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Abstract.

Background: Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder caused by homozygous
survival of motor neuron 1 (SMNI) gene disruption. Despite a genetic etiology, little is known about subtype concordance
among siblings.

Objective: To investigate subtype concordance among siblings with SMA.

Methods: Cure SMA maintains a database of newly diagnosed patients with SMA, which was utilized for this research.
Results: Among 303 sibships identified between 1996 and 2016, 84.8% were subtype concordant. Of concordant sibships,
subtype distribution was as follows: Type I, 54.5%; Type 11, 31.9%; Type 111, 13.2%; Type IV, 0.4%. Subtype and concor-
dance/discordance association was significant (Fisher’s exact test; p <0.0001). Among discordant sibships (chi-square test,
p<0.0001), Types II/III (52.2%) and Types I/II (28.3%) were the most common pairs. No association was found between
sibling sex and concordance. Our findings show that most siblings with SMA shared the same subtype concordance (most
commonly Type I).

Conclusions: These data are valuable for understanding familial occurrence of SMA subtypes, enabling better individual
treatment and management planning in view of new treatment options and newborn screening initiatives.
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childhood morbidity [1, 2, 5]. Mortality and morbid-
ity, along with the observed SMA phenotypes, are
expected to be altered with widespread early adminis-
tration of the disease-modifying therapy nusinersen,
which has recently been approved for use in many
countries [6]. Several other disease-modifying thera-
pies are also in late-stage clinical development [7].

The estimated overall annual birth prevalence of
SMA ranges from 8.5-10.3 per 100,000 live births,
making it a rare disease [3, 8—11]. SMA has tradi-
tionally been classified into five subtypes (Types O,
L, II, III, and IV), which are distinguished by age of
symptom onset and highest motor milestone achieved
[12, 13]. The most severe phenotype is seen in the
rare SMA Type 0, with a prenatal onset and postnatal
survival of less than one month [1, 12, 14]. Type I
(infantile onset) is also a severe form of SMA; symp-
toms usually present at less than six months of age,
patients never sit unsupported, and without respira-
tory intervention, their life expectancy is generally
less than two years [1, 2, 12]. Without treatment,
individuals with SMA Type I typically do not experi-
ence motor milestone and motor function gains once
they become symptomatic [1, 12]. Among the sub-
types, SMA Type I is the most frequently occurring
(>50% of cases) and has been the least prevalent due
to its high mortality rate [1, 15, 16]. Symptom onset
in patients with SMA Type II is within the first 18
months of life [1]. Individuals with SMA Type 11
may sit independently, but never walk unaided, and
had a life expectancy into early adulthood [1]. SMA
Type III usually presents after 18 months of age,
affected individuals walk independently, and their life
expectancy is almost identical to that of the general
population [1]. The rarest form of the disorder, associ-
ated with the lowest morbidity, is SMA Type IV, with
symptom onset typically occurring after 20 years of
age. Similar to SMA Type III, survival in Type IV is
in line with that expected for the general population
[1, 12, 17].

Phenotypic severity is thought to be associated
with the number of copies of the paralogous SMNI
gene, SMN2, present in an individual’s genome [13,
18]. Patients with SMA Type O usually only have
one copy of the SMN2 gene, while one study has
reported individuals with SMA Type IV as having up
to eight copies [12, 19]. With early symptom onset
across the majority of affected individuals and short
survival among the most severe forms, understand-
ing the course of SMA within families enables better
consideration of options for possible treatment, care
management, and family planning.

There have been descriptions of phenotypic vari-
ation of SMA within families, but most have been
relatively limited in the number of sibships included.
A 1994 publication described variability in 101 sib-
lings in 48 families observed from 1985-1993 [20].
This study classified patients according to motor
development and reported that 15% were discordant
based on this measure [20]. Age of onset was exam-
ined separately, but was similar within each SMA
subtype [20]. Other available studies have tended to
be smaller case series with even fewer sibling sets
(<10 families) [21-28]. A more recent small case
series of 14 siblings reported seven sibships with the
same SMA subtype and found phenotypic discor-
dance across measures such as best motor function
achieved, age of onset, highest functional scores,
need for ventilation and/or spinal surgery, or loss of
independent gait [29]. In a study of 45 patients with
SMA, four sets of siblings were identified; siblings
within each set had identical SMN2 copy numbers, but
showed markedly different SMA phenotypes [23].

