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Mutation of senataxin alters disease-specific
transcriptional networks in patients with ataxia
with oculomotor apraxia type 2
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Senataxin, encoded by the SETX gene, contributes to multiple aspects of gene expression, including transcrip-
tion and RNA processing. Mutations in SETX cause the recessive disorder ataxia with oculomotor apraxia type 2
(AOA2) and a dominant juvenile form of amyotrophic lateral sclerosis (ALS4). To assess the functional role of
senataxin in disease, we examined differential gene expression in AOA2 patient fibroblasts, identifying a core
set of genes showing altered expression by microarray and RNA-sequencing. To determine whether AOA2
and ALS4 mutations differentially affect gene expression, we overexpressed disease-specific SETX mutations
in senataxin-haploinsufficient fibroblasts and observed changes in distinct sets of genes. This implicates
mutation-specific alterations of senataxin function in disease pathogenesis and provides a hovel example of
allelic neurogenetic disorders with differing gene expression profiles. Weighted gene co-expression network
analysis (WGCNA) demonstrated these senataxin-associated genes to be involved in both mutation-specific
and shared functional gene networks. To assess this in vivo, we performed gene expression analysis on periph-
eral blood from members of 12 different AOA2 families and identified an AOA2-specific transcriptional signature.
WGCNA identified two gene modules highly enriched for this transcriptional signature in the peripheral blood of
all AOA2 patients studied. These modules were disease-specific and preserved in patient fibroblasts and in the
cerebellum of Setx knockout mice demonstrating conservation across species and cell types, including neu-
rons. These results identify novel genes and cellular pathways related to senataxin function in normal and dis-
ease states, and implicate alterations in gene expression as underlying the phenotypic differences between
AOA2 and ALSA4.
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INTRODUCTION

Despite the continually expanding number of genes associated
with cerebellar ataxia (1-4), little is known regarding the
mechanisms underlying pathogenesis, which could aid the de-
velopment of new therapies. System level analyses provide a
broad means to identify affected cellular pathways as targets
for further investigation. Here, we apply this approach to the
study of ataxia with oculomotor apraxia type 2 (AOA2).
AOA2 is a progressive autosomal-recessive adolescent-onset
neurodegenerative disease primarily characterized by severe
atrophy of the cerebellar vermis with a corresponding ataxia
predominantly affecting gait, sensorimotor polyneuropathy, ele-
vated serum alpha-fetoprotein, and, in >50% of cases, oculo-
motor apraxia (2,3,5,6). The disease is caused by mutation of
the SETX (senataxin) gene on chromosome 9 which encodes a
large ubiquitously expressed putative DNA/RNA helicase of
2677 amino acids (7). Studies examining the senataxin protein
or the yeast ortholog Senlp have supported a variety of cellular
roles in gene expression including the regulation of RNA poly-
merase I binding, transcriptional termination, mRNA 3’-end
maturation and pre-mRNA splicing, as well as a role in the
DNA damage response through the repair of double-stranded
DNA breaks (8—15). In addition to the AOA2 phenotype, dom-
inant mutations in the SETX gene, distinct from those which
cause ataxia, result in a juvenile form of amyotrophic lateral
sclerosis designated as ALS4 (16,17).

All forms of common mutations have been observed to give
rise to AOA2, including missense, nonsense, splice site and
frameshift mutations as well as structural variations ranging
from small insertion/deletions to larger copy number variations
(5—7,18-22). In contrast, mutations leading to ALS4 are more
rare and have thus far been exclusively missense variants
(16,17,22), suggesting a model where loss-of-function leads to
the recessive AOA2 phenotype and gain-of-function leads to
the dominant ALS4 (16—18). Modified dominant phenotypes
have also been suggested to be associated with in-trans rare
missense variations (23,24). SETX is quite polymorphic and
new mutations are continuously being identified. This creates a
diagnostic challenge for clinicians who encounter patients
with variants of unknown significance (22,25), amplified signifi-
cantly by prominent phenotypic overlaps with other genetic
forms of recessive cerebellar ataxia, including Friedreich
ataxia, ataxia-telangiectasia and AOAI (2,3).

Until recently, a lack of knowledge concerning the cellular
functions of senataxin has prevented a comprehensive testing
ofitsrole in disease (22). Given its involvement in the regulation
of transcription, we addressed this question using both in vitro
and in vivo approaches. We performed genome-wide transcrip-
tional analysis with AOA2 patient fibroblasts, identifying a set
of genes whose expression is altered by mutation of SETX.
Because of the diversity in the AOA2 and ALS4 phenotypes,
we next assessed the effects of disease-specific mutations on
SETX function by overexpressing mutant and wild-type proteins
in senataxin-haploinsufficient cell lines and observed mutation-
specific changes in gene expression. Translating these results
in vivo, we confirmed that mutation-specific gene expression
changes occur in the peripheral blood within a cohort of patients
with AOA2. Furthermore, we demonstrate that networks of
genes can be defined that are functionally associated with
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SETX in normal and disease-specific states, both in cell lines
and in patient peripheral blood. Lastly, we demonstrate that
these networks are not tissue- or species-restricted and are rele-
vant to neurons, as they are found in patient fibroblasts and in the
cerebellum of Sezx knockout mice. These results support a model
whereby specific pathogenic variations in senataxin function
lead to altered gene expression patterns and, subsequently, to
distinct clinical phenotypes.

