1 )
25 Father D 1 1 o o 1 1 2 2 2 2 1 2 2 1 1 )
8 Mother A 1 1 0 0 N 1 2 2 2 2 1 2 2 1 1 )
1 Mother A 1 1 o 0 1 1 2 2 2 2 1 2 2 1 1 )
6 Mother B 1 1 o o . 1 2 2 2 2 1 2 2 1 1 )
5 Father c 1 1 o o 1 1 2 2 2 2 1 2 2 1 0 )
7 Mother B 1 1 0 0 . 1 2 2 2 2 1 2 2 1 0 )
25 Mother B 1 1 0 0 1 1 0 0 0 0 1 2 2 1 1 s
17 Mother B 1 0 o 0 1 1 0 ) 0 0 2 2 2 1 1 4
40 Mother B 1 1 1 0 1 1 0 0 2 0 3 0 2 1 1 s
63 Father D 1 1 0 0 1 1 0 2 2 2 0 2 0 1 1 o
17 Father c 1 1 o o 1 1 2 2 2 2 > 2 2 1 1 ;
19 Father c 1 1 0 o 1 1 2 2 2 2 2 2 2 1 1 .
26 Mother A 1 1 0 o . 1 2 2 2 2 2 2 2 1 1 ;
17 Mother A 1 2 0 o 1 1 2 2 2 2 2 2 2 1 1 8
2 Father D 1 1 1 2 N 0 2 2 2 2 1 2 2 1 1 o
63 Mother A 1 1 0 2 1 . 2 2 2 2 2 2 2 1 1 10
5 Father c 1 1 2 1 2 2 2 2 2 2 1 ' ' 1
56 Mother B 1 1 1 0 3 2 2 2 2 2 1 2 2 1 1 o
7 Father D 1 1 o o 2 2 2 2 2 2 1 2 2 1 1 13
8 Mother B 1 1 0 o 2 2 2 2 2 2 1 2 2 1 1 s

169



APPENDIX G

Famil Copy Number for SMN Region (MIPA)
Fﬁ)r/n rrf:rr:g)ér C:Siérr: RADI  (cocie SMN2 - SMIN2 ?\I'\f SlME': SMNI/ SMNI/ SMNI/  SMNI/  NAIPI  NAIPI/ GTEFXZSZ GTFgHz' GTFlleZ' Haplotype
. 7 Ex 7 Ex 8 Ex 7 8 2Ex1 2Ex4 2Ex6 2Ex8 Ex5 2Ex 13
1 Father D 1 1 0 0 2 2 2 2 2 2 1 2 2 ' ' 13
19 Father b 1 1 0 0 5 2 2 2 2 2 1 2 2 1 1 "
25 Father c 1 1 0 0 2 2 2 2 2 2 1 2 2 ! L "
26 Father b 1 1 0 0 2 2 2 2 2 2 2 2 2 1 1 u
1 Mother B 1 N 1 1 2 2 2 2 2 2 1 2 2 1 1 .
2 Father b . 1 N 0 2 2 2 2 2 2 2 2 2 1 1 "
52 Mother A 1 1 1 0 2 2 2 2 2 2 2 2 2 1 1 "
2 Mother B 1 1 0 . 2 2 2 2 2 2 1 2 2 1 0 =
1 Father c 1 1 1 1 2 1 2 2 2 2 1 2 2 1 1 "
4 Father b 1 . 0 1 1+ Hf® g1 2 2 1 2 2 ! : 0
63 Mother B 1 1 0 1 1 2 2 2 2 2 1 2 2 1 1 -
52 Father c 1 1 N 0 1 2 2 2 2 2 2 2 2 1 1 n
7 Mother A 1 1 2 0 1 2 2 2 2 2 1 2 0 1 0 »
17 Father b 1 1 2 1 1 1 2 2 2 2 1 2 2 1 1 »
40 Father c . 1 2 N 1 1 2 2 2 2 1 2 2 1 1 »s
63 Father c 1 N 2 . 1 1 2 2 2 1 2 2 1 1 »
26 Mother B 1 1 1 2 2 1 2 2 2 2 1 2 2 1 1 ”s
» Mother A 1 1 N 1 2 1 2 2 2 2 2 2 2 1 0 26
7 Father c N N 2 L 1 1 2 2 2 2 1 2 2 1 1 »
58 Father b 1 N N L 1 1 2 2 2 2 1 2 0 1 1 ’
4 Mother A N N L L 1 1 2 2 2 2 2 2 2 1 1 ”
5 Mother B 1 1 1 N 1 1 2 2 2 2 2 2 2 1 0 ”
58 Mother A 1 1 1 1 1 1 2 2 2 2 2 2 0 1 0 30
40 Father b N 1 1 1 1 1 2 2 2 2 1 2 0 1 0 a1
19 Mother A 1 1 1 N 1 1 2 2 2 2 0 2 2 1 0 o
19 Mother B 1 1 1 0 1 1 2 2 2 2 1 2 2 1 0 ©
9 Father b 1 1 1 1 1 1 2 2 2 2 2 2 2 1 0 “
58 Mother B 1 N . L 1 1 2 2 2 2 1 2 2 1 1 .