This study aims to describe the most frequently
occurring SMA subtypes among siblings, evaluate
the concordance and discordance of SMA subtypes
among siblings, assess the association of sex with
SMA phenotype concordance, and characterize SMA
subtypes of siblings according to birth order. These
results are of particular importance as new thera-
pies for SMA are developed; these findings have
the potential to support the identification of genetic
modifiers, the discovery of which may lead to more
effective drug treatment regimens. These data, in
addition to family experience, may also be valuable in
creating and implementing treatment plans for indi-
viduals with SMA.

METHODS

As an organization supporting SMA families, Cure
SMA has maintained the largest global patient-
reported database of patients with SMA since 1996
[30]. The database currently has >7000 patients
with SMA worldwide, with an average of 27 new
patients each month contacting Cure SMA for infor-
mation and resources [30]. In the days, weeks, or
months following the SMA diagnosis, patients or
their caregivers contact Cure SMA seeking fur-
ther information about the disease and available
resources. All information provided to Cure SMA by
newly diagnosed patients or their caregivers is vol-
untary and includes details such as birthdate, date



C.C. Jones et al. / SMA Subtype Concordance in Siblings 35

of diagnosis, type of SMA, and contact information.
The Cure SMA database is used to recruit patients
for clinical studies, raise awareness about SMA to
health care providers, and establish a network for
families and affected individuals [31]. Analyses of
the Cure SMA database qualify as exempt research by
the Advarra Institutional Research Board (Columbia,
MD). The Cure SMA privacy policy is available here:
http://www.curesma.org/privacy-policy.html.

This descriptive analysis utilizes patient- and
family-level data collected from 1996-2016, after
individuals contacted Cure SMA following a recent
new diagnosis of SMA. Information was primarily
self- or family reported to Cure SMA. The fami-
lies who contacted Cure SMA consented to their
data being utilized for research to advance the mis-
sion of Cure SMA, with the privacy statement on the
Cure SMA website stating that aggregated, deiden-
tified information may be shared with third parties.
Each patient was assigned a unique identifier and each
household was also assigned a unique identifier. Sub-
sequent to identification of eligible siblings within
the Cure SMA database, the following deidentified
data were analyzed: randomly modified (to retain
anonymity) dates of birth and death (if applicable),
sex, and diagnosis date. For date of birth and diag-
nosis date, Cure SMA applied an algorithm to alter
dates systematically. This enables estimates of time
while maintaining the confidentiality of the patient’s
true dates of birth and diagnosis. To maintain confi-
dentiality, only Cure SMA has access to the algorithm
key.

Data from a total of 848 siblings were available
to be assessed for eligibility for study inclusion as
of December 31, 2016. The first disease-modifying
therapy was authorized December 23, 2016, so the
majority of siblings observed would not have had
an opportunity for exposure to such therapies dur-
ing the study period. Siblings were identified using
their unique household identifier. Concordant sib-
ships were defined as those where all siblings with
SMA had the same subtype. Discordant sibships were
those where two or more siblings with SMA had dif-
ferent subtypes. Tests of association were conducted
using Fisher’s exact test and chi-square statistics.

RESULTS

Among the 848 patients identified, 627 were
included in these analyses, representing 303 sibships
(Fig. 1). Of the 221 patients (101 sibships) that were

excluded, 58 were missing sex identification, 75 had
aform of SMA other than Types [-IV (non-5q SMA),
16 were missing information on sex and SMA sub-
type, and 72 were excluded because a sibling was
missing required information.

Among the 627 patients analyzed, the highest pro-
portion of individuals had SMA Type I (49.8%;
Table 1). The subtype distribution in the overall popu-
lation followed the SMA type distributions described
in the literature, both in the total Cure SMA sibling
database (Table 1) and in the cohort with available
data for SMA subtype that was used for further analy-
sis. The majority (94.1%) of SMA sibships contained
two children with SMA (Table 2); 39 sets of twins and
one set of triplets were also identified.

| 848 siblings identified |

221 (26.1%) patients excluded because 21 family member(s) had:
Unknown sex only: n = 58 (6.8%)
SMA subtype other than Types -1V only: n = 75 (8.8%)
Unknown sex AND SMA subtype other than Types I-IV: n = 16 (1.9%)
Sibling with missing information: n = 72 (8.5%)

627 siblings with SMA Types |-V and
sex information available:
n =303 sibships

Fig. 1. Total sibships in the Cure SMA sibling database from
1996-2016 and number included in this analysis. SMA, spinal
muscular atrophy.