RESULTS

Gene expression profiling identifies senataxin
mutation-related changes in fibroblasts derived
from an AOA2 patient

Given the known and presumed roles of SE7X in DNA transcrip-
tion and RNA processing (8—15), we hypothesized that AOA2
patients might exhibit changes in gene expression related to
SETX mutation and sought to test this hypothesis both in vitro
and in vivo. For the in vitro studies, we utilized cells lines
derived from a patient with AOA2 and a related unaffected
carrier (Table 1, Family US2). The phenotypes of AOA2
patient lymphoblast and fibroblast cell lines have both been
well characterized (26,27), and we chose fibroblasts for these
experiments because lymphoblast cells lines tend to show mark-
edly reduced or absent senataxin protein, whereas fibroblast cells
continue to express detectable protein (Fig. 1), useful for down-
stream experiments (see below).

We compared the gene expression profiles between AOA2
patient and carrier fibroblasts using genome-wide microarray
analysis (Supplementary Material, File 1) and identified 1043
genes whose expression was significantly altered (P << 0.05).
Gene ontology (GO) analysis showed altered expression in
genes involved in neurogenesis, signal transduction, transcrip-
tion, synaptic transmission, cell cycle regulation and sensory
perception (Supplementary Material, Table S1), pathways
biologically related to the observed neurological phenotype of
these patients.

To confirm and extend these microarray findings, we also per-
formed next-generation sequencing on RNA from the AOA2
patient and carrier fibroblasts (Supplementary Material, File 2)
and identified differential expression of 1101 significant genes
(P < 0.05). GO was similar to that observed for the genes iden-
tified by microarray (Supplementary Material, Table S2). To
rigorously assess for genes most affected by SETX mutation,
we performed a comparison across these two platforms, obtain-
ing a core set of 179 genes shared between the microarray
and sequencing results (P =2.54 x 10~*" Supplementary
Material, Fig. S1A), a significant enrichment of the two data
sets (Supplementary Material, Fig. S1B). Forty-three (24%)
were within the top of 20% of genes exhibiting the greatest ex-
pression differences on each platform (Supplementary Material,
File 3). We examined these lists for specific genes previously
reported as protein interactors of senataxin (35 genes) (9), or
as disease genes involved in other forms of spinocerebellar
ataxia (56 genes) or amyotrophic lateral sclerosis (104 genes)
(Supplementary Material, Files 1-3), and did not observe en-
richment, suggesting that pathogenic effects are not mediated
by pathways directly involving these specific genes. Emphasiz-
ing that impairment of the biological function of senataxin
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Table 1. Characteristics of the 12 AOA2 families included in this study

Family Country Mutation (mRNA)? Mutation (Protein)® Patients Carriers a-fetoprotein Publication
(n=15) (n=18) (ng/ml)°

IT1 Italy ¢.3466delG p.E1156Kfs*2 1 1 18.7-23.0 Criscuolo er al.”®
homozygous

1T2 Italy c.6109A>G p-N2037D 2 1 17.9-31.0 Unpublished
homozygous

IT3 Italy c.6109A>G p-N2037D 1 1 17.7 Unpublished
homozygous

1T4 Italy 1)c.1688A>G 1) p.N563S 1 0 26.2 Piluso ez al.”®
2) ¢.6107_7199del 2) p.G2036Dfs*7

PK1 Pakistan ¢.6208+2insT p.G2036_K2070delinsE 1 1 7.8 Fogel et al.®®
homozygous

CN1 Canada 1) ¢.5927T>G 1) p.L1976R 1 4 87.0 Unpublished
2) ¢.6654+1G>T 2) p.A2183_M2218del

US1 USA 1) ¢.5927T>G 1) p.L1976R 1 2 61.0 Unpublished
2) c.820A>G 2) p.M274V

US2 USA 1)¢.5927T>G 1)p.L1976R 3 2 55.6 Fogel and Perlman'®
2)¢.5929C>T 2) p.L1977F

USs3 USA 1) €.3575_3576delAT 1) p.D1192Afs*3 1 2 76.0 Unpublished
2) c.6834_6839delAACAAA 2) p.K2278_T2279del

Us4 USA 1) €.2015_2016insA 1) p.N672Kfs*20 1 2 ND Unpublished
2) ¢.2724delG 2) p.K909Nfs*7

US5 USA 1) ¢.5264delC 1) p.T1755Ifs*31 1 0 292 Fogel and Perlman'®
2)¢.5833G>C 2) p.A1945P

Usé6 USA c.6536T>G p.12179S 1 2 453.0 Unpublished
heterozygous?

