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Abstract

Objective

To test the hypothesis that rs573116164 will have disease-modifying effects in patients with
superoxide dismutase 1 (SOD1) familial amyotrophic lateral sclerosis (fALS), we characterized
rs573116164 within a cohort of 190 patients with fALS and 560 healthy age-matched controls
to assess the variant for association with various measures of disease.

Methods

Using a previously described bioinformatics evaluation algorithm, a polymorphic short struc-
tural variant associated with SOD1 was identified according to its theoretical effect on gene
expression. An 12-18 poly-T repeat (rs573116164) within the 3’ untranslated region of serine
and arginine rich proteins-related carboxy terminal domain associated factor 4 (SCAF4), a gene
that is adjacent to SOD1, was assessed for disease association and influence on survival and age
at onset in an fALS cohort using PCR, Sanger sequencing, and capillary separation techniques
for allele detection.

Results

In a North American cohort of predominantly SOD1 fALS patients (n =190) and age-matched
healthy controls (n = 560), we showed that carriage of an 18T SCAF4 allele was associated with
disease within this cohort (odds ratio [OR] 6.6; 95% confidence interval [CI] 3.9-11.2; p =
4.0e-11), but also within non-SOD1 cases (n = 27; OR 5.3; 95% CI 1.9-14.5; p = 0.0014). This
finding suggests genetically SODI-independent effects of SCAF4 on fALS susceptibility. Fur-
thermore, carriage of an 18T allele was associated with a 26-month reduction in survival time
(95% CI 6.6-40.8; p = 0.014), but did not affect age at onset of disease.

Conclusions

The findings in this fALS cohort suggest that rs573116164 could have SODI-independent and
broader relevance in ALS, warranting further investigation in other fALS and sporadic ALS
cohorts, as well as studies of functional effects of the 18T variant on gene expression.

From the Centre for Neuromuscular and Neurological Disorders (J.P., LL.F.,, RS.A, F.LM,, T, AP, S.K, P.AAA), University of Western Australia, Crawley; Perron Institute for
Neurological and Translational Science (J.P., L.L.F., RS.A, F.L.M,, F.T., AP, S.K, P.A/A), Nedlands; Centre for Molecular Medicine and Innovative Therapeutics (L.L.F., A.P., S.K, P.AA),
Murdoch University; School of Health Sciences (R.S.A.), and Institute for Health Research (R.S.A.), University of Notre Dame Australia, Fremantle; Institute for Immunology and
Infectious Diseases (I.J.), Murdoch University, Australia; Department of Neurology (A.M.S., R.B., M.\W.L., A.D.R.), Duke University School of Medicine, Durham, NC; Zinfandel
Pharmaceuticals, Inc. (A.M.S., D.K.B., A.D.R.), Durham, NC; ALS Clinic (R.B.), Duke University, Durham, NC; Departments of Neurology, Pathology and Cell and Molecular Biology (N.S.,
T.S.), the Les Turner ALS Center, Northwestern University Feinberg School of Medicine; and the Northwestern University Interdepartmental Neuroscience Program (N.S., T.S.),
Chicago, IL.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.
The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.


http://dx.doi.org/10.1212/NXG.0000000000000470
mailto:Anthony.akkari@perron.uwa.edu.au
https://ng.neurology.org/content/6/4/e470/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/

Glossary

ASV = alanine S valine; ALS = amyotrophic lateral sclerosis; CI = confidence interval; D91A = aspartic acid 91 alanine; fALS =
familial amyotrophic lateral sclerosis; LD = linkage disequilibrium; mRNA = messenger RNA; NCBI = National Center for
Biotechnology Information; OR = odds ratio; PIS = potential impact score; SCAF4 = serine and arginine rich proteins-related
carboxy terminal domain associated factor 4; SOD1 = superoxide dismutase 1; SSV = short structural variant; TOMM40 =

translocase of outer mitochondrial membrane 40 homolog.

