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Abstract

Spinal muscular atrophy (SMA) is a progressive motor neuron disease caused by loss or mutation
of the survival motor neuron 1 (SMN1) gene and retention of SMNZ2. We performed targeted
capture and sequencing of the SMNZ2, CFTR, and PLS3 genes in 217 SMA patients. We identified
a 6.3 kilobase deletion that occurred in both SMNZI and SMNZ2 (SMN%3) and removed exons 7 and
8. The deletion junction was flanked by a 21 base pair repeat that occurred 15 times in the SMN%2
gene. We screened for its presence in 466 individuals with known SMNZ and SMNZ copy number.
In individuals with 1 SMNZ and 0 SMNZ2 copies the deletion occurred in 63% of cases. We
modeled the deletion junction frequency and determined that the deletion occurred in both SMN1
and SMNZ. We have identified the first deletion junction where the deletion removes exons 7 and
8 of SMN%. As it occurred in SMNI it is a pathogenic mutation. We called variants in the PLS3
and SMNZ genes and tested for association with mild or severe exception patients. The variants
A-44G, A-549G and C-1897T in intron 6 of SMNZ2were significantly associated with mild
exception patients but no PLS3 variants correlated with severity. The variants occurred in 14 out of
58 of our mild exception patients indicating that mild exception patients with an intact SMN/2 gene
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and without modifying variants occur. This sample set can be used in association analysis of
candidate genes outside of SMN.2that modify the SMA phenotype.
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Introduction

Spinal muscular atrophy (SMA) is one of the most common inherited neuromuscular
disorders, with an incidence of approximately 1 in 10,000 live births. The disease causes
destruction of the alpha motor neurons and remains a leading genetic cause of infant death
(Roberts et al. 1970; Pearn 1973, 1978; Crawford and Pardo 1996; Sugarman et al. 2012).
SMA is an autosomal recessive disorder caused by loss of function of the survival motor
neuron 1 gene (SMNJ) and retention of the SMNZ2 gene (Lefebvre et al. 1995). The human
SMN1 and SMNZ2 genes both encode SMN mRNA and make SMN protein. However, the
SMNZ gene produces lower levels of SMN protein. In the absence of functional SMNJ,
SMA results due to low SMN levels (Lefebvre et al. 1995, 1997; Coovert et al. 1997). The
SMNIand SMNZ genes differ by a single nucleotide: a C to T base change in exon 7 of
SMNZ (Lefebvre et al. 1995). Although this is a synonymous mutation, it disrupts the
binding of splicing modifiers leading to inefficient incorporation of exon 7 in the mRNA
(Lorson et al. 1999; Monani et al. 1999; Cartegni and Krainer 2002; Kashima and Manley
2003). This results in a truncated protein that cannot oligomerize efficiently and is rapidly
degraded (Coovert et al. 1997; Lorson et al. 1998; Le et al. 2005; Burnett et al. 2009). 95%
of SMA patients have loss of SMN by either deletion or gene conversion of SMNI to
SMNZ, while 5% of patients have a mutation in the SMNI gene that typically disrupts the
production of fully-functional SMN protein (Lefebvre et al. 1995; Burghes 1997; Burghes
and Beattie 2009; Burghes and McGovern 2017).

The phenotypic severity of SMA, which is classified into clinical subtypes based on the age
of the initial onset of symptoms and maximum achieved motor milestones, ranges from the
most severe infantile form, SMA type 0, to the least severe adult onset form, SMA type 4
(Munsat 1991; Arnold and Burghes 2013; Arnold et al. 2015). SMA type 0 manifests with
congenital weakness, joint contractures, and ventilator dependence from birth and is
relatively rare. SMA type 1 infants present with symptoms between birth and 6 months of
age and a majority die, or become ventilator dependent, before 2 years of age. SMA type 2
patients present with symptoms between 6 months and 12 months of age and achieve the
ability to sit independently but are never able to walk. SMA type 3 patients present with
symptoms between the ages of 12 months and 21 years and achieve independent ambulation
for at least part of their life. SMA type 4 patients manifest with symptoms that first appear in
adulthood and like SMA type 0 patients are rare. In some cases, the clinical subtypes have
been further subdivided. For example, SMA type 3 can be divided into type 3a and 3b,
depending on whether onset occurs prior to or after 3 years of age, respectively (Zerres and
Rudnik-Schoneborn 1995). These clinical subtypes have been defined in untreated SMA
patients. However, in the current era of treatment, the administration of therapies now results
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in an alteration of both the phenotypic severity and progression of SMA (Mendell et al.
2017; Finkel et al. 2017; Mercuri et al. 2018). The effect is highly dependent on timing of all
treatments where earlier interventions are most effective. Later treatment, however, still
results in increased survival and a preservation of function (Gidaro and Servais 2018).

The SMNZ copy number correlates with phenotypic severity, where higher copy numbers
result in a less severe SMA phenotype (McAndrew et al. 1997; Burghes 1997; Feldkétter et
al. 2002; Mailman et al. 2002; Jedrzejowska et al. 2009; Calucho et al. 2018). However,
exceptions to this rule are known to occur (Cobben et al. 1995; Prior et al. 2004). For
example, siblings with identical SMNZ2 copies inherited from the same 5913 region yet
discordant SMA phenotypes have been reported (Burghes et al. 1994; Cobben et al. 1995;
Hahnen et al. 1995; McAndrew et al. 1997; Prior et al. 2004; Oprea et al. 2008;
Jedrzejowska et al. 2008; Bernal et al. 2011). These sib pairs are referred to as “discordant
siblings” and they can occur in all phenotypic forms of SMA. For example, there are SMA
type 1 and type 2 siblings reported with the same SMNZ2 copy number (DiDonato et al.
1994, 1997; Pane et al. 2017), as well as siblings with SMA type 2 and type 3b, and cases of
SMA type 3a with a phenotypically normal sibling (Cobben et al. 1995; Hahnen et al. 1995).
Furthermore, 3 copies of SMA/Zis the most common genotype for both SMA type 2 and
type 3 (Calucho et al. 2018), indicating that SMN.2 copy number alone poorly predicts
severity of the disease in individuals with 3 or more copies of SMN2.

Discrepancy between SMNZ2 copy number and the expected SMA phenotype may result
from partial deletions of SMN2and modifying variants inside or outside of the SMA region.
In the first case, the SMA genomic region is known to be unstable and prone to
rearrangements, as evidenced by multiple banding patterns in pulsed-field gel
electrophoresis experiments performed using probes for SMA/I and the adjacent gene
neuronal anti-inhibitory protein (MA/P) (Campbell et al. 1997). The region is often depicted
as an inverted repeat of 500 kilobases (kb) (Lefebvre et al. 1995). However, the region
appears considerably more complex with multiple arrangements in different individuals
(Campbell et al. 1997; Burghes 1997). In humans the Al/A/P gene and the Small EDRK-Rich
Factor (SERF1A) gene flank the SMNI gene (Chen et al. 1998), while a MA/P pseudogene
and a copy of the SERF1B flank the SMNZ2 gene. Due to the high variation and difficulty in
assembling this large repeat region, no consensus maps of the SMA region exists. The loss
of the SMN gene can occur via deletion or by gene conversion to SMA2 (Campbell et al.
1997; DiDonato et al. 1997; Burghes 1997). The larger deletions are also marked by loss of
the intact V/A/P or the probe XS2G3 (Roy et al. 1995; Thompson et al. 1995). To date, there
is limited knowledge about the extent of deletions and no deletion junction has been defined
which removes exons 7 and 8 of either SMNI or SMNZ2 (SMN%). However, at least one
internal Alu-mediated deletion has been reported that eliminates exons 5 and 6 (Wirth et al.
1999).