Table 1
Summary of unique patients included in these analyses from the
Cure SMA sibling database from 1996-2016

Sex, SMA SMA SMA SMA Total
n (%) Type I Type Il  Type Il Type IV

Female 148 (48.5) 108 (35.4) 49 (16.1) 0 305 (48.6)
Male 164 (50.9) 100 (31.1) 52(16.1) 6(1.9) 322(51.4)

Total 312 (49.8) 208 (33.2) 101 (16.1) 6 (1.0) 627 (100.0)
SMA, spinal muscular atrophy.

Table 2
Total number of sibships in the Cure SMA sibling database from
1996-2016 (627 individuals in 303 families)

Number of siblings Number of families,

per family n (%)

2 285 (94.1)
3 15 (5.0)
4 3(1.0)
Total 303 (100.0)
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SMA subtype concordance and discordance

Among the 303 sibships, 84.8% (n=257) had
concordant SMA subtypes (Fig. 2), while 15.2%
(n=46) had discordant SMA subtypes. Concor-
dance/discordance was associated with SMA subtype
(Fisher’s exact test, p <0.0001). Among concordant
subtypes, SMA Type I comprised the largest percent-
age (54.5%), followed by SMA Type II (31.9%) and
Type III (13.2%). These differences were statistically
significant according to a chi-square test of associa-
tion (170.72; p<0.0001, i.e., the probability of the
observed frequencies being due to chance is low).
Among all families with one or more children with
SMA Type I (n=159), 88.1% of siblings with SMA
were subtype concordant.

Among discordant SMA subtypes, the combina-
tion of SMA Types II and III was most common
(52.2%), followed by the combination of SMA Types
I and II (28.3%; Fig. 3). The frequencies of the
observed combinations of SMA subtypes in discor-
dant sibships were significantly different as assessed
by chi-square test (54.70; p <0.0001).

SMA subtype of discordant siblings according to
birth order

Among discordant sibships with an available date
of birth (modified to protect privacy; n=39/46), an
analysis of birth order was undertaken. Overall, 27/39
(69.2%) sibships included children with a less severe
SMA subtype who were born before their sibling(s)
with more severe SMA subtype(s); of these, SMA

Type IV, n=1(0.4%)

Type ll, n=82
(31.9%)

Fig. 2. Frequency of spinal muscular atrophy subtypes among
concordant sibships in the Cure SMA sibling database from
1996-2016 (n =257 sibships). Chi-square test, 170.72; p <0.0001.

Type IIT followed by SMA Type II was the most
common birth order (n =16 sibships [16/27; 59.3%]).
Fourteen of the discordant sibships comprised one or
more individuals with SMA Type I; of these sibships,
four included SMA Type I earlier in the birth order
than less severe SMA subtypes, nine sibships con-
tained individuals with SMA Type I born after those
with a less severe subtype, and one sibship had a birth
order of SMA Types I, I, II, and I'V.

Sex concordance

Sex was not associated with SMA subtype concor-
dance; 86.0% and 83.3% of same- and different-sex
sibships, respectively, had the same subtype of SMA
(Fig. 4). Concordance and discordance rates between
same- and different-sex sibships were not signifi-
cantly different as assessed by chi-square test (0.40;
p=0.5268).

SMA subtype concordance within all-male and
all-female sibships also was not significantly dif-
ferent (Fig. 5). Concordance and discordance rates
between same-sex sibships were not significantly

Types |, I, and Il | 1(2.2)

Types land IV |1 1(22)

Types lll and IV 3(6.5)
Types | and Il 4(8.7)
Types | and Il 13(28.3)
Types Il and IIl 24 (52.2)

00 100 200 300 400 500 600

Sibships, n (%)
Fig. 3. Spinal muscular atrophy (SMA) subtypes among sib-
lings with SMA subtype discordance in the Cure SMA sibling

database from 19962016 (n =46 sibships). Chi-square test, 54.70;
p<0.0001.