“Based on NCBI reference sequence NM_015046.5. Novel variations are bolded.
YBased on NCBI reference sequence NP_055861.3. Novel variations are bolded.

“Normal values 0—15 ng/ml. In families with multiple affected members, values are from a single patient.

94A second SETX mutation in this family has not yet been identified.
ND, not determined.

SETX

Figure 1. Expression of senataxin protein in patient and carrier fibroblasts and
peripheral blood lymphoblasts. Western blotting was performed using nuclear
protein from cultured lymphoblasts (LB) or fibroblasts (FB) from AOA2 patients

or carriers (Family US2, Table 1) as well as a normal control (WT) using an anti-
body directed against senataxin (SETX). SMCI is shown as a loading control.

causes the development of AOA2, gene ontologies of this shared
list reflected involvement in neurogenesis, cell proliferation, and
synaptic transmission, despite the source cell type being fibro-
blasts (Supplementary Material, Table S3).

Overexpression of AOA2 and ALS4 mutant
senataxin differentially alters gene expression
in senataxin-haploinsufficient fibroblasts

As ALS4 is extremely rare (16,17,22), patient fibroblasts could
not be obtained for direct analysis. Therefore, to begin to charac-
terize the functional effects of specific AOA2 and ALS4 muta-
tions on the function of senataxin in the regulation of gene

expression, we generated stably transfected fibroblast cell lines
with wild-type and mutant forms of the senataxin protein. For
studying AOA2, we chose a well-characterized founder muta-
tion in the DNA/RNA helicase domain seen in the French-
Canadian population (c.5927T>G, p.L1976R) (18,26,28) and
for ALS4 we chose a previously described mutation also found
in the DNA/RNA helicase domain (c.6407G>A, p.R2136H)
(16,22). Because both loss-of-function and gain-of-function
mechanisms have been postulated as contributing to senataxin-
related disease (7,16,18),we chose an AOA2 carrier fibroblast
cell line to generate these stable transfections. Because the
carrier line is haploinsufficient, and thus expresses a reduced
baseline level of normal functional senataxin protein (Fig. 1),
both increased and decreased changes in senataxin-related
gene expression could be observed upon overexpression of the
mutant proteins. In addition to the mutant constructs, as a
control, we also tested the effects of overexpressing a previously
identified alternatively spliced form of SETX (hereafter referred
to as 23B) which modifies the protein’s DNA/RNA helicase
domain (21) and represents 8% of the SE7X transcripts expressed
in the cerebellar vermis (Supplementary Material, Fig. S2).

To minimize confounding changes in gene expression result-
ing from our experimental procedures, all data were first normal-
ized to baseline expression in the untransfected carrier (control)
line. Gene expression in cells stably transfected with wild-type
senataxin protein was compared with cells transfected with
either AOA2 or ALS4 mutant proteins, or the protein from the
SETX 23B alternatively spliced isoform. We identified genes
with significant expression changes versus the control line and
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determined whether each showed a similar change, an opposite
change, or no change relative to the wild-type transfected sena-
taxin line (Supplementary Material, File 4). If the expression of
the gene in question changed significantly in just the ALS4 or
AOA2 lines or in opposition with wild-type transfected sena-
taxin, we considered that gene to exhibit a disease-specific
change. In total, we identified 113 genes with ALS4-specific ex-
pression changes (P < 0.05) and 127 genes with AOA2-specific
expression changes (P < 0.05). In contrast, only 30 genes
showed expression changes specific to the control SETX 23B
isoform (P < 0.05) (Supplementary Material, File 4). The
ALS4-specific genes showed only a slight enrichment for differ-
entially expressed genes from the AOA2 patient fibroblasts (11
genes, P = 2.49 x 10 %) and only a marginally higher enrich-
ment was seen with the AOA2-specific genes (15 genes, P =
1.60 x 107%), likely due the influence of endogenous wild-type
senataxin protein within these cells. As before, we did not
observe significant overlap between these ALS4- or
AOA2-specific genes and sets of specific genes involved in spi-
nocerebellar ataxia (56 genes), amyotrophic lateral sclerosis
(104 genes), or as protein interactors of senataxin (35 genes)
(9) (Supplementary Material, File 5). GOs were similar to
those in the original patient fibroblast analysis, reflecting in-
volvementin cell cycle regulation (AOA2-specific genes), cellu-
lar metabolism (ALS4-specific genes) and synaptogenesis
(23B-specific genes) (Supplementary Material, File 5). Al-
though the AOA2- and ALS4-specific sets did show a highly sig-
nificant overlap of 18 genes (8%, P = 7.03 x 102!, with 4
genes (1%) also shared with the 23B set) (Supplementary Mater-
ial, File 5), likely reflecting constitutive SETX functions, 92% of
the genes were distinct to one set or the other. Overall, these data
demonstrate that disease-specific mutations in the SETX gene
cause differential transcriptional changes within cells.