Several genetic modifiers of the SMA phenotype have been reported. The ¢.859G>C variant
in exon 7 of SMNZ2acts as a positive modifier which results in an approximate 20% increase
in full-length SMN RNA and a milder SMA phenotype (Prior et al. 2009; Vezain et al.
2010). Indeed, this variant has never been reported in a severe SMA type 1 patient but is
found in SMA type 2 patients with 2 copies of SMAZin a heterozygous state, and in SMA
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type 3 patients with 2 copies of SMA2in a homozygous state (Bernal et al. 2010). This
clearly indicates that the amount of SMN produced by a particular SMNZ2 gene is critical in
determining phenotypic severity. Additional variants in SMNZ2introns 6 and 7 have been
shown to alter the incorporation of the critical exon 7 (Wu et al. 2017). One proposed
modifier that lies outside the SMA region is the plastin 3 (PLS3) gene located on the X
chromosome whose expression level has been reported to alter the severity of the SMA
phenotype. This is based on higher expression levels of PLS3in lymphoblasts from mild
exception patients but the effect is sex-dependent and only partially penetrant. (Oprea et al.
2008; Bernal et al. 2011). The degree to which PLS3expression modifies the SMA
phenotype remains controversial, in part due to experiments in SMA mice showing no
survival or electrophysiological benefit of PLS3 over-expression (McGovern et al. 2015;
Burghes and McGovern 2017). No DNA variant that accounts for the altered PLS3
expression has been reported to date.

We have utilized an adaption of the targeted sequencing technique Multiplexed Direct
Genomic Selection (MDIiGS) (Alvarado et al. 2014) to define all the variants that occur in
the SMN1, SMNZ, and PLS3 genes of 217 SMA patients. We defined, for the first time, a
deletion junction that removed SMN% exons 7 and 8 but retained exons 1-6. We tested for
this deletion junction in a separate group of 466 individuals who have various copy numbers
of SMNIand SMNZ. This data, as well as pedigree analysis, showed that the deletion can
occur in SMNI or SMNZ2. By using the read depth across the SMN.2 gene we determined the
copy number of SMN%5and the copy number was consistent with that determined by droplet
digital PCR (ddPCR). Variants and indels in SMN.2were analyzed for their association in
SMA patients with exceptionally mild or severe phenotypes not predicted by their copy
number of SMNZ2. The intron 6 variants A-44G, A-549G, and C-1897T of SMN.Zshowed a
statistically significant correlation with milder than expected exception patients. These
variants were found in SMN2but are typically associated with the SMNZ gene (Monani et
al. 1999; Wu et al. 2017). No variant or indel in PLS3was found to significantly associate
with mild or severe SMA patients. Thus, a majority of patients had fully intact SMN.Z2 genes
with no evidence of modifying mutations within the SMN.2 gene implying that modifying
variants in a majority of cases lie outside of the SMA region. The patient sample set
presented here is an ideal dataset for the further testing of candidate modifiers of SMA.

DNA samples

This study used multiple sources of DNA including samples previously collected for linkage
analysis or molecular studies of SMA (Burghes et al. 1994; McAndrew et al. 1997; Miller et
al. 2001) under the Institutional Review Board (IRB) of The Ohio State University
OSU1988H0371 that were de-identified and determined to be exempt by the IRB. This
consisted of 80 OSU SMA samples as well as 10 parents or siblings. Thirteen new SMA
samples were collected under IRB No. 2015H0115, giving a total of 93 SMA patients. From
Massachusetts General Hospital (MGH), we included 127 samples from the Project Cure
SMA Longitudinal Pediatric Data Repository, University of Utah IRB No. 8751 and Partners
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IRB No. 2016-P000469. The MGH samples were deidentified to the OSU investigators. A
total of 217 SMA samples were sequenced and analyzed by MDIiGS.

A set of 466 de-identified independent samples with known and varying copy number of
SMN1 and SMNZfrom The Ohio State University Molecular Pathology Laboratory were
used to screen for deletion junction frequency. These samples were determined exempt by
the OSU IRB.

Classification of patients

A total of 217 SMA patients were sequenced. Phenotypic information was known for all but
29 samples. Phenotype was reported when samples were collected by the physician and was
based on the approved criteria of age of symptom onset and maximum achieved motor
function (non-sitters, sitters, and walkers). Based on the phenotype and MDiGS determined
copy number, we classified each patient as concordant, mild, or severe. We defined
concordant patients as those who had an expected SMN.2 copy number for their given level
of disease severity. For testing purposes, we used the following model to define expected
copy number: SMA type 1 has 2 copies of SMNZ, type 2 has 3 copies of SMNZ2, and type 3
has 4 copies of SMNZ2. This model allows us to identify exception patients (discordant) that
have either a milder or more severe phenotype compared to SMA patients that are
concordant with SMNZ2 copy number and severity. This model allows for testing the
association of SMNZ2and PLS3variants with severity of SMA while accounting for SMN2
copy number. In the cohort we studied (n = 217), we identified 77 exception patients, 58
with a milder than expected phenotype and 19 with a more severe phenotype.

MDiGS sequencing

Genes of interest were captured and sequenced using an adaptation of the Multiplexed
Direct Genomic Selection (MDiGS) assay (Alvarado et al. 2014). Using the same method as
described in Alvarado et al, we pooled 48 indexed DNA samples. For BAC capture we used
the clones RP11-652K3 (CFTR), RP11-105606 (CFTR), and RP11-268A15 (PLS3)
obtained from the BACPAC Resource Center at Children’s Hospital Oakland Research
Institute in Oakland, California. RP11-652K3 and RP11-105606 have approximately 88 kb
of overlap and together cover the entire CFTR gene (Osoegawa et al. 2001). For the capture
of SMNZ2we used a 35.5 kb portion of the clone RP1-215P15. This portion contains the
entire SMNZ2 gene flanked by BamHI that had previously been cloned into the BAC
pindigoBac5 (Epicentre) SMN26.6 (BAC5 SMN2) (Hao et al. 2011). Four cosmids (108F4,
121C9, 22A5, 30C9) flanking the SMN.Z2 gene were used to block non-specific capture. We
confirmed that the cosmids do not contain SMNZ2by PCR (DiDonato et al. 1994; DiDonato
1995; Thompson et al. 1995). The biotinylated captured BACs were then hybridized with the
pooled indexed DNA library for more than 70 hours. The DNA library then contained only
sequences hybridized to SMN, PLS3, or CFTR. The 48 samples were run on a single MiSeq
lane and then decoded using the indices.

Bioinformatics

Reads were aligned using the program STAR (Dobin et al. 2012) to a custom made genome
based on human reference hg19. This genome masked the SMNI, SMNZ2, CFTR, and PLS3
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genes. In addition, the sequence of the clones RP1-215P15, RP11-652K3, RP11-105606,
and RP11-268A15 were appended to the genome as separate contigs. Only the 35.5 kb
sequence of RP1-215P15 that was captured was included in the genome.

Copy number was determined by calculating the ratio of reads aligned to RP1-215P15
(SMN2) compared to RP11-652K3 (CFTR) and RP11-105606 (CFTR). This is the ratio of
reads aligned to SMNZ2 (and SMNI if present) compared to CFTR (i.e. SMN% | CFTR). We
used 3 samples with known SMN.2 copy number to normalize the read counts as the clones
have different capture efficiencies and lengths. Since the copy number of CF7R should be 2
for all individuals, as it is on an autosomal chromosome, this normalized ratio gave the
number of copies of SMNI and SMNZ. Additionally, RP1-215P15 was divided into equally-
sized bins 1,815 bp in length and SN copy number was found for each bin, again by
calculating the SMNZ4 CFTR ratio of reads in that region.