Concordant ® Discordant
100+

80+

60+

Patients, %

404

204

n=24 n=22 n=46
o (14.0%) (18.7%) (15.2%)
Same sex Different sex Total

Fig. 4. Spinal muscular atrophy subtype concordance among
same- and different-sex siblings in the Cure SMA sibling
database from 19962016 (n =303 sibships). Chi-square test, 0.40;
p=0.5268.
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Fig. 5. Spinal muscular atrophy subtype concordance among
same-sex siblings in the Cure SMA sibling database from
1996-2016 (n =171 sibships). Chi-square test, 1.09; p =0.2963.

different as assessed by chi-square test (1.09;
p=0.2963).

DISCUSSION

This study represents the largest group of sibships
(n=303) for which SMA phenotype concordance
and discordance has been reported. Sibling concor-
dance of subtype was high (85%); this is the same
as an earlier study of 101 siblings in 48 families that
also reported 85% concordance rates based on motor
development [20]. The data reported here provide
valuable understanding regarding the epidemiology
of SMA in the community and within families. The
distribution of SMA subtypes in the overall Cure
SMA sibling subset (SMA Type I, 49.8%; SMA Type
II, 33.2%; SMA Type III, 16.1%; SMA Type 1V,
1.0%) was consistent with that described in the inci-
dence literature [1].

The size and breadth of participation in the Cure
SMA database are among the strengths of this anal-
ysis. Because data collection was independent of
health care providers, it reflects a variety of individ-
uals with SMA who are treated across various types
of medical specialists, clinics, geographies, and care
standards, all of which increase the generalizability
of these results.

Limitations of this analysis include that data were
self-reported by patients and patients’ families with-
out independent verification (such as with health care
providers); however, a recent community survey con-
ducted by Cure SMA found that self-reported data by
patients and parents were similar to clinician-reported
data in a study by Calucho et al. [32]. The Calucho et
al. study reported that 73% of individuals with SMA
Type I, 78% of individuals with SMA Type II, and
44% of individuals with SMA Type III have two,
three, and four SMN2 copies, respectively. In Cure

SMA’s self-reported data, 76% (n=117) of individ-
uals with SMA Type I reported having two SMN2
copies, 76% (n=112) of individuals with SMA Type
II reported having three SMN2 copies, and in indi-
viduals with SMA Type III, 42% (n=39) reported
having four SMN2 copies [33]. Sibling relationships
were assumed as verification of sibships could not
be conducted (e.g., children in the same household
may have been siblings, cousins, step-siblings, half
siblings, adopted). Notably, unless Cure SMA was
notified that a diagnosis had changed, as might be
expected in the presence of approved treatments, clin-
ical trials, or the rare occurrence of motor function
achievements, SMA subtypes were not recoded as
standard procedure after the first diagnosis. While
this dataset represents the largest study of SMA sib-
ships to date, care must be taken when extrapolating
cohort data to wider affected populations.

A statistical association was observed between
SMA subtype and concordance/discordance, mean-
ing that the subtypes were not evenly distributed
across concordance/discordance. The most fre-
quently occurring SMA subtype among concordant
sibships was Type 1. The SMA subtypes of discor-
dant sibships were statistically different; SMA Types
IT and III were the most common co-occurring dis-
cordant phenotypes, and SMA Types I and II the
second most common. The observation that the most
common discordant sibships were between subtypes
closest on the SMA spectrum is consistent with SMA
being a phenotypic continuum [1, 4].

A number of possible sources for variability in
observed SMA phenotypes and general subtype con-
cordance have been identified, including SMN2 copy
number, aspects of motor function, sex, and birth
order [34-37]. The severity of SMA is thought to
be influenced by the amount of full-length SMN
protein that is residually expressed. Cure SMA
began additional data collection, including SMN2
copy number, maximum motor function achieved,
and exposure to disease-modifying therapy towards
the end of the study period, and as a result, these
data were not available for the majority of indi-
viduals in this study. Besides SMN2 copy number,
other factors can lead to differing levels of SMN
protein expression, such as modulation by splicing
factors or transcriptional regulators, epigenetic fac-
tors (e.g., acetylation and methylation within the
SMN2 promoter), factors influencing SMN protein
stability (e.g., proteasome inhibitors), or by extrinsic
non-genetic or environmental factors (e.g., hypoxia,
starvation), thus providing possible mechanisms for
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interfamilial discordance in SMA subtype [34]. These
factors may underlie the discordant sibships contain-
ing SMA Types I and III (n=4/46; 8.7%) and SMA
TypesIand IV (n=1/46;2.2%) reported in the current
study. Further studies examining SMN2 copy number
among siblings are warranted given the importance
of SMN2 in phenotype manifestation. Sibling dis-
cordance by variation in SMN2 copy number has not
been available in studies with large numbers of sibling
pairs and has been added to Cure SMA data collection
for future studies.