Weighted gene co-expression network analysis reveals that
genes showing altered expression with AOA2 or ALS4 SETX
mutations are part of both disease-specific and shared
functional networks

To better understand the systems level organization of the tran-
scriptional changes occurring in these fibroblasts as a result of
mutation of SETX, we performed weighted gene co-expression
network analysis (WGCNA) to identify modules of biologically
related genes (29-31). To identify the modules most related to
senataxin function, we assessed the module eigengene relation-
ship with SETX mutation status, identifying four modules that
showed the largest difference between the SE7X mutations and
wild-type, designated as the green, lightcyan, skyblue and
yellow modules, respectively (Fig. 2, Supplementary Material,
File 6). We examined whether there was a statistically significant
enrichment of genes identified as ALS4- or AOA2-specific in
these modules and found ALS4-specific genes to be enriched
in the skyblue (13 genes, P = 3.10 x 10717, green (13 genes,
P=18.53x10"7) and yellow (13 genes, P = 6.44 x 10~ °)
modules and AOA2-specific genes to be enriched in the green
(15 genes, P=4.12 x 107'%) and lightcyan (7 genes, P =
8.01 x 10~®) modules (Supplementary Material, File 6). The
green and skyblue modules showed the most significant enrich-
ment for AOA2- and ALS4-specific genes, respectively (Fig. 2,
Supplementary Material, File 6). As in the previous experiments,
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none of the modules were enriched for specific genes involved in
spinocerebellar ataxia (56 genes), amyotrophic lateral sclerosis
(104 genes) or as protein interactors of senataxin (35 genes)
(9) (Supplementary Material, File 6). GO analysis of the less
enriched modules identified genes associated with organ devel-
opment (lightcyan module) and cellular metabolism and tran-
scription (yellow module) (Supplementary Material, File 6).
The skyblue module, which contains 67 members, was asso-
ciated with protein and RNA processing and enriched for ALS4-
specific genes, including two of the four most connected (hub)
genes, DDX21 and HNRPK, both known regulators of RNA me-
tabolism (Fig. 2A; Supplementary Material, File 6). The green
module, which contains 300 members, was enriched for both
ALS4- and AOA2-specific genes, highlighting a functional
overlap between the two disease gene sets (Fig. 2B; Supplemen-
tary Material, File 6). GO analysis supported associations with
cell cycle regulation and with DNA maintenance including
repair, replication and transcription (Supplementary Material,
File 6). Together, these results further support and extend
several functions previously suggested or attributed to senataxin
involving aspects of RNA processing, DNA maintenance and
transcription (7,9,11,12,14—16,27). In summary, while the
ALS4- and AOA2-specific gene sets identify disease-specific
functional gene networks, they also converge on similar bio-
logical pathways more generally related to senataxin cellular
function.

Gene expression profiling in patients identifies a
transcriptional signature for AOA2 in peripheral blood

Given the existing diagnostic challenges associated with verifying
novel pathogenic SETX variants, we asked whether relevant
changes in gene expression could be observed in the peripheral
blood of patients with AOA2. To test this, we utilized a cohort
of 15 patients and 18 carriers from 12 distinct families represent-
ing 4 different countries of origin (Table 1), the largest group of
AOA2 patients studied in this manner to date. Whole transcrip-
tome microarray analysis was performed on patient and carrier
RNA obtained from the peripheral blood. To reduce the risk of
family-specific gene expression changes influencing the results,
data within each family were averaged and patients were normal-
ized to carriers. To maximize the identification of AOA2-specific
changes, five families were selected for initial comparison based
on most diverse countries of origin (Table 1) representing the
USA (US1, US2; 2 families), Canada (CN1; 1 family), Italy
(IT1; 1 family) and Pakistan (PK1; 1 family). A list of genes
with the most significantly altered expression across all five fam-
ilies was identified, resulting in a set of 204 genes (P < 0.01)
(Supplementary Material, File 7). Similar to what was seen in
the patient fibroblast cell lines, GO showed increased expression
of genes involved in RNA processing and decreased expression of
genes involved in cellular metabolism (Supplementary Material,
File 7). No enrichment was seen for specific genes implicated in
spinocerebellar ataxia (56 genes), amyotrophic lateral sclerosis
(104 genes), or as protein interactors of senataxin (35 genes)
(9). Additionally, no enrichment was seen with the AOA2 genes
from patient fibroblasts or with the ALS4- or AOA2-specific
gene sets identified in the cell lines derived from them (Supple-
mentary Material, File 7). Variability was also observed in the
relative levels of gene expression across individuals when using
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Figure 2. Weighted gene co-expression network analysis (WGCNA) in senataxin-haploinsufficient fibroblasts overexpressing mutant forms of senataxin identifies
molecular pathways related to biological function. WGCNA was performed to identify groups of genes (modules) whose collective changes in gene expression most
correlate with senataxin mutation, reflecting biologically relevant relationships. For clarity, only the most highly connected module members are shown. Genes with
the highest connectivity (i.e. hubs) are indicated in red. (A) Skyblue module. (B). Green module.