Short structural variants (SSVs) are emerging as critical ge-
netic determinants in complex neurodegenerative diseases.'
SSVs contribute to pathophysiologic mechanisms responsible
for complex genetic diseases by modifying gene expression
and messenger RNA (mRNA) regulation.” " Given their
potential significance, investigating these uncharacterized
genetic markers may uncover some of the missing heritability
in amyotrophic lateral sclerosis (ALS) and reveal an expla-
nation for the vast diversity within ALS populations.'>*?

Studies of common superoxide dismutase 1 (SODI)-ALS—
associated variants such as aspartic acid 91 alanine (D91A)
and alanine S valine (ASV) (previously known as A4V) sug-
gest a disease-modifying factor close to the SOD1 locus, which
contributes broadly to ALS risk."*"> In Scandinavian pop-
ulations, the D91A variant is inherited in either a recessive or
dominant pattern'S; consequently, it has been suggested that
a tightly linked disease-modifying factor lying close to SOD1
exists, acting to reduce the penetrance of the mutant D91A
allele in recessive families."* Subsequent high-throughput
sequencing has failed to uncover a disease-modifying risk
factor within or around SODI'7; nevertheless, these results
are not conclusive as high-throughput sequencing methods
lack precision and accuracy in resolving SSVs.'>'18 T this
end, the existence of disease-associated SSVs within and
around SODI as potential sources of missing heritability in
ALS remains unresolved.

The largest transcript for the serine and arginine rich proteins-
related carboxy terminal domain associated factor 4 (SCAF4)
gene is situated S5 base pairs away from SOD1 and is known
to encode a member of the serine/arginine-rich splicing factor
family, which functions as an antiterminator during tran-
scription.'? In view of the close proximity of SCAF4 to SODI,
and its essential role in transcription, SSVs within SCAF4 are
potential disease-modifying candidates for ALS. We therefore
investigated the association of a polymorphic SSV located within
the 3’ untranslated region (UTR) of SCAF4 (rs573116164) in
a predominately SODI variant—positive familial ALS (fALS)
cohort.

Methods

Standard protocol approvals, registrations,
and patient consents

This study was approved by the ethical standards of the
relevant institutional review board, the Human Research
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Ethics Committee of the University of Western Australia
(RA/4/20/5308). Participants were enrolled after informed
consent was obtained. Clinical and sample collection data
were obtained according to the US Health Insurance Por-
tability and Accountability Act standards of confidentiality
and disclosure and approved by the Northwestern Univer-
sity institutional review board (approval number:
STU0012722/CRS_STU00012722). All patients were di-
agnosed by board-certified neurologists and met the revised
El Escorial World Federation of Neurology criteria for di-
agnosis with ALS.*

Identification of SCAF4 SSV

A previously described SSV bioinformatics evaluation algo-
rithm was used to identify a variant around the SODI gene
region.” Briefly, the bioinformatics software evaluated and
prioritized SSVs likely to modulate expression regulated
within SOD1. The rs573116164 variant was selected because
of its proximity to SODI, its high potential impact score
(PIS), and poly-T nature, based on our previous experience
with a poly-T SSV in translocase of outer mitochondrial
membrane 40 homolog (TOMM40).° The PIS was calculated
according to 24 different properties, including variability
(number, size, and simple sequence repeat slippage), synergy
of consecutive variants, trait association, nearby regulatory
elements, signal for transcription factor binding sites, con-
servation among mammals and primates, local drop in con-
servation value, and intron size.