APPENDIX G

Famil Copy Number for SMN Region (MLPA)
Fuir/n mm,'ﬁr ‘;hsé;]“ RADI (oo SMN2 SN2 i"\f SlME': SMNI/  SMNI/  SMNI/  SMNI/  NAPL  NAIPL/ GTEFX2:2 GTFgHZ' GTFlleZ' Haplotype
. 7 Ex7 Ex 8 Ex 7 8 2Ex1 2Ex4 2Exe 2Ex8 Ex5 2Ex 13
58 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
56 Father b 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
2 Mother R 1 1 ! 1 1 1 2 2 2 2 1 2 2 1 1 N
2 Father c 1 1 L L 1 1 2 2 2 2 1 2 2 1 1 N
4 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
5 Mother A N 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
5 Father b 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
6 Mother A 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
6 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 ! ! 35
6 Father b 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
10 Mother A 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 .
10 Mother B . 1 N N 1 1 2 2 2 2 1 2 2 1 1 .
10 Father c 1 1 N . 1 1 2 2 2 2 1 2 2 1 1 .
10 Father b 1 1 . N 1 1 2 2 2 2 1 2 2 1 1 .
56 Father c 1 1 N 1 1 1 2 2 2 2 1 2 2 1 1 .
56 Mother A 1 1 1 N 1 1 2 2 2 2 1 2 2 1 1 .
9 Mother A 1 1 N N 1 1 2 2 2 2 1 2 2 1 1 .
9 Mother B 1 N . 1 1 1 2 2 2 2 1 2 2 1 1 .
9 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 35
40 Mother A 1 1 1 . 1 1 2 2 2 2 1 2 2 1 1 .
2 Mother B 1 1 N 1 1 1 2 2 2 2 1 2 2 1 1 .
2 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 35
52 Mother B 1 N N . 1 1 2 2 2 2 1 2 2 1 ) .
52 Father b 1 1 1 1 1 1 2 2 2 2 1 2 2 1 L .
8 Father c 1 1 1 1 1 1 2 2 2 2 1 2 2 1 1 35
8 Father b . . . 1 1 1 2 2 2 A 1 2 2 1 1 s



APPENDIX H
Appendix H: Pathogenic haplotypes constructed from pedigrees of Mi/MiBfamilies

Number of copies: g ' [ Normal amount expected: 4
1for single genes, 2 for combinedgenes

Copy Number for SMN Region (MLPA)

Family
Famiy — chromosom  o.n o SMN2ZEx SMN2ZEx  SMNIEx  SMNLEx  SMNUZEx  SMNL2Ex  SMNLU2 Ex  SMNL2 Ex NAIP1 NAIPL/2 Ex GTF25H2 B GTZHZ GT_EZlHZ Haplo
e 7 B 7 8 7 8 1 4 6 8 Ex5 13 -type
2 A 1 1 1 1 0 1 2 2 2 2 1 2 2 1 0 1
16 A 1 1 1 1 0 1 2 2 2 2 1 2 2 1 0 1
7 A 1 1 1 1 0 1 2 2 2 2 1 2 2 1 1 1
17 A 1 1 1 0 0 1 2 2 2 2 1 2 2 1 1 2
13 A 1 1 1 0 0 1 2 2 2 2 1 2 2 1 1 2
21 A 1 1 1 0 0 1 0 0 0 0 1 2 2 1 0 3
21 B 1 1 1 0 0 1 2 2 2 0 0 0 1 0 4
2 B 1 1 1 0 1 2 2 2 2 1 2 0 1 0 5
23 A 1 1 1 1 0 0 2 2 2 2 1 2 2 1 0 6
1 A 1 1 1 1 0 0 2 2 2 2 1 2 2 1 0 6
14 A 1 1 1 1 0 0 2 2 2 2 1 2 2 1 0 6
7 B 1 1 1 1 0 0 2 2 2 2 0 2 2 0 1 7
20 B 1 1 1 1 0 0 2 2 2 2 0 0 0 1 0 8
1 B 1 1 1 2 0 0 2 2 2 2 1 2 1 0 9
23 B 1 1 1 1 0 0 0 0 0 0 1 2 0 1 0 10
20 A 1 1 1 1 0 0 0 0 0 0 1 2 2 1 0 11
17 B 1 1 1 1 0 0 0 0 0 0 0 0 2 1 0 12
13 B 1 0 1 1 0 0 0 0 0 0 0 0 2 1 0 13
14 B 1 0 1 1 0 0 0 0 0 0 0 0 0 1 0 14
16 B 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 15
2 A 1 1 0 0 0 0 0 0 0 0 1 2 2 1 0 16
24 B 1 1 2 2 0 0 2 2 2 2 1 2 2 1 1 17