a classifier algorithm to assess for the presence or absence of the
AOA2 transcriptional signature in the 15 AOA2 patients
(Table 1) and a control set of 52 individuals, resulting in a
modest sensitivity of 0.67 and a specificity of 0.85 (Supplemen-
tary Material, File 8), suggesting a systems-based approach
might provide a more comprehensive view of the expression
changes occurring across patients.

Weighted gene co-expression network analysis identifies
modules specific to AOA2 and senataxin function in patient
peripheral blood

As our data indicated that the relative expression of AOA2-
specific genes varies greatly across individuals, we looked to
see whether we could identify patterns of correlated expression
within these genes that could define AOA2 status. Using
WGCNA, we compared affected patients to carriers across all
our AOA2 families (Table 1) and identified four modules
which correlated with disease status, termed black, blue, tur-
quoise and yellow, respectively (Supplementary Material, File
9). GO indicated these modules were associated with RNA pro-
cessing (black, yellow and turquoise modules), apoptosis (black,
yellow and blue modules), translation and protein metabolism
(yellow and turquoise modules), cellular metabolism (blue
module), immune function (black and turquoise modules), mito-
chondrial function (yellow module) and DNA repair, replication
and transcription (turquoise module) (Supplementary Material,
File 9), consistent with known and proposed SETX functions
(7,9,11,12,14—16,27). The blue module (1837 genes) was
found to be highly enriched for AOA2-specific genes from
patient peripheral blood (114/204 genes, P = 1.44 x 10,
Supplementary Material, File 9), including three of the five
hub genes (CDC34, DPM?2, SEMAG6B; Fig. 3A), highlighting
this module as best defining the AOA?2 transcriptional signature.
The turquoise module (1937 genes) was also enriched for
AOA2-specific genes from the peripheral blood (57/204 genes,
P=1.11 x 10~ '*; Supplementary Material, File 9) as well as
for ALS4-specific genes from the fibroblast cell lines (30/113
genes, P = 7.53 x 10~ %; Supplementary Material, File 9), and
mildly enriched for senataxin protein interactors (9) (8/35
genes, P = 1.27 x 10~ %; Supplementary Material, File 9) sug-
gesting this to be a module more generally related to senataxin
function (Fig. 3B). These results demonstrate that both mutation-
specific and generalized senataxin functional gene expression
networks can be detected in vivo in the peripheral blood of
AOA2 patients.

AOA2? and senataxin functional WGCNA modules from
patient peripheral blood are disease-specific, preserved
across cell type and species, and are relevant to neurons

Given that our prior studies all involved non-neuronal cell types,
we questioned whether these observed gene expression changes
were cell-type specific or universally applicable to neurons, as
predicted based on the ubiquitous expression of senataxin. To
test this at a systems level, we first compared the WGCNA net-
works from patient peripheral blood (Supplementary Material,
File 9) to the WGCNA networks derived from the transfected
fibroblast cell lines (Supplementary Material, File 6). We
observed that the key blood modules, black, blue, turquoise
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and yellow, were all significantly preserved, with the turquoise
module being the most preserved overall between the networks
(Fig. 3C). Significant overlap was also noted between the
members of the turquoise blood module and the green (80/300
genes, P = 1.04 x 10~ '®), skyblue (28/67 genes, P = 1.42 x
107'%) and yellow (214/537 genes, P =6.97 x 10~ %%
modules from the fibroblast cell lines (Supplementary Material,
File 10), demonstrating these affected genetic pathways to be
universal across these two cell types.