Variants and indels were called using the Genome Analysis Toolkit (DePristo et al. 2011).
Duplicate reads were marked and removed using Picard Tools MarkDuplicates. Reads were
realigned along known insertions and deletions (indels) in the SMNZ, CFTR, and PLS3
genes. Base quality scores were then recalibrated for each read. HaplotypeCaller was used to
call the variants and the variants were then hard filtered. The presence and copy number of
SMN1 is determined by analyzing variant calls for the C to T change at the +6 position of
exon 7. Variants were tested for association with mild or severe exception patients by
performing a Fisher’s exact test using a 2 x 2 contingency table and comparing allele counts
in exception patients to concordant patients. We defined concordant patients as those who
had an expected SMNZ2 copy number for their given level of disease severity. P-values were
corrected for multiple testing using a False Discovery Rate calculation in R (R Core Team
2013). To reduce false positives, variants were only tested if more than 15% of reads at that
locus contained the variant.

We analyzed the captured region for possible long deletions in our samples using two
methods. First, we designed a Python script that extracted all aligned reads with gaps greater
than 20 base pairs based on CIGAR strings containing the ‘N’ value (Li et al. 2009). The
script then printed out the length of every gap and the number of occurrences per sample.
Second, we plotted the CFTR vs. SMN% read count ratio over bins (1815 bp per bin) for
each sample. Any sudden decrease in copy number in a particular bin suggested a possible
deletion at that location. Individual reads at sites of possible deletions were analyzed for
gaps, partial alignments, and mismatches to determine the break point. Break points were
then confirmed via PCR. Similarly, a mismatch between the copy number when determined
over the whole gene and copy number when determined at exon 7 was evidence of a possible
duplication or deletion.

All scripts have been deposited to GitHub and are available at https://github.com/
BurghesLab/SMN2Analysis.

Determination of SMN1 and SMN2 copy number by ddPCR

Copy number as determined by MDIiGS was validated using droplet digital PCR on the
QX200 Droplet Digital PCR system (BioRad). Locked nucleic acid (LNA) probes with a

Hum Genet. Author manuscript; available in PMC 2020 March 01.


https://github.com/BurghesLab/SMN2Analysis
https://github.com/BurghesLab/SMN2Analysis

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ruhno et al.

Page 7

competitive non-extending oligo were used for to determine SMNZ and SMNZ2 copy number
using the primer set (5’-AATGCTTTTTAACATCCATATAAAGCT-3 and 5’-
CCTTAATTTAAGGAATGTGAGCACC-3’) (Anhuf et al. 2003), SMN15’-FAM-CAGG
+GTT+T+C+AGACAAA-3’ with competitive oligo 5°-
ATTTTCCTTACAGGGTTTtAGACAAAATCAAAAGA-PHO-3’, and SMN25’-FAM-
TGATTTTGT+C+T+A+A+AA+CCCT-3’, with competitive oligo 5°-
ATTTTCCTTACAGGGTTTcAGACAAAATCAAAAGA-PHO-3’ (Pyatt and Prior 2006). In
every multiplex reaction exon 14 of CFTR was amplified as a two-copy control and used to
determine copy number using (FP 5°-AGAGAGAAGGCTGTCCTTAGT-3’, RP 5°-
GAGTGTGTCATCAGGTTCAGG-3’, probe 5 -HEX-
TTCTGAGCAGGGAGAGGCGATACT-3’).

PCR detection of the SMNY%z intron 6 deletion junction

Once possible deletion junctions were identified bioinformatically they were confirmed
using conventional PCR. Primers were designed that flank the junction and did not contain
repeats as identified by using Repeat Masker (Smit et al. 2013). The forward primer used
was 5’-CAGTTATCTGACTGTAACACTGTAGGC-3’ and the reverse primer used was 5’-
GTTGTTGCTTATGCTGGTCTTG-3’ to generate a 650 bp product. For 3 individuals the
PCR product was subcloned into pCR 2.1-TOPO TA vector (Thermo Fisher) and Sanger
sequenced for confirmation.

Determination of the inheritance of alleles in family with deletion junction

ddPCR: To determine inheritance of alleles primers and probes were made to SMNexon 1
(FP5’-TGTTCCGCTCCCAGAAG-3’ and RP 5’-CTCATCGCCATAGCAAACC-3’, 5’-
FAM-TTAAGAGTGACGACTTCCGCCGC-3’), exon 2a (FP 5’-
TTATTTCTTACCCTTTCCAGAGC-3’ and RP5’-AAATGAAGCCACAGCTTTATCA-3’,
5’-FAM-TCTGACATTTGGGATGATACAGCACTGA-3’), and exon 6 (FP 5’-
CACCTCCCATATGTCCAGATTC-3" and RP 5’-CCAGTATGATAGCCACTCATGT-3’, 5’-
FAM-TCTTGATGATGCTGATGCTTTGGGAAGT-3’). To determine the number of
junction fragments created by the deletion we designed a primer probe set where the forward
primer (FP 5°-ATACAAGTTGGCTGGGCACAA-3") was located in intron 6 and the reverse
primer (RP 5" -TTTTACTATGTTGGCCAGGCTG-3") and probe (5'FAM-
TGGATCACCTGAGATCAGGAGTTCC-3") were located in exon 8. 10-20ng of genomic
DNA was used in each ddPCR reaction. All ddPCR reactions were multiplexed with the
same CFTR primer/probe set used to determine SMN%z copy number. Copy humber of
SMNI and SMNZ at exon 7 was determined via ddPCR using primers as described above.

Markers flanking SMN: Two flanking markers were followed to determine inheritance of the
junction fragment in the family. Inheritance of marker D5S39, which is linked to (Mfd27),
was as described previously (Weber et al. 1991). A second marker D5S832 (A31) was
amplified from individuals using primers as described previously (Wirth et al. 1995). The
PCR products were subcloned into pCR 2.1-TOPO TA vector (Thermo Fisher) and Sanger
sequenced to determine the number of CA repeats. A minimum of 6 clones were analyzed
for each individual in the pedigree. The alleles are given by the number of CA detected. The
third marker AG1-CA was analyzed as described previously (DiDonato et al. 1994).
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Results

Identification of SMNY2 deletion junction

To analyze the genotype/phenotype relationship in SMA, we captured and sequenced the
CFTR, SMNZ, and PLS3genes of 217 SMA patients using the MDIGS procedure (Alvarado
et al. 2014). We used the clones BAC5SMN2 (SMN.2), RP11-652K3 (CFTR), RP11-
105606 (CFTR), and RP11-268A15 (PLS3) as hait for the capture procedure. The average
number of total reads per sample was approximately 940,000, with 19.2% of reads aligning
to the clone sequences which is similar to previously reported results (Alvarado et al. 2014).
Copy number of SMNZ2was determined by calculating the ratio of reads aligned to the
CFTR contigs compared to the SMNZ2 contig.

In order to detect partial deletions of SMN% we divided the SMNZ2 contig into bins of 1,815
bp and copy number was determined at each bin. Out of 217 samples sequenced 17 samples
displayed a decrease in the copy number over 3 consecutive bins in the 3’ region of the
SMN% genes (Fig. 1A). Upon analysis of the read alignments in this region we found reads
that contained a 6310 bp deletion. The deletion junction occurred within a 21 bp repeat that
had an exact match a total of 15 times in the 35.5 kb segment containing the SMNZ2 gene
that we captured (Fig. 1B). Primers were made to unique sequences flanking the repeats and
the deletion junction was amplified by PCR. The resulting fragment was Sanger sequenced
to confirm the deletion in 3 samples (Fig. 1C). From this assay alone it is impossible to
determine if the deletion occurs in SMNI or SMNZ. Nonetheless, this is the first deletion
junction identified that eliminates the critical exons 7 and 8 of SMN%:. The deletion was
detected in 17 out of 217 SMA patients sequenced. The full-length copy numbers of SMN1
and SMNZ of these patients is listed in Supplementary Table 2. Of these 17 patients, 2 had
SMNI. OSU284 and MGH300. OSU284 had 1 copy of SMNI and 1 copy of SMNZ2, while
MGH300 had 1 copy of SMN/ and 2 copies of SMNZ. Of the 15 remaining patients, 2 had 1
copy of SMNZ, 6 had 2 copies of SMNZ2, 6 had 3 copies of SMNZ2, and 1 had 4 copies of
SMNZ. However, this sample is not completely random as the MGH samples where partially
selected to include patients that either had a milder or more severe phenotype than expected.
In the case of the OSU samples the deletion was found in 9 out of 80 samples, which were
all collected in an unbiased manner. The frequency of deletion was then determined by PCR
in a separate set of samples with known SMNI and SMNZ2 copy humber to develop a model
of deletion described below.