Participants and DNA extraction

A total of 190 patients with fALS and 560 age-matched,
neurologically normal community and spousal controls with
no family history of ALS and dementia were collected from
the Northwestern University School of Medicine (Chicago,
IL) ALS Registry and biobank. Demographic details of the
study participants are summarized in table 1, and further
details of previously identified disease-associated variants in
this patient cohort are provided in table e-1 (http: //links.Iww.
com/NXG/A274). ALS cases were screened for variant status
in the laboratory of Prof. Siddique, for various ALS genes in
previous studies.”” As c90rf72 GGGCC repeats are reported
in patients without a family history, controls were also tested
for c9orf72 repeats. All controls had less than 20 repeats and
were not tested for variants in other ALS genes. This data set
contained 41 ALS families encompassing a total of 158 sib-
lings and first-degree relatives, in addition to 32 unrelated ALS
cases. The data set also includes 1 control family encom-
passing 33 related individuals and first-degree relatives, in
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Table 1 Demographic details of patients with fALS and
control participants

Mean (SD) or n (%)

Variable fALS (n = 190) Controls (n = 560)
Sex

Male 96 (50.5%) 292 (52.1%)

Female 94 (49.5%) 268 (47.9%)
Age,y 49.7 (12.9) 49.3 (12.6)
Ethnicity

African American 15 (7.9%) 39 (7.0%)

Arab American 2(1.1%) 2 (0.3%)

Asian 6 (3.2%) —

Caucasian 167 (87.8%) 519 (92.7%)
Variant status

C90RF72 9 —

soD1 163 —

TARDBP 18 —

Abbreviation: fALS = familial amyotrophic lateral sclerosis.

addition to 527 unrelated controls. DNA was extracted and
purified from transformed lymphocytes according to standard
protocols (Qiagen, Valencia, CA).>®

PCR amplification, capillary separation,

and sequencing

End point PCR reactions were prepared to a final volume of
20 pL, containing; 0.1 pL of MyFi DNA Polymerase (Me-
ridian Bioscience Inc., Cincinnati, OH) and 10-50 ng human
genomic DNA. Thermocycling was performed with the fol-
lowing conditions: 95°C for 6 minutes, followed by 30 cycles
of 95°C for 40 seconds, 58°C for 30 seconds, and 72°C for 1
minute. Primers used were FWD: S'FAM-GTTTTGAG-
GAGCTTTCACCGTT-3" and RVS: 5'-GCAATTT-
GATTGCTTCCCTTC-3" (Integrated DNA Technologies
Inc., Coralville, IA). Capillary separation, fragment analysis,
and subsequent Sanger sequencing were conducted at the
Australian Genome Research Facility (figure e-1, http://links.
Iww.com/NXG/A274).

Statistical analysis

To compare binary outcomes across the 2 groups (patient/
control), while accommodating correlations between out-
comes on related family members, a weighted quasi-binomial
(logistic) regression was used with weights inversely pro-
portional to the numbers of members in the family. Joint
associations of allele combinations with groups (patient/
control) were based on similarly weighted case-control quasi-
binomial regression. p Values were corrected using Bonferroni
correction and were considered statistically significant when
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<0.05. Within the affected cases, associations of explanatory
variables with the continuous variables onset age and survival
duration were assessed using linear mixed (repeated meas-
ures) models to accommodate familial correlations. Analyses
were performed in R version 3.4.3. To analyze linkage dis-
equilibrium (LD) between the 18T allele and the ASV SOD1
variant, genotype data were directly imported into PLINK
v1.07.** Pairwise LD was calculated using the genotype cor-
relation coefficient (7).

Data availability

Study data for the primary analyses presented in this report
are available on reasonable request from the corresponding
author.

Results

Evaluation of rs573116164

A 12-18T repeat SSV (rs573116164) was identified within
the 3'UTR of SCAF4 and was evaluated on the National
Center for Biotechnology Information (NCBI) database to
determine whether it had been reported previously and
whether a disease association was established (figure 1). Al-
though the region had been extensively reported as poly-
morphic in NCBI GRCH38.p12 (NC_000021.9), there was
uncertainty as to any clinical significance. In silico analysis
confirmed that rs573116164 lies close (2 kb downstream) to
SOD1, in the 3'UTR region of SCAF4, and that binding sites
for POLR2A, the largest subunit of RNA polymerase II, flank
both sides of rs573116164, with the 3’ and 5’ POLR2A sites
145 and 350 bp away, respectively.”® Analysis of CLIP and
mRNA data on UCSC supported these findings and reports
multiple RNA-binding protein binding sites across the
rs573116164 region (ﬁgure e-2, http://links.lww.com/NXG/
A274).* Because of the combination of the SSV genomic
location, associated regional features, and its poly-T nature,
investigation into the regional implication between SCAF4
and SOD1 was warranted.’®