To validate these observations in neurons, we examined gene
expression in the previously reported Setx knockout (KO) mice
(15). In the cerebellum, we identified 2091 genes (P < 0.05) dif-
ferentially expressed between KO and WT animals (Supplemen-
tary Material, File 11). Consistent with our findings in human
cells, we saw no enrichment for specific genes implicated in spi-
nocerebellar ataxia (56 genes), amyotrophic lateral sclerosis
(104 genes) or as protein interactors of senataxin (35 genes)
(9) and, although GO analysis was similar, there was no signifi-
cant enrichment for specific genes from patient fibroblasts,
ALS4- or AOA2-specific gene sets identified in the transfected
cell lines, or genes from AOA2 patient peripheral blood (Supple-
mentary Material, File 11). We next utilized a systems approach,
comparing the WGCNA networks from patient peripheral blood
(Supplementary Material, File 9) to WGCNA networks derived
from Setx KO mouse cerebellum (Supplementary Material, File
12), and found significant preservation of the turquoise and blue
modules, the two modules most enriched for the AOA2 tran-
scriptional signature from patient peripheral blood (Fig. 3C).
This effect was only observed in the cerebellum and not whole
brain (data not shown). There was also a significant overlap
between the members of the turquoise blood module and the
knockout-related greenblue module from the Setx KO cerebel-
lum (88/589 genes, P = 3.96 x 10~ °) (Supplementary Mater-
ial, File 10). Members of the greenblue cerebellar module also
moderately overlapped with the green (14/300 genes, P =
4.44 x 107%) and yellow (23/537 genes, P =3.02 x 10™?)
modules from the fibroblast cell lines (Supplementary Material,
File 10). The greenblue module contains 589 members and GO
analysis reflects the above relationships, indicating functions
in gene transcription, RNA processing, brain development,
DNA repair and cellular metabolism (Supplementary Material,
Fig. S3 and File 12). These results confirm, at a systems level,
that the genetic networks directly related to senataxin function
and disease are conserved across species as well as within
patient cells and, most significantly, are relevant to neurons.

To assess the specificity of this observation, we compared the
WGCNA networks from AOA?2 patient peripheral blood to the
networks derived from the peripheral blood of a cohort of
patients with Friedreich ataxia (8 carriers and 24 patients) (Sup-
plementary Material, File §), the most common phenotypically
overlapping genetic cerebellar ataxia. Since both networks
were derived from peripheral blood, preservation of all
modules was seen as expected (Supplementary Material, File
8). However, correlation of the turquoise and blue models with
disease status, as seen in the AOA2 cohort, was not found in
the Friedreich ataxia samples (P = 0.59 and P = 0.40, respect-
ively) (Supplementary Material, File 8). In contrast, the pre-
served turquoise model in the cerebellum of the Setx knockout
mice directly correlated with knockout status (P = 0.036) (Sup-
plementary Material, File 8). This confirms that these conserved
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Figure 3. WGCNA in peripheral blood identifies a transcriptional signature for senataxin dysfunction in AOA2 patients. WGCNA was performed to identify gene
modules whose collective changes in gene expression most correlate with AOA2 disease status. For clarity, only the most highly connected module members are
shown. Genes with the highest connectivity (i.e. hubs) are indicated in red. (A) Blue module. (B). Turquoise module. (C) Modules from the peripheral blood weighted
gene co-expression network (Supplementary Material, File 9) are shown in comparison with the network derived from human transfected fibroblast cell lines (Sup-
plementary Material, File 6) or Setx knockout mouse cerebellum (Supplementary Material, File 12). Results are graphed by number of module members versus pres-
ervation score (Zsummary) calculated using the module preservation function of the WGCNA software package. Zsummary scores of 10 or greater (dashed line)
indicate strong preservation, scores between 10 and 2 show moderate preservation, and scores less than 2 (dotted line) show weak or no preservation.
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Fig. 3. Continued

senataxin genetic networks are specific to AOA2 and the loss of
senataxin function.

DISCUSSION

Here, we sought to identify changes in gene expression asso-
ciated with mutation of the senataxin protein, implicated in a
diverse array of functions related to gene expression including
regulating RNA polymerase II binding, transcriptional termin-
ation, mRNA 3’-end maturation, pre-mRNA splicing and the
repair of double-stranded DNA breaks (§—15). Since senataxin
is ubiquitously expressed, we were able to address this question
both in vitro and in vivo. To study gene expression in vitro, we
derived fibroblast cells lines from a patient with AOA2 and iden-
tified a core set of 179 differentially expressed genes using two
different, yet complimentary, methods, microarray and RNA se-
quencing. Despite using data derived from fibroblasts, it is
notable that the identified genes are primarily associated with
neurogenesis and related functions (Supplementary Material,
Tables S1-3), consistent with the neurological phenotypes asso-
ciated with mutation of this protein. Examination of these genes
revealed further interesting relationships which may explain
certain clinical characteristics. As one example, it was particu-
larly interesting that a gene showing the greatest increase in
expression using both methods was PSG4 (Supplementary Ma-
terial, File 3), a member of the pregnancy-specific glycoprotein
and carcinoembryonic antigen gene families (32). Given the ele-
vated blood levels of alpha-fetoprotein, also a tumor marker,
already seen in AOAZ2 patients, this suggests that the presence
of such antigens is likely due to alterations in senataxin-related
gene expression, consistent with the lack of any observed eleva-
tions in cancer risk within this patient population (2,5,6).