Inheritance of the junction in an SMA family

To determine if the deletion occurred in SMNI or SMNZ, we analyzed the inheritance of the
deletion junction using the marker AG1-CA, the flanking single copy polymorphic markers
D5S823 and D5S107, and copy number analysis as measured by ddPCR. The pedigree of
Family 32 with proband OSU199 is shown in Fig. 2. The proband had a severe SMA type
1/0 phenotype which was consistent with 2 copies of an SMNZ2 partial deletion detected
using MDIiGS. Copy number of SMN%5was determined at exons 1, 2a, 6, and 7. Only exon 7
primers and probe were able to distinguish between SMNI and SMNZ2exon 7. The parents
(11:0SU201 and 11:0SU200) and paternal grandparents (1:0SU201.1 and 1:0SU201.2) of
the proband were also analyzed.
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The proband (111:0SU199) was determined to have 1 copy of SMNZ2at exon 7, 3 copies of
SMNZ at exon 1, and 2 copies of the deletion junction. The mother (11:0SU200) had 3
copies of SMN%;exon 7 (1 copy of SMN, 2 copies of SMNZ2), 3 copies of SMN%:at exon
1, and 0 copies of the deletion junction, meaning all SMN%: copies are intact. The father
(11:0SU201) had 1 copy of SMNI exon 7, 4 copies of SMN%exon 1 and 3 copies of the
deletion junction. These data indicate the proband inherited 2 deletion junctions from the
father and 1 SMA/2from the mother and the 2 deletion junctions lie on the same
chromosome. The paternal grandmother (1:0SU201.2) had 1 copy of SMN/ZI exon 7, but 3
copies of SMN#;exon 1, and 2 copies of the deletion junction. The grandfather
(1:0SU201.1) had 2 copies of SMNI exon 7, 4 copies of SMN%exon 1, and 2 copies of the
deletion junction.

In order to determine the origin of the deletion alleles, we examined the polymorphic
markers AG1-CA, D5S823 and D5S107 (Weber et al. 1991; DiDonato et al. 1994; Wirth et
al. 1995). The marker D5S107 lies near D5S39 and the markers are closely associated with
each other (Weber et al. 1991). The marker AG1-CA was not informative on the origin of the
deleted chromosome. The flanking markers D5S823 and DS107 (also D5S78 not shown)
where consistent with the inheritance of the deletion from the grandmother with no
recombination between the markers. The dosage of the deletion junction as well as SMNI
and SMNZand SMNM probes between SMN%5 exons 1-6 were also consistent with the
deletion being inherited from the grandmother (see Fig.2).

Thus, the grandmother had a deletion in both SMNZ and SMNZ2which was inherited by the
proband. These markers provide strong evidence that the deletion junction occurs in both
SMN1and SMNZin this family.

Model of deletion junction frequency in individuals with varying SMN1 and SMN2 copy

number

To determine the frequency of the deletion junction, we screened a separate panel of 466
samples with varying copy numbers of SMN/Z and SMNZ2 using PCR. The results are shown
in Table 1. The group with the highest frequency of deletion were individuals who had 1
copy of SMNI and 0 copies of SMN2with a frequency of 0.63. The genotype with the next
highest deletion frequency was 2 SMN1, 0 SMNZ2 with a frequency of 0.46. For genotypes
with the same copy number of SMN deletion frequency increased as copy humber of
SMNZ decreased. For example, the deletion frequency was 0, 0.02, 0.06, and 0.35 for
individuals with 0 SMNZ and 4, 3, 2, and 1 copies of SMNZrespectively. Similarly, for
genotypes with the same copy number of SMNZ, deletion frequency increased as copy
number of SMN/I decreased. The deletion frequency in patients with (3 SMNZ; 0 SMNZ2), (2
SMNI;, 0 SMNZ2), and (1 SMNI; 0 SMNZ)was 0.10, 0.46, and 0.63, respectively.

To determine if the deletion junction occurred in both SMNZ and SMN2we compared two
probability models that calculated the log odds ratio of having the deletion based on the
copy numbers of SMNI and SMNZ2. Model 1 assumed the deletion junction frequency is
dependent only on SMN.2. Model 2 assumed the frequency is dependent upon the cross-
classification of SMNI and SMNZ.
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Model 1:

Logit { P(Y=1)} =80+ BLAX2 =1) +2 (X2 = 2) +B3 /X2 = 3)+ B4/ X2 = 4)
Model 2:

Logit {P(Y = 1)} = p0+ X7 _, zjz | BijI(X2 = iandX1 = )

Where X1 is SMNI copy number, X, is SMNZ2 copy number, and | is the indicator function,
which is 1 if the event occurs and 0 if the event does not occur.

By using the frequencies in Table 1 and comparing Model 1 to Model 2 using a likelihood
ratio test, a p-value of 0.005 is obtained in favor of Model 2. As a result, the model that
allows different probabilities of deletion by the cross-classified SMNZ and SMNZ2fit the
data better than the model that assumes the probability of deletion depends only on SMNZ.
This supports the hypothesis that the deletion junction occurred in both SMNZ and SMN2.
This model however does not make any assumptions about the frequency in which the
deletion occurs in each gene. It is notable that all groups with 1 copy of SMA/2and varying
copy numbers of SMN1 had a relatively similar rate of deletion at frequencies of 0.34, 0.34
and 0.35. This indicates a higher deletion rate in SMN2than SMN1 however SMN1
deletions do occur as evidenced by the increased rate in the 1 SMNZ; 0 SMNZ individuals
compared to 2 SMNI; 0 SMNZ individuals.

Correlation curve of SMN2 as determined by MDiGS compared to ddPCR

SMNZ2 copy number as determined by MDiGS was validated in a subset of the sequenced
samples (n = 180) using ddPCR. Of the 180 samples, 172 were confirmed to be correct
(95.5%). The correlation curve (Fig. 3) had an R? value of 0.9108. Of the 8 discrepant
samples, 3 samples had low read counts, which can complicate bioinformatic analysis of
copy number. In these samples, MDIiGS indicated 3 copies of SMNZ2in 2 cases whereas
ddPCR indicated 2 copies of SMNZ. In 1 case, MDIiGS indicated 4 copies of SMN2whereas
ddPCR indicated 3 copies of SMNZ. Thus, when read depth is low MDiGS over-estimated
SMNZ copy number by 1. Of the remaining 5 discrepant copy numbers, 3 were
underestimates with MDIiGS. In 2 cases, MDiGS indicated 3 copies of SMA/2while ddPCR
indicated 4 copies of SMNZ. In 1 case, MDiGS indicated 4 copies of SMNZ2and ddPCR 5
copies of SMNZ. In the other 2 samples, overestimates occurred with MDIGS indicating 4
and 3 copies of SMA/2and ddPCR indicating 3 and 2 copies of SMN/2. In all cases the
difference between the two methods was a single copy. The exact reason for these
discrepancies is unclear but could result from sample quality affecting the sequencing
measures. We note that this rate of discrepancy is similar to previously reported rates when
comparing sequencing and ddPCR copy number determination (Eisfeldt et al. 2018).