Carriage of 18T and the 17T/18T genotype
correlates with disease in both SOD7 and non-
SOD1 cases

Carriage of the 18T allele was associated with fALS disease
expression (odds ratio [OR] 6.6; 95% confidence interval
[CI] 3.9-11.2; p = 4.0e-11) (table 2, figure e-3, http://links.
Iww.com/NXG/A274). Genotypically, only joint carriage of
the 17T allele was associated with disease expression (OR
13.0; 95% CI 6.9-24.6; p = 6.8e-14) (table 3, figure e-3,
http://links.lww.com/NXG/A274). Carriage of the 18T
allele was investigated for patients without the SODI-ASV
variant (n = 126) and was also found to be associated with
disease expression when controlling for ethnicity (OR 1.972;
95% CI 1.0-3.9; p = 0.044). In addition, carriage of 18T was
investigated for patients without any SOD1 variants (n =27)
and was also found to be associated with disease expression
(ORS5.3; 95% CI 1.9-14.5; p = 0.0014). Of interest, the only
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Figure 1 Schematic representation of rs573116164 (red) within the SCAF4 gene and associated regional features
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Rs573116164 is common to both the long and short 3'UTR SCAF4 isoforms and is located in between 2 POLR2A sites (purple) approximately 2 kbp away from
the SODT gene on the reverse DNA strand. There are 12 isoforms of SCAF4, some of which do not contain the variant in the 3'UTR (figure e-2, http://links.lww.
com/NXG/A274). ALS-associated variants within the SODT locus that are present in the cohort analyzed are also pictured (blue). This figure was generated
from the National Center for Biotechnology Information genomic sequence NC000021.9 chromosome 21 GRCh38.p13 (GCF_000001405.39). ALS = amyo-
trophic lateral sclerosis; SCAF4 = SR-related CTD associated factor 4; SOD1 = superoxide dismutase 1.

2 patients homozygous for the 18T allele also carried an ASV
SOD1 variant. Imbalances in ethnicities among patients/
control groups were controlled for and did not change the
results. Given the low numbers for some allele pairs, only
those listed in table 3 were considered for analysis. The
lower proportions of 17T/17T in the unadjusted analysis
results from the excess 17T/18T cases among the patients
with fALS, which is amended once the 17T/18T cases are
omitted or adjusted for. After adjusting for the 17T/18T
cases, the only other association with fALS disease expres-
sion was carriage of the 13T /18T genotype (OR7.1;95% CI
1.8-29.1; p = 0.0062), although the numbers of patients and
controls with 13T/18T are small (n = 4 and n = 4,

respectively) and significance is lost with adjustment for
ethnicity and multiple comparisons (table 3). This analysis
points to carriage of the 18T allele as a key determinant of
fALS disease expression.

A5V and the 18T allele are in LD

As the majority of ASV variant—positive patients carried at
least 1 18T allele, the cohort was assessed to determine
whether the ASV variant and 18T allele were in LD. The 2
alleles were in LD (D’ = 0.909); however, because of differ-
ences in allele frequencies, the 18T allele was not a strong
predictor of the presence of ASV (r* = 0.375), with the 18T
allele occurring independently of the ASV variant.