Of further clinical note, in the AOA2 patient fibroblasts, there
were three ataxia and five ALS genes detected by microarray
(Supplementary Material, File 1) and four ataxia and eight
ALS genes detected by RNA sequencing (Supplementary Ma-
terial, File 2), with two of the ataxia genes, PPP2R2B and
SLCI1A3, also being present in the shared core gene list

(Supplementary Material, File 3). In addition, microarray ana-
lysis detected changes in expression of A7M, a DNA repair
gene whose mutation causes ataxia-telangiectasia, a disease
with a clinical phenotype strikingly similar to AOA2 (2).
Whether altered expression of these disease genes is significant
to the AOA2 phenotype will require further investigation. It is
also interesting to note that TOP24, one of the hubs of the
green module identified in fibroblasts overexpressing mutant
senataxin (Fig. 2B), has recently been shown to be a target for
the ATM protein following DNA damage (33).

We observed that overexpression of mutant forms of senataxin
in senataxin-haploinsufficient fibroblasts results in altered gene
expression and that a portion of these changes are specific to the
class of mutation introduced (AOA2 versus ALS4). This suggests
that different senataxin mutations disrupt function in different
ways leading to alternate patterns of gene expression (Fig. 4), a
novel finding not previously reported for allelic disorders.
Because many of the mutations that cause AOA2 are unstable
and/or truncating (6,18,21), it is predicted that these mutations
abolish function, consistent with a recessive disorder, whereas
ALS4 missense mutations likely modify those functions and
hence are dominant (16,18,21). This is supported by observations
that an intact DNA/RNA helicase domain is required to produce
the ALS4 phenotype (21), and is further supported by our data
which show enrichment of ALS4-specific genes in WGCNA
modules related to general senataxin function in both fibroblasts
and peripheral blood (green module, Fig. 2B, Supplementary Ma-
terial, File 6; turquoise module, Fig. 3B, Supplementary Material,
File 9), as well as module preservation between the two cell types
(Fig. 3C). It is likely that some of these effects are mediated
through the regulation of transcription and other regulatory
factors, as indicated by an enrichment for several known
binding sites within the core genes identified in AOA2 patient
fibroblasts (data not shown). Interestingly, the most significantly
enriched factor is myc-associated zinc-finger protein (MAZ)
(data not shown), which has been found to be a target of paraneo-
plastic antibodies causing cerebellar degeneration (34). Further
supporting this, it has been recently shown that AOA2- but not
ALS4-specific mutations in the N-terminus of senataxin affect
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Figure 4. Model of senataxin (SETX) function in normal and disease states.

sumoylation of the protein and subsequent interaction with the
exosome via association with Rrp45 (EXOSC9) (35). Notably,
EXOSC9 was found in our microarray analysis of patient fibro-
blasts (Supplementary Material, File 1). Determining whether
the C-terminal AOA2 and ALS4 mutations studied here affect
senataxin function directly or indirectly deserves future study.

The identification of a molecular gene expression signature
in vivo in the peripheral blood of AOA2 patients is consistent
with findings from other neurological diseases related to muta-
tion of broadly expressed proteins (36,37). The variability we
detect among individual AOA2 patients (Supplementary Mater-
ial, File 8) is likely due to either differences across genetic back-
grounds or differences in effect between mutations. Supporting
this, three patients and two carriers of Italian descent with the
identical SETX genotype (families IT2 and IT3; homozygous
p-N2037D) were consistently misclassified by our algorithm
(Supplementary Material, File 8) yet were distinguishable as
AOA2 patients or carriers by examining gene co-expression pat-
terns (Supplementary Material, File 9). Because of this, the blue
and turquoises modules (Fig. 3, Supplementary Material, File 9),
both enriched for AOA2 transcriptional signature genes and pre-
served in the cerebellum of Sezx knockout mice (Fig. 3C), may be
useful for diagnostic assessment of variants of unknown signifi-
cance in suspected clinical cases of AOA2. This is supported by
the observation that these modules do not correlate with disease
in the blood of Friedreich ataxia patients but, in the case of the
turquoise module, do correlate with Setx knockout in mice (Sup-
plementary Material, File 8). This may become particularly rele-
vant given the highly polymorphic nature of SETX and the
number of novel variants continually being identified, especially
as clinical exome sequencing for neurological disorders
becomes more prevalent (6,21,25,38,39).