Concordance of motor function is a key aspect
of variation among siblings with SMA. Motor func-
tion assessments of individuals with SMA using the
Hammersmith Functional Motor Scale (HFMS) and
the Motor Function Measure (MFM) have charac-
terized discordant SMA subtypes within sibships in
several studies [21, 29]. Differences in motor function
scale scores in siblings with the same genotype were
described. For example, in the study by Medrano et
al., of two sisters with SMA Type Illa, each with three
SMN?2 copies and assessed at 15 and 13 years of age,
respectively, one lost the ability to walk at two years
of age (HFMS score, 8; MFM score, 40.62) and the
other at 10 years of age (HFMS score, 18; MFM score,
52.08) [21]. Phenotypic differences were observed by
Monges et al. in best motor function compared with
SMA type in four families (two subtype concordant:
males with SMA Type II, females with SMA Type
III; two discordant: males with SMA Types I and I,
and a male with SMA Type III and his asymptomatic
brother) [29]. The rate of phenotypic discordance
in the Monges et al. study was 79% (11/14 sibling
pairs) [29], which is much higher than an earlier
study of 101 siblings in 48 families and much higher
than the results presented here (both report 15% dis-
cordance rates overall) [20]. Motor function results
are not available for this dataset, but it is expected
that such measures would enable linkage studies to
further elucidate the molecular mechanisms behind
sibling discordance in SMA. Describing such mech-
anisms is becoming increasingly important because
disease-modifying therapy alters SMA phenotype
manifestation.

Several large studies have suggested that sex may
have an influence on SMA phenotype [35, 38].
Although the occurrence of SMA subtype was not
stratified by sex in the Cure SMA sibling cohort,
concordance and discordance rates in same- and
different-sex sibships were not statistically signifi-
cantly different. When siblings with unknown gender
were included in the analysis (N=716 individuals;

344 sibships), the percent of sibships that were discor-
dant decreased (14.2%; n =49) and the distribution by
subtype among concordant (Type 1:54.9%, Type II:
31.5%, Type I1I: 12.9%, and Type IV: 0.7%) and dis-
cordant sibships (all 3 additional discordant sibships
were a combination of Types I and II) were similar
to the distribution when sibships with missing gender
were excluded from the study analysis.

The small numbers of discordant sibships allowed
limited analysis of birth order. Among those patients
with available date of birth, the less severe individual
was born first in 69.2% of discordant sibships. Of
these sibships that included one or more siblings with
SMA Type I (n=14), the less severe individual was
born first in nine sibships. Despite the fact that infants
with SMA Type I could be born after siblings with a
less severe SMA subtype, the concordance of SMA
subtype remains high.

The data reflected in this study are part of an ongo-
ing effort to better understand numerous aspects of
SMA. As the database has evolved over time, the
collection of additional information, such as SMN2
copy number, motor milestone achievement, and res-
piratory function measures where further discordance
may be studied, are now underway. Although there
was missing information for 149 individuals lead-
ing to a total exclusion of 221 individual siblings
(26.1%), missing data is acknowledged as a com-
mon issue in observational data [39]. In addition, the
Cure SMA database maintains information on unaf-
fected siblings for whom only limited descriptions
have previously been published [26]. Together, these
data enable more robust descriptions of the occur-
rence of SMA within families.

In summary, the study of siblings in the Cure SMA
dataset is a valuable resource for describing and char-
acterizing the familial aggregation of subtypes. The
study of subtype concordance supports the prediction
of disease trajectory and enables a better understand-
ing of the burden of illness within families. Moreover,
as treatments for SMA are reaching later stages of
clinical development and approval, it is anticipated
that concordance data in particular will help inform
newborn screening initiatives, care pathways, family-
planning decision making, and health care—seeking
behavior within families affected by SMA. In addi-
tion, research questions remain regarding potential
SMA modifiers in discordant sibships, and their iden-
tification could lead to the development of novel
SMA therapies. Additional data collection and anal-
yses ongoing from the Cure SMA dataset may allow
answers to these questions.
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