Table 2 Differential carriage of rs573116164 alleles in the control and fALS groups

Allele carriage Control (n = 560), n (%) fALS (n = 190), n (%) p Value p Value®
12T 6 (0.5) 0(0.0) 0.99 1.0

13T 75 (6.7) 26 (6.8) 0.89 1.0

15T 2(0.2) 1(0.3) 0.68 1.0

16T 39(3.5) 5(1.3) 0.059 0.31

177 941 (84.0) 271(71.3) 0.55 0.99
18T 57 (5.1) 77 (20.3) 6.6e-12 4.0e-11

Abbreviation: fALS = familial amyotrophic lateral sclerosis.
Bold indicates values that are statistically significant.
@ p Value with Bonferroni correction.
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Table 3 Differential carriage of rs573116164 genotypes in the control and fALS groups

Genotypic carriage Control, n (%) fALS, n (%) p Value p Value? p Value®
12T/17T 5(0.9) 0(0.0) 0.99 0.99 1.0
13T/13T 6(1.1) 1(0.5) 0.46 0.52 1.0
13T/16T 4(0.7) 2(1.1) 0.60 0.68 1.0
13T/17T 54 (9.6) 18 (9.4) 0.72 0.68 0.99
13T/18T 4(0.7) 4(2.1) 0.055° 0.0062° 0.073¢
16T/17T 33(5.9) 4(2.1) 0.081 0.13 0.75
17T/17T 413 (73.8) 91 (47.9) 0.00066%" 0.84 1.0
17T/18T 21(3.8) 68 (35.8) 7.6e-15%8 — —
18T/18T 15(2.7) 2(1.1) 0.26 0.87 0.96

Abbreviation: fALS = familial amyotrophic lateral sclerosis.

Bold indicates values that are statistically significant.

2 After excluding 177/18T.

b Adjusted for 17T/18T and Caucasian ethnicity with Bonferroni correction.
¢Higher in fALS.

9 Lower in fALS.

p Values with Bonferroni correction 0.40; 70.0059; £6.8e-14.

Carriage of the 18T allele is a key determinant
of survival but not age at onset

To determine whether rs573116164 is associated with ALS
patient outcomes, survival (measured as duration from first
symptom onset) and age at onset data were analyzed. Al-
though no statistically significant relationship was noted with
age at onset and rs573116164 carriage, a significant correla-
tion was observed with survival times (figure 2). When ac-
counting for age at onset, patients who carried the 18T allele
reported an estimated median decrease in the survival dura-
tion of 26.3 months (95% CI 6.6-40.8; p = 0.014) when
compared against patients without an 18T allele. This data
points to carriage of the 18T allele as a key determinant of
shorter survival among those with ALS. This effect is due to
the high SODI variant—positive group, mostly comprised
of ASV.

Discussion

Our study investigated the role of a poly-T SSV in the 3'UTR
region of the SCAF4 gene in a large cohort of predominantly
SODI1 fALS patients, based on the premise that a risk-
modifying factor located close to SODI may contribute to
variable penetrance and phenotypic variability of the
disease."*"> The rs573116164 SSV was selected using a bio-
informatics algorithm, which predicted a high probability that
it would have an influence on disease expression and alter
gene expression; in addition to this, we were particularly in-
terested in poly-T SSVs due to our previous experience with
a poly-T SSV in TOMM40.%*' Our findings confirmed an
association between carriage of the 18T allele of rs573116164
in SOD1 fALS. However, the association with the 18T allele
was not confined to SODI fALS cases and was also present in
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the smaller group of non—-SODI variant-positive cases, dis-
counting a founder haplotype hypothesis. Finally, we ob-
served that carriage of 18T negatively affects disease survival,
although it does not affect age at onset of disease. Overall, this
suggests more widespread genomic effects and that
rs573116164 may be relevant to other forms of fALS and to
the larger sporadic ALS population.