172



APPENDIX |
Appendix I: Non-deletion haplotypes of carrier parents of families positive for SMA

Number of copies: . PR Normal amount expected: 4
) 1forsinglegenes, 2for combinedge nes

Copy Number for SMN Region (MLPA)

Family Family Chromos  Chr
Number  member ome D SMN SMN SMN SMN RAD17 SERF SMN SMN SMN SMN NAIP NAI GTF2H GTF2H GTF2H

1-7 1-8 2-7 2-8 -17 1B 11 1-4 1-6 1-8 -13 P-5 2-11 2-8 2-5
1 Mother Chr 1 A 1 2 1 0 1 1 2 2 2 2 0 C G 2
Father Chr 1 C 2 3 1 0 1 1 2 2 2 2 2 1 C G 2
3 Mother Chri A 2 1 1 1 1 1 2 2 2 2 2 2 c? G/G 2
Father Chr 2 D 1 0 2 2 1 1 2 2 2 2 2 1 c G 2
7 Mother Chr 2 B 1 2 1 0 1 1 2 2 2 2 2 1 c G 2
Father Chr 2 D 1 1 1 0 1 1 2 2 2 2 2 0 G G 2
Mother Chr 2 B 1 2 1 0 1 1 2 2 2 2 2 0 G G 2
- Father Chr 2 D 1 1 1 1 1 1 2 2 2 2 2 0 C G 2
14 Mother Chr 2 B 1 1 1 1 1 1 2 2 2 2 2 2 C G 2
Father Chr 2 D 1 1 1 1 1 1 2 2 2 2 0 0 G/del? G 0
Mother Chr 2 B 1 0 1 1 1 1 2 2 2 2 2 1 C G 2

10 Father Aldel
Chr 2 D 1 1 1 0 1 1 2 2 2 2 2 0 C ? 0
17 Mother Chr 2 B 2 2 0 0 1 1 2 2 2 2 2 1 C G 2
0 Mother Chr1 A 1 1 0 0 1 1 2 2 2 2 2 1 C G/IG 2
Father Chr 1 C 1 1 1 1 1 1 2 2 2 2 2 1 G G 2
- Mother Chr 2 B 1 1 0 0 1 1 2 2 2 2 2 2 C G 2
Father Chr 2 D 1 1 1 1 1 1 0 2 2 2 2 1 G G 2
3 Mother Chr1 A 2 2 0 0 1 1 2 2 2 2 2 1 C GIG? 2
Father Chr 1 C 2 2 0 0 1 1 2 2 2 2 2 1 C G 2
24 Mother Chr1 A 1 1 1 1 1 1 2 2 2 2 2 1 C G 2



APPENDIX J

Appendix J: Comparison of SMN1, exon 7 copy number results between previously
used diagnostic dosage assay and MLPA

Heterozygous SMN1, exon 7 deletion

Patient Code (1 copy) Comments
Dosage assay MLPA

SMA5 Positive Negative (3 copies) Discrepant
SMA7 Positive Negative (3 copies) Discrepant
SMA12 Negative Negative (4 copies) Confirmed
SMAB80 Positive Negative (2 copies) Discrepant
SMA105 Negative Negative (4 copies) Confirmed
SMA110 Positive Negative (2 copies) Discrepant

SMA149 Negative Negative (2 copies) Confirmed



APPENDIX K

Appendix K: Cost analysis of the current homozygous deletion of SMN1, exon 7
diagnostic assay, gPCR and MLPA

Cost analysis: current homozygous deletion of SMN1, exon 7 diagnostic assay

REAGENTS

Name of reagent Price

Amplitaq kit (buffer, enzyme, Taq) 12740.35
dNTPs 1825.24
Primer-F 300
Primer-R 300
NLA-1V kit (buffer, enzyme) 3288.9