Analysis of SMN2 variants that can modify the SMA phenotype

Variants, insertions, and deletions were identified for all samples. There were 157 SNPs in
SMN¥; amongst all patients examined. A total of 177 samples were examined from the 217
sequenced. Of the samples eliminated from analysis, 5 had SMN/Z, 25 had either no
phenotypic data or the exact phenotype was unclear, 8 had low read counts, and 2 had
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discrepant copy number of SMNZ. As previously described, we classified each patient as
concordant (Type 1 = 2 copies of SMNZ, Type 2 = 3 copies of SMNZ2and Type 3 = 4 copies
of SMN2), mild, or severe. We analyzed each variant for segregation by comparing allele
counts in exception cases (mild or severe) to allele counts in concordant cases using a
Fisher’s exact test. P-values were corrected for multiple testing using False Discovery Rate.
Samples were included for this analysis if there was phenotypic information available and if
the MDIiGS determined SMNZ2 copy number matched the SMN.2 copy number determined
by ddPCR or an alternative quantitative dosage assay (Mailman et al. 2002).

The SNPs with the highest significance are shown in Table 2. A total of 3 SNPs in intron 6,
namely A-44G, A-549G, and C-1897T, were found to significantly associate with mild
exception patients after correcting for multiple testing. Variant A-549G (NC_000005.9:g.
69371799A>G; rs564142907; GnomAD frequency of 0.0018) was found to be most
significant (adjusted p-value of 0.00294) with identification in 9 mild exception patients and
never in concordant or severe exception patients. Similarly, A-44G (NC_000005.9:g.
69372304A>G; rs212216; GnomAD frequency of 0.0001) was found in 6 mild exception
patients but never in severe exception patients or concordant patients (adjusted p-value of
0.04982). C-1897T (NC_000005.9:9.69370451C>T; rs1381625877; GnomAD frequency of
0.0025) was found in 8 mild exception patients and 1 concordant (adjusted p-value of
0.03704). In all cases, only 1 allele of the variant was present in each patient. All 3 of these
variants are known to associate more commonly with SMN/Z but can also be present in
SMNZ due to gene conversion events (Burghes 1997; Monani et al. 1999; Wu et al. 2017).
Two other variants that are also usually in SMNZ, T-478C (NC_000005.9:9.69371870C>T;
rs1457707829), and C-255T (NC_000005.9:9.69372088C>T; rs1317747440; GnomAD
frequency of 0.0005), were detected in 5 mild exception patients however they did not reach
statistical significance with an adjusted p-values of 0.1066 and 0.1126, respectively.
Interestingly, A-44G has recently been shown to increase the level of full-length transcript
when it is present in SMNZ2. C-255T and A-549G were also studied in the same experiment
but were not found to have an effect (Wu et al. 2017). All of these variants had an extremely
low frequency of less than 1% as reported by GhomAD. However, this frequency may be
incorrect as it is not clear if the variants were properly designated as being in SMNI or
SMNZ. Moreover, some of these variants have been reported previously with significantly
higher allele frequencies (Monani et al. 1999). These data suggest 3 variants in intron 6 of
SMNZresult in a milder SMA phenotype than expected.

We also identified and tested 80 SMN#z indel alleles for association with either the mild or
severe exception patients. There were no significant differences in the frequencies of these
alleles after multiple testing correction. Similarly, we tested for segregation of PLS3 variants
with exception patients after separating all patients by sex as PLS3is on the X chromosome.
Including indels, we tested 399 PLS3 variants in males and 636 in females. We found no
SNPs or indels in PLS3that segregated with mild or severe exception patients after multiple
testing correction. This includes the rs871773 variant which is known to increase PLS3
expression in colon cancer (Szkandera et al. 2013). We found rs871773 in 6 female mild
exception patients, but also 3 female severe exception patients with a corrected p-value of
0.6749. These data suggest that there is no evidence of a modifying variant in PLS3. Data
for all SMN%and PLS3 variants can be found in Supplemental Table 1.
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Mutations in SMN2 or SMN1 in SMA patients

We found 5 exonic variants in our patient samples (n = 217). One was the novel mutation
p.A75T (c.223G>A; NC_000005.9:9.69361861G> A) in SMNZ2exon 2b of one SMA
patient. To our knowledge, this variant has never been reported in either SMN1 or SMNZ2.
This variant was present in a SMA type 3 patient with 4 copies of SMAZ2. As the phenotype
is concordant with SMN2 copy number, there is no evidence this mutation affects SMA
phenotype. Indeed, the variant was predicted by PolyPhen to be benign with a score of
0.005.

We also identified the variant p.Y130C (c.389A>G; rs397514517; NC_000005.9:g.
70238300A>G) in exon 3 of one patient. This patient had 1 copy of SMNZ, 2 copies of
SMNZ, and was diagnosed as SMA type 3b. The SMN p.Y130C variant was previously
reported as an SMA-causing mutation (Prior 2007), though the phenotype is milder
compared to a 3 copy SMNZ2individual. Therefore, the variant appears to result in a milder
SMA phenotype.

Two patients had the ¢.859G>C (rs121909192; NC_000005.9:9.69372372G>C, GhomAD
frequency of 0.0017) mutation in exon 7 which has previously been shown to modify SMN
production by modulating the binding of splicing factors to exon 7 (Prior et al. 2009).The
first patient with this variant was determined to have 2 copies of SMN.2using the MDIGS
sequencing data and phenotypically was a SMA type 3a SMA patient. The second patient
was determined to have 2 copies of SMNZ2and was a SMA type 3b patient. Additionally,
this patient was determined to have 2 copies of the ¢.859G>C allele. These phenotypes are
milder than expected, as the vast majority of 2 copy SMNZ patients have a severe type 1
phenotype (Feldkétter et al. 2002; Calucho et al. 2018). This milder phenotype is consistent
with previous reports of SMA patients with the ¢.859G>C variant (Prior et al. 2009).

The ¢.84C>T (rs1554066599; NC_000005.9:9.69359244C>T) variant in exon 2a was
detected in 11 patients. This is a synonymous variant located 3 bp from the beginning of
exon 2a. This variant was found in 9 concordant, 1 mild, and 2 severe exception patients and
was not significantly associated with either a milder (adjusted p-value 0.881) or more severe
(adjusted p-value 1.000) phenotype. This is in contrast with previous data reporting it as a
possible pathogenic variant, as it was found in an SMA patient with 1 copy of SMNI (Wang
et al. 2010).

Finally, we detected the ¢.462A>G (rs1450194682; NC_000005.9:9.69362949A>G) variant
in exon 3 of numerous patients. This allele was detected 268 times out of a total of 403
alleles. It was not found to segregate with either the mild (adjusted p-value 1.000) or severe
exception patients (adjusted p-value 1.000).

Alignment and map of the SMA region

The complexity of the SMA region has caused notable difficulty in constructing a correct
map of the region. There are multiple different arrangements of the region, as evidenced by
the multiplicity of banding patterns obtained on pulsed field gel electrophoresis experiments
when using SMNZand NA/P probes. To determine one arrangement of the SMA region, we
assembled a map using overlapping PACs that originated from a single library (Fig. 4A)
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(Osoegawa et al. 2001). We used a total of 10 clones, with an average overlap of 71850 bp
between adjacent clones and the smallest overlap being 32833 bp. There was only a single
base pair mismatch among all the overlaps. It has been reported that heterozygous SNPs
occur on average every 1.1 kb making it very likely this assembly is one chromosome
(Ceballos et al. 2018). The clones we used were all from the RP11 library (Osoegawa et al.
1998, 2001), specifically RP11-619K7, RP11-1012N14, RP11-1415C14, RP11-1414021,
RP11-497H16, RP11-1005E12 , RP11-1432L1 , RP11-974F13 , RP11-195E2 , and RP11-
1280N14 (Fig. 4B). The total length of the assembly was 1.358 Mbp.