Figure 2 Survival of patients with fALS with and without an
18T allele on the log2 scale
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After adjusting for age at onset and familial correlations, patients with an
18T reported an estimated shorter median survival of 26.3 months (95%
confidence interval 6.6-40.8; p = 0.014). fALS = familial amyotrophic lateral
sclerosis.
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Variants within SODI have been identified in ~20% of fALS
cases, providing evidence for a key role in ALS pathogenesis.
It is widely accepted that the pathogenesis of SOD1 variants is
related to a toxic gain of function of the SOD1 protein.*®
However, studies into the mechanism behind this toxic gain of
function are limited.**>* We hypothesized that SODI var-
iants where no toxic gain of function has been ascribed may be
tagging undiscovered disease-causing variants. Studies of
common SODI variants such as D91A and ASV have pre-
viously suggested the existence of a disease-modifying factor
close to the SODI locus that may explain the marked vari-
ability in the disease phenotype with both variants."*'> In
addition, the vast phenotypic variability observed in ALS
could be explained by variable penetrance of common SOD1
variants."*'> To explore these hypotheses, we investigated the
SOD1 loci for SSVs that may have disease-modifying effects
and contribute to variability in disease phenotype.

In silico SSV analysis of the SOD1 loci included investigation
of the SCAF4 gene, which encodes the SCAF4 protein. Re-
cent evidence has elucidated the role of SCAF4 in the pre-
vention of early mRNA termination during transcription,
acting with SCAF8 to suppress the use of alternative early
polyadenylation sites.” In the current study, a poly-T SSV
(rs$73116164) within the 3'UTR region of SCAF4 was found
to be associated with ALS risk. Although rs573116164 occurs
after the SCAF4 termination codon, variants within the
3'UTR region can alter transcript regulation, decreasing
mRNA stability and potentially leading to low levels of
SCAF4 protein.®® Loss of SCAF4 function results in read-
through of canonical polyadenylation sites during transcrip-
tion, leading to cleavage at a downstream alternative site.”” In
the event where there is loss of both SCAF4 and SCAFS, early
transcription termination is likely to occur.”’ In addition,
rs573116164 is flanked on both sides by binding sites for
POLR2A, and as such, varying the length of rs573116164 may
affect the availability of the region to POLR2A binding.
Consequently, rs573116164 may subtly affect the transcrip-
tion of nearby genes, including SOD1.*" Given the impor-
tance of SCAF4, further investigation is required to determine
whether rs$73116164 has functional effects on the expression
of SCAF4 and SODI1.

In our fALS cohort, rs573116164 was found to be significantly
associated with survival time. Specifically, carriage of the 18T
allele was associated with a reduction in survival time from
symptom onset when compared to patients carrying shorter
poly-T alleles. Of interest, patients positive for the SOD1-ASV
variant, which is typically associated with a severe ALS phe-
notype, almost always carried at least 1 18T allele.®* Fur-
thermore, only patients with an ASV variant were
homozygous for the 18T allele. This suggests that there is
some common link between SOD1 variants such as ASV and
rs573116164, yet our data demonstrate that non-SODI
variant—positive patients also carry the 18T allele. As such, the
relationship between ASV and rs573116164 warrants further
investigation.
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There is growing evidence surrounding the importance of
noncoding variants in complex genetic traits, such as
ALS.>*>* These noncoding variants within 3'UTR regions
are highly conserved between mammals and primates, can
affect mRNA expression and regulation, and have been
shown to cause disease by a single base pair change.30’35’36
In our findings, rs573116164, proximal to SODI, has
a strong association with fALS disease expression and
survival duration and as such presents a tantalizing new
variant to consider for further studies. It remains to be
determined whether these findings are confirmed in other
fALS cohorts and importantly in sporadic ALS. A signifi-
cant association with sporadic ALS would provide addi-
tional evidence that rs$73116164 is mechanistically
involved at a broader level in ALS pathogenesis. Further
studies are also required to investigate the effects of the
rs573116164 variant on expression of SCAF4 and SOD1
and to determine the mechanism by which rs573116164
has an effect on disease.

Our findings provide another example of the importance of
identifying structural variants in ALS-related genes that have
an effect on disease expression and/or have disease-modifying
effects.** The recognition of such variants has implications for
uncovering some of the missing heritability of ALS, and im-
portantly for the identification of novel therapeutic targets, as
well as a more reliable basis for stratification of patients in
clinical trials of new therapies.
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