Gel electrophoresis (agarose, TBE, ficoll, marker)
TOTALCOST OF REAGENTS/PATIENT

TOTALCOST OF LABOUR/PATIENT

TOTALCOST OF TEST/PATIENT

LABOUR

Measurement taken Calculations
Time spent on 1assay (4.5 hours over 2 days) 270min
% of annual work hours (115200 min) 0.2%
Number of tests done annually 153
Number of batches (10 patients) done annually 15.3
% time spent on SMA testing/annum 3.2%
Annual salary of a medical scientist (C3, NHLS) 371816.08
Salary spenton asingle SMA MLPA assay 11898.11456
Salary spent/patlent 77.77

Cost analysis; gPCR assay

REAGENTS
Name of reagent

Volume Number of reactions Price perreaction (R) Price for 10 pts + 5ctrls (R) Final price/patient (R)
6000 (0.5U/sample) 2.12 31.85 3.19
20mlof mixed dNTP 8000 0.23 3.42 0.34
300 000ul 300 000 0.00 0.02 0.00
300 000 0.00 0.02 0.00
iml 1000 3.29 49.33 4.93
2.00 30.00 3.00
7.64 114.64 11.46
77.77
89.23

Comments

Including setup, analysis and reporting
Assuming 40 hours/week > 160h/month >1920h/annum > 115200 mIn/annum

Number of tests done annually/number of patients in a batch (10)

Number of batches =% of annual work hours

Number of patients (reactions/patient) Price per reaction (R) Price for 10pts +6ctrh (W) Final price/patient (R)

TAQMAN UNIVERSAL MMIX I 5000 (Qul/pt) 556 (triplicate) 302
SMN1 probe 4306 50 ul (6nmole) 115 batches (In triplicate) 3.72
SMN2 probe 4306 50 ul (6nmole) 115 batches (In triplicate) 3.72
CFTR probe 50 ul (6nmole) 115 batches (in triplicate) 3.72
SMN-Ex7-qPCR-F primer 1000ul (10 pmol/ul) 0.81
SMN-Ex7-qPCR-R primer 1340ul (10 pmol/ul) 0.49
CFTR-gqPCR_F primer 1600ul (10 pmol/ul) 0.34
CFTR-qPCR R primer 1330ul (10 pmol/ul) 0.43
TOTAL COST OF REAGENTS/PATIENT 16.26
TOTAL COST OF LABOUR/PATIENT e
TOTAL COST OF TEST/PATIENT 94.03

LABOUR

Measurement taken

Time spent on 1assay (3.5 hours in 1day)

% of annual work hours (115200 min)

Number of tests done annually

Number of batches (10 patients) done annually
% time spent on SMA testing/annum

Annual salary of a medical scientist (C3, NHLS)
Salary spent on asingle SMA MLPA assay

Salary spent/patlent

Cost analysis: MLPA assay
REAGENTS

Name of reagent Price
P021-A2 probe mix 13 392.00
Reagent mix (EK1) 3625.4
HIiDI Formamide 380
GS-L1Z500 standard 4465
Sequencing buffer 996
Sequencing Polymer 6257.12
TOTALCOST OF REAGENTS/PATIENT

TOTALCOST OF LABOUR/PATIENT

TOTALCOST OF TEST/PATIENT

LABOUR

Measurement taken Calculations
Time spent on 1assay (7 hours over 2/3 days) 420min
% of annual work hours (115200 min) 0.4%
Numberoftestsdone annually 153
Numberof batches (10 patients) done annually 15.3
% time spent on SMA testing/annum 6.1%
Annual salary of a medical scientist (C3, NHLS) 371816.08
Salary spent on a single SMA MLPA assay 22680.78
Salary spent/patlent 148.24

Calculate Comments

Including setup, analysis and reporting
Assuming 40 hours/week > 160h/month > 1920h/annum > 115200 mIn/annum

Number of tests done annually/number of patients In a batch (10)
Number of batches % of annual work hours

Volume Number of reactions Price perreaction (R) Price for 10 pts + 6 ctrls (R) Final price/patient (R)
90 148.80 2380.80 238.08
90 40.28 644.52 64.45
25000ul 2777.78 0.14 2.19 0.22
800 5.58 89.30 8.93
25ml 75 runs 13.28 13.28 1.33
7ml 388.9 runs 16.10 16.10 1.61
224.18 3146.18 314.62
148.24
462.86
Comments

Including setup, analysis and reporting

Assuming 40 hours/week >160h/month > 1920h/annum > 115200 min/annum

Numberoftestsdone annually/number of patients In a batch (10)

Numberofbatches % ofannualwork hours
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