We identified and labeled genes and pseudogenes on the assembled map that can be seen in
Fig 4. SMNI and SMNZ2were located approximately 848 kb away from each other and were
in the same orientation. Approximately 6.5 kb upstream of SMN2was SERF1Band 16.4 kb
downstream of SMN2was a NA/P pseudogene containing A/A/Pexons 6-17 (Ensembl
exons ENSE00003489009 through ENSE00003505062). The gene GTF2H2B was 338 kb
downstream of SMNZ, followed by a second NA/P pseudogene containing NA/Pexon 3
(Ensembl exon ENSE00003668305) and exons 6-9 (Ensembl exons ENSE00003489009
through ENSE00002219419). Approximately 6.5 kb upstream of SMNI was SERF1A and
16.4 kb downstream was NA/P. Approximately 80 kb downstream of SMNIwas GTFZHZ,
followed by a AM/A/P pseudogene that contains A/A/P exons 6—13 (Ensembl exons
ENSE00003489009 through ENSE00003590701). There were also 4 copies of GUSBP3
pseudogene containing various combinations of exons and in different orientations.

Discussion

The SMA region was originally described as an inverted repeat which was based on
mapping and pulsed field analysis of YAC clones obtained from the region (Melki et al.
1994; Lefebvre et al. 1995). However, YAC clones from this repeated region often contain
rearrangements with loss of markers (Carpten et al. 1994). Here, we have assembled a map
of the SMA region on one chromosome using overlapping clones (Fig 4). It is notable that in
this arrangement there is not an inverted duplication. Instead, SMNZ and SMNZ2are in the
same orientation as is MlA/Pand a NA/P pseudogene. The arrangement of the SMA region
we present is consistent with the occurrence of unequal crossover events leading to deletion
of the SMNI gene as has been previously reported (Wirth et al. 1997). This arrangement is
also consistent with the studies of CA-dinucleotide markers in the region that show multiple
copies but of varying number. The studies of these markers would also be consistent with
multiple possible arrangements and additional copies of certain markers, including AG1-CA
and CAAT1 (DiDonato et al. 1994; Burghes et al. 1994). Further experiments will be needed
to determine which orientation is most common in the population. This could be approached
by long read sequencing technologies such as Nanopore MinlON whole genome sequencing
or 10X Genomics sequencing, which barcodes the small DNA fragments to allow for direct
assembly. Performing such an analysis would give insight into the process of gene
conversion. If SMN1 is converted to SMN2by mutation, the SMN.Z2 gene will then lie
adjacent to the NlA/P gene instead of the NlA/P pseudogene. Similarly, if SMNZ2is converted
to SMN then the 2 SMN1 genes can be on the same chromosome, one adjacent to NA/P
and the other adjacent the NA/P pseudogene.
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It is known that SMNI and SMNZ can be lost by deletion but deletion junctions have not
been reported that remove SMN25exons 7 and 8 (Burghes 1997). Using a ligation mediated
PCR assay for SMN%:copy number, exon 1 of SMN%2has been previously examined in
SMA patients, carriers, and normal individuals. In these studies, SMA cases were presented
where there was a loss of SMNI exons 1-6, but with the presence of SMNI exon 7 (Arkblad
et al. 2006). Additionally, there were cases with excess exons 1-6 but missing exons 7-8
(Arkblad et al. 2006). The loss of SMNexons 7 and 8 was described as a polymorphism as it
was present in normal individuals with 2 copies of SMNI (Arkblad et al. 2006; Calucho et
al. 2018). However, here we report a 6.3 kb deletion that eliminates exons 7 and 8 and can
occur in either the SMNI or SMNZ gene (Fig 1). As the deletion occurs in SMNZ and can
cause SMA, it is a disease-causing variant and it cannot be referred to as a polymorphism.
Interestingly, we did not detect loss of SMNZ exons1-6 but these alleles clearly exist and are
SMA alleles as they occur in SMA patients (Arkblad et al. 2006). Evidence of the 6.3 kb
deletion occurring in SMNI comes from dosage of the 3’ and 5’ end of SMN/% genes
examined across 3 generations in one family (Fig. 2), as well as polymorphic markers
D5S823 and D5S107 that trace the origin of the mutation. This analysis indicates that the
mutant allele originates in the grandmother, who is deleted for both SMNZ and SMNZ2 on the
same chromosome.

Additionally, we developed models based on the deletion frequency in patients with varying
copy numbers of SMNI and SMNZ. In comparing the models, the model where the deletion
occurs in both SMNI and SMNZ2is most consistent with the observed deletion frequency
data. Together, the data show strong evidence of the deletion occurring in both SMN1 and
SMNZ. The frequency of this deletion appears to be higher in SMA/2than SMN1 as
indicated by the similar frequency of the deletion in the groups containing a single copy of
SMNZ2but different SMN/I copy number. In general, there is correlation of the 5’ end
markers and the copy number of SMN%, which would not be the case if this was a highly
frequent deletion in SMNI. A puzzling feature of the SMA region is the frequency of SMNI
loss versus the frequency of SMNZ2loss. In the case of SMNZ loss, the frequency is 1/10,000
(0.01%), which is also the frequency of SMA (Pearn 1978). Whereas with SMN/Z2 loss, the
frequency in the general population is 10-15%, which is 1000 times higher than SMN1
(Mailman et al. 2002). Perhaps the reason for this is selection against loss of SMNZ but not
SMNZ as the loss of SMNI in the population gives rise to SMA and the loss of SMAZ2is not
detrimental.

We identified 15 repeats in the SMN%5 gene that have an exact 21 bp match to the 3’ end of
the deletion junction. The sequence of this 21 bp repeat matches perfectly the first 21 bp of
the Alu core element (Rudiger et al. 1995). Interestingly, a deletion junction of SMN exons 5
and 6 has been found near a similar repeat, though with a slightly different sequence (Wirth
et al. 1999). It is possible other less frequent deletion junctions are occurring at these other
repeats. The repeats also lie in the adjacent A/A/P gene, which had a total of 24 repeats with
an exact 21 bp match. With MA/Pknown to be deleted in approximately 43% of type 1 SMA
patients (Roy et al. 1995; Thompson et al. 1995; Burlet et al. 1996), it is possible a deletion
junction exists spanning MA/Pand SMNI that is flanked by these repeats. Our attempts to
find such a deletion junction were unsuccessful, though future experiments which expand
the captured region to include NJA/Pwould greatly increase the chances of detection. NA/P
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has previously been suggested as a possible modifier of SMA as it is more commonly
deleted in SMA type 1 patients than in SMA type 2 and 3 patients (Roy et al. 1995; Velasco
et al. 1996). However, this seems unlikely as MA/P deletions are still detected in some SMA
type 2 and 3 patients and NMA/Pis still present in some SMA type 1 patients. Finally there
are severe cases with mutations within SMN/ that do not remove NA/P (Roy et al. 1995;
Thompson et al. 1995; Burlet et al. 1996; Burghes 1997). More likely, there is a large
deletion which eliminates SMNZ and a portion of MA/Pand gives rise to SMA type 1
individuals. Since SMA type 2 and 3 individuals have a higher SMN/2 copy number it is
likely that gene conversion of SMNIto SMNZ and not gene deletion causes the disease
(Burghes 1997). As a result, deletions of A/A/Pwould be less common in SMA type 2 and 3
individuals and the implied correlation between A/A/P deletions and SMA type 1 is not
unexpected.

In this study, we sequenced the SMN.2 genes of SMA patients in order to find modifiers of
SMA. The sequencing data was analyzed for variants as well as SMN.2 copy number which
was then verified using ddPCR (Fig. 3). From this analysis, we found 3 variants, A-44G,
A-549G, and C-1897T in intron 6 of SMNZ, that are significantly associated with mild
exception patients. All 3 are variants more prevalent in the SMNI gene (Monani et al. 1999;
Wau et al. 2017) but may be present in SMNZ2 due to gene conversion events (Campbell et al.
1997; DiDonato et al. 1997; Burghes 1997). The variants C-1897T and A-549G have not
been previously implicated as SMA modifiers before. The third variant A-44G has
previously been suspected of being a modifier as it has been shown to increase the amount
of full-length SMN (Wu et al. 2017). Here we confirm that prediction, as A-44G was
associated with 6 mild exception patients and never with concordant or severe exception
patients, strongly suggesting the presence of this variant resulted in a milder than expected
SMA phenotype. Five patients were identified as having 2 or more of these variants and
there was some evidence of an additive effect. For example, patient MGH157 had 3 copies
SMNZ2and 1 copy of the modifying variant (C-1897T) and was a SMA type 3a individual.
Patients MGH335, OSU01-001, and OSU01-002 also had 3 copies of SMANZbut in addition
these individuals each had all 3 of the variants and displayed milder type 3b or type 4 SMA.
This data indicates that patients with multiple variants may manifest a milder than
anticipated phenotype. However not all discordant sibling pairs contained variants in SMNZ2.
For example, OSU01-001 and OSU01-002 had identical SMN.2 genotypes yet OSU01-001
had a SMA type 3b phenotype while OSU01-002 had SMA type 4. Thus, in this case it is
likely that individual OSU01-002 has additional modifiers outside of the SMA region that
could account for the milder phenotype.

Aside from variants in SMNZ, genes outside of the SMA region as well as epigenetic
changes have been implicated in modifying SMA. Epigenetic effects have been proposed to
affect SMA phenotype, both within and outside of the SMN.2 gene, though evidence for this
is limited (Hauke et al. 2009; Zheleznyakova et al. 2013, 2015). One study found differences
in CpG methylation at certain CpG dinucleotides, two of which were near an alternative
transcription start site of SMA/2 (Hauke et al. 2009). Although these 2 CpG dinucleotides
were shown to modulate expression of a particular isoform of SMNZ, this isoform makes up
less than 5% of total SMNZ2transcripts and hence does not result in a significant change in
total SMN protein (Hauke et al. 2009). Outside of SMN.2, methylation differences have been
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found between lymphoblast samples from SMA patients and healthy controls near the genes
CHML and ARHGAPZ2which are related to the activity of Rab and Rho GTPases
(Zheleznyakova et al. 2013). However, the ability of these methylation changes to alter the
SMA phenotype has yet to be demonstrated.

The PLS3 gene was determined to be a sex-specific protective modifier that is over-
expressed in lymphablasts from SMA females (Oprea et al. 2008). However, further studies
of female discordant SMA siblings showed higher PLS3 expression in the severe sibling
demonstrating that the effect is non-penetrant in certain patients (Bernal et al. 2011). To date
it is unclear why elevated PLS3 expression is found in some female patients but not others.
Additionally, male exception cases exist which PLS3 cannot explain (Burghes et al. 1994;
Cobben et al. 1995; McAndrew et al. 1997; Cusco et al. 2006). Furthermore, mice
experiments remain controversial in that our group showed no improvement in SMA mice
upon overexpression of PLS3while the Wirth group show marginal improvement
(Ackermann et al. 2013; McGovern et al. 2015). Studies by Oprea et al. maintain that the
modification can only occur in SMA type 2 patients and not in those with SMA type 1 and
consequently the severe phenotypes cannot be modified (Oprea et al. 2008). However, cases
with discordant SMA type 1 and type 2 siblings have been reported (Pane et al. 2017). Mild
SMA animals treated with both PLS3and a suboptimal dose of corrective antisense
oligonucleotide (ASO) have an improved phenotype (Strathmann et al. 2018), but it is not
known if it is due to improved uptake of oligonucleotide or a direct effect of PLS3. In sum,
the mechanism and degree to which PLS3is a modifier of SMA remains uncertain.

In this study, we captured PLS3and analyzed the gene for variants, separated by sex, that
alter SMA phenotype. We tested all alleles that were present in the 268A15 clone that
contains ALS3and none of them had a statistically significant segregation with neither mild
nor severe exception SMA patients. This includes the variant rs871773 which is known to
increase expression of PLS3in colon cancer (Szkandera et al. 2013). In males, rs871773 was
found in 1 concordant and 1 mild exception patient, whereas in females it was found in 6
mild and 3 severe exception patients. In short, our data does not support the hypothesis that
PLS3modifies the SMA phenotype as no variant was found to statistically segregate with
exception patients. Finally, SMA patients with a milder phenotype than expected for their
copy number are not exclusively females as twenty-four of our 58 mild exception patients
were males. Clearly, other modifiers besides PLS3 exist.

The NCALD gene is another proposed modifier of SMA. A family with 5 asymptomatic
SMN1 deleted SMA patients were found to have a 17 bp deletion adjacent a possible super
enhancer that lies 600 kb upstream of the gene (Riessland et al. 2017). However, this
deletion alone is insufficient to explain the protective effect. Indeed, we have tested for this
deletion in discordant sibling pairs and found it in both mild and severe exception patients as
well as concordant patients (data not shown). Instead, as demonstrated by Riessland et al.,
the protective effect only occurs when a second CT insertion in intronl of NCALD s also
present. Analysis of this variant using the splicing prediction program Alamut indicated that
the CT insertion creates a strong cryptic splice site. This could disrupt the expression of the
gene and explain why the samples selected displayed low NCALD expression (Riessland et
al. 2017). We examined this variant and found it present in the severe sibling of a discordant
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pair as well as in one sibling of a concordant pair (data not shown). Thus, the NCALD
mutations on their own do not appear to be modifiers. The two mutations would have to
occur together in the same individual however the mechanism by which these two changes
together alter NCALD expression is unclear (Riessland et al. 2017). The combination of
both alleles is a rare event and as such can only explain a small percent of exception cases.

The work we have presented here has several important conclusions. First, not all SMN2
genes are equivalent as evidence by the existence of variants that segregate with milder
phenotypes. Second, there must be variants that modify SMA that exist outside of SMN2.
The SMNZ2variants we found to significantly associate with milder SMA individuals can
only explain a small fraction (14 out of 58) of our mild exception patients. Amongst all our
patient samples we had 11 cases of discordant siblings and all were confirmed to have
identical genotypes in the SMA region. Hence the majority of SMA patients, including
exception patients, have fully intact SMNZ2 genes. This strongly supports the notion that in
the majority of discrepant cases genetic modifiers lie outside the SMN region. Third, no
variant in PLS3 segregated with the mild exception patients, not even when accounting for
sex. Fourth, the data generated by this adaptation of the MDIiGS technique had enough
statistical power to identify significant variant associations with milder phenotypes, even
when the variant was present in only a limited number of individuals. This makes the
MDIGS technique a viable option for determining modifiers using targeted sequencing.
Finally, the patient samples and data described here are an ideal dataset for identifying
modifying variants outside of the SMA region. These fully sequenced samples have a
confirmed SMNZ copy number and well-characterized phenotypic information. Any
candidate modifiers of SMA can be tested for their presence in our confirmed exception
cases, or their absence in our confirmed concordant cases.
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SMN1/2 Copies Across Bins in Patient OSU199

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Bin Number (Bin Size = 1.8kb)

Exon 1 2a 2b34 5 6 78

WV Repeat, Fw (CTGTAATCCCAGCACTTTGGG)
é Repeat, Rv (CCCAAAGTGCTGGGATTACAG)

c Sanger TCAGTTATCTGACTGTAACACTGTAGGCTTTTGTGTTTTTTAAATTATGAAWTWTTTGAA

MDiGS TCAGTTATCTGACTGTAACACTGTAGGCTTTTGTGTTTTTTAAATTATGAAATATTTGAA

R O T

Sanger AAAAATACATAATGTATATATAAAGTATTGGTATAATTTATGTTCTAAATAACTTTCTTG
MDiIGS AARAATACATAATGTATATATAAAGTATTGGTATAATTTATGTTCTAAATAACTTTCTTG

222 S SRR RSS2t R Rttt sttt Rttt Rt R R R RS RRER R R RS

Sanger AGAAATAATTCACATGGTGTGCAGTTTACCTTTGAAAGTATACAAGTTGGCTGGGCACAA
MDIGS AGAAATAATTCACATGGTGTGCAGTTTACCTTTGAAAGTATACAAGTTGGCTGGGCACAA

o ke ok e ok ok ok e o ok o ok e e o ok e o e ok o ok ok o ok o ok o ok ok ke e ol ok ok e ol ok ok o o o ol ke e ok o ok ok ok e ol ok e e o ok e e

Sanger TGGCTCACGC | CTGTAATCCCAGCACTTTGGG |AGGCCGAGGCGGGTGGATCACCTGAGA
MDiGS TGGCTCACGC | CTGTAATCCCAGCACTTTGGG |AGGCCGAGGCGGGTGGATCACCTGAGA

R R N T

Sanger TCAGGAGTTCCAGACCAGCCTGGCCAACATAGTAAAACCCTGTCTCTACTAAAAATACAA
MDiGS TCAGGAGTTCCAGACCAGCCTGGCCAACATAGTAAAACCCTGTCTCTACTAAAAATACAA

s ode g e e de o ok ok e ok gk e e o o ke e e ok e o ok ok o o o ok ok o ok ke o o o o e e o g o ok ok g o ok o o o e o o o o o ke o o e o

Sanger AAATTAGCCCGGCATGGTGGCACGCCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGG
MDIGS AAATTAGCCCGGCATGGTGGCACGCCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGG

Fig. 1A-C.

Dgtection of 6.3 kb deletion junction bioinformatically, location of repeats in SMNZ2, and
verification of the deletion junction using Sanger sequencing after amplification using PCR.
A The ratio of reads aligned to CFTR compared to SMN%; was calculated and plotted for 19
bins, each with a size of 1.8 kb. A decrease in the ratio over 3 bins in the 3’ end of SMN% is
shown here for sample 199. Analysis of the sequencing reads resulted in the detection of a
6.3 kb deletion. The location of the deletion is indicated by black bars. B. A diagram
illustrating where each bin aligns on the SMN/Z2 gene. Also shown are the locations of the 21
bp repeats in SMNZ, depicted as triangles. These 21 bp repeats match the Alu-repeat
sequence and are known to be involved in deletions and rearrangements (Rudiger et al.
1995). The black bars indicate location of the deletion. C. The deletion junction was
amplified using PCR, subcloned, and Sanger sequenced for verification. Shown is a
sequence alignment between the Sanger sequencing and the MiSeq MDiGS reads. An
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asterisk (*) represents identical nucleotides. A “W” base call can be either an “A” or a “T”.
The boxed nucleotides indicate the repeat that contains the junction.
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[:0SU201.1 1:0SU201.2
D5S823 15,15 D5S823 15,14
SMN1exon7 11 SMN1exon7 1,0

SMN2 exon7 0,0 SMN2 exon7 0,0
SMN1/2 exon1 2,2 SMN1/2 exon1 1,2

Junction 1,1 Junction 0,2
D5S107 8,8 D5S107 8,7
11:0SU201 1:0SU200
D5S823 15,14 | D5S823 14,15

SMN1 exon7 1,0 SMN1exon7 1,0

SMN2 exon7 0,0 SMN2 exon7 1,1
SMN1/2 exon1 2,2 SMN1/2 exon1 2,1

Junction 1,2 Junction 0,0
D5S107 8,7 D5S107 7,5

[:0SU199

D5S823 14,15
SMN1 exon7 0,0
SMN2 exon7 0,1
SMN1/2 exon1 2,1
Junction 2,0
D5S107 75

Fig. 2.
A 6.3 kb deletion was detected in the proband (111:0SU199). The copy number of SMN1

exon 7, SMNZexon 7, SMN%:exon 1, and the deletion junction were measured using
ddPCR in patient 111:0SU199, her parents (11:0SU201 and 11:0SU200), as well as paternal
grandparents (1:0SU201.1 and 1:0SU201.2). Shown are the measured copy numbers, from
which we have inferred the number of copies per chromosome. We also show the genotype
for the markers D5S823 and D5S107 which flank the region containing the SMN/% genes.
The proband 111:0SU199 had 1 copy of SMNZ2exon 7, 3 copies of SMN%exon 1, and 2
copies of the deletion junction. The father (11:0SU201) had 1 copy of SMN/1, 4 copies of
SMN¥exon 1, and 3 copies of the deletion junction. The mother had 0 copies of the
deletion junction, meaning the proband inherited 2 copies of the deletion junction from the
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father on the same chromosome. The grandfather (1:0SU201.1) had 2 copies of SMN/ exon
7, 4 copies of SMN% exon 1, and 2 copies of the deletion junction. The grandmother had 1
copy of SMN1, 3 copies of SMN%exon 1, and 2 copies of the deletion junction. Analysis of
polymorphic markers D55823 and D5S107 was consistent with the deletion being inherited
from the grandmother.
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Correlation Curve of MDIiGS to ddPCR
Determined SMN2 Copy Number
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Fig. 3.
Correlation curve of SMNZ2 copy number as determined by MDIiGS compared to ddPCR. A

total of 180 samples were analyzed, 172 of which were confirmed to be correct (95.5%).
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Fig. 4A, B.

RP11-1005E12 RP11-974F13 RP11-1280N14

Map of the SMA region that was assembled using overlapping clones that originate from the
same chromosome. A Map of the region showing all genes and their orientation. SMNZ and
SMNZ are in the same orientation and are approximately 848 kb away from each other.
Lying between SMNI and SMNZ are 2 NA/P pseudogenes (one containing A/A/P exons 6—
17 and the other contained NA/Pexons 3 and 6-9) and 2 GUSBP3 pseudogenes, as well as
SERF1A and GTF2HZB. Pseudogenes are indicated with a (V). B Overlapping clones used
to construct the region. The smallest overlap between clones was 32,833 bp while the
average overlap was 71,850 bp. There was only a single mismatched base pair out of all the

overlapping regions.

Hum Genet. Author manuscript; available in PMC 2020 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ruhno et al.

Table 1

Page 29

Prevalence of deletion junction amongst a panel of 466 individuals with different copy numbers of SMN/Z and

SMNZ.

Known Copy Number

SMN1 SMN2 Total Positive  Total Samples Screened  Frequency
0 1 6 17 0.35
0 2 3 50 0.060
0 3 1 50 0.020
0 4 0 50 0.0
1 0 12 19 0.63
2 0 23 50 0.46
3 0 3 30 0.10
2 1 17 50 0.34
2 2 0 50 0.0
1 1 17 50 0.34
1 2 2 50 0.04
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Table 2

Association between SNPs and exception SMA phenotypes.

Concordant Mild Severe
Location Variant Ref® Altb Ref  Alt Ref Alt Ref Alt P-Value Adjusted P-Value
Intron6  A-549G A G 309 0 143 9 39 0 1.872E-5 0.00294
Intron 6 A-44G A G 310 0 156 6 39 0  0.000952 0.04982
Intron6  C-1897T C T 308 1 146 8 39 0 0.000471 0.03704
Intron 6 C-478T C T 309 0 151 5 39 0  0.002716 0.10662
Intron 6 C-255T C T 311 0 165 5 39 0  0.003588 0.11265

aRef = Reference Allele

bAIt = Alternate Allele
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