Lastly, the identification of gene networks functionally
related to senataxin expands the current knowledge of'its cellular
role and presents avenues for future investigations into its
detailed function in normal cells and in disease. The turquoise
model is of particular interest in this regard, as it is enriched
for AOA2 genes from peripheral blood and ALS4-specific
genes from patient fibroblasts (Supplementary Material, File
9) and is the most preserved module between peripheral blood

and both the transfected human fibroblast and Setx knockout
mouse cerebellum networks (Fig. 3C), where it also correlates
with knockout status (Supplementary Material, File 8). Further-
more, it contains a number of factors already known to be asso-
ciated with senataxin functionally, including eight interacting
proteins (9) (Supplementary Material, File 9). The module also
contains BRCA 1, recently shown to be involved in senataxin-
mediated meiotic sex chromosome inactivation in mice (15),
as well as the genes DDX5, CRY1, PER2 and XRN2, whose pro-
ducts are involved with senataxin in transcriptional termination
(11-13). Other pathways and factors within this model may pose
excellent targets for future studies of senataxin biological func-
tion and/or be potential therapeutic targets in disease. Two inter-
esting candidates are the hub genes OXR1, previously shown to
be involved in cerebellar-dependent motor learning (40) and oxi-
dative stress-induced cerebellar neurodegeneration (41), and
MATRS3, atarget for the ATM protein involved in the regulation
of gene expression via mRNA stabilization (42). Further inves-
tigation of these networks will likely identify additional specific
cellular pathways whose disruption through mutation of SETX
contribute to the distinct clinical phenotypes seen in AOA2
and ALS4.

MATERIALS AND METHODS
SETX gene nomenclature and isoform analysis

Exon numbering in this report is based on the canonical tran-
script of the SETX gene (NM_015046.5). Exon 1 is designated
as the exon containing the ATG start codon, the first base of
which is position 1. Using this nomenclature, the SETX coding
region spans 24 exons with exons 12—24 (bases 1931 to 2456)
encoding a Superfamily I DNA/RNA helicase domain.

Plasmid construction, cell culture and stable transfection

Full-length ¢cDNA representing the complete SETX coding
sequence was derived from a larger cDNA construct (Open
BioSystems, Thermo Fisher Scientific) and cloned into
pENTR-D-TOPO (Invitrogen, Life Technologies) by PCR.
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Point mutations were introduced using the QuikChange Light-
ning Multi Site-Directed Mutagenesis kit (Stratagene, Agilent
Technologies) per the manufacturer’s instructions. The original
SETX cDNA contained four coding sequence variants that dif-
fered from the canonical SETX transcript (NM_015046.5) and
these were mutagenized to match wild-type sequence creating
the SETXwt isoform which was then used to generate the
AOA?2 and ALS4 variants. The 87 bp Exon 23b was added by
multiplex PCR to a Pst fragment of the SETX cDNA and
cloned back into the full-length wild-type cDNA to create the
SETX+23b isoform. For expression, cDNAs were subcloned
using Gateway cloning (Invitrogen, Life Technologies) into
pDEST26 (Invitrogen, Life Technologies) which adds an
N-terminal His-tag. All SETX inserts were fully sequenced
after subcloning into pDEST26 to confirm all wild-type and
mutant sequences.

For transfection, pDEST-SETX plasmids were linearized with
Ahdl (New England BioLabs) and introduced using an Amaxa
Nucleofector (Lonza) per the manufacturer’s instructions. Posi-
tive selection was performed using 200 pg/ml G418 (Invitrogen,
Life Technologies). Two biological replicates were produced for
each stable cell line and handled independently.

Molecular characterization of AOA2 families

Patients were selected based on the presence of the specific rare
clinical phenotype associated with AOA2 (including data from
neurological examinations, neuroimaging, electrophysiological
studies and biomarker testing) (2,3,5,6) and the finding of known
or suspected disease-causing sequence variations in the SETX
gene that segregate with disease. The probands for 10 of the 11
families tested showed elevated levels of alpha-fetoprotein
(Table 1). Seven previously unreported sequence variations
were identified among six families, including a novel splicing
variant (Supplementary Material, Fig. S4). One variant,
p-N2037D, was present in two unrelated families of Italian
origin (Table 1). These novel variants were collectively pre-
dicted to be deleterious because they either caused premature ter-
mination of the protein (families US3 and US4), deleted residues
within the DNA/RNA helicase domain (families CN1 and US3),
or resulted in missense variants not present in either the 1000
genomes database (http://www.1000genomes.org/) or the Na-
tional Institutes of Health Lung and Blood Institute (NHLBI)
Exome Variant Server (http://evs.gs.washington.edu/EVS/)
and, additionally, were bioinformatically predicted as damaging
using the PolyPhen-2 software (http://genetics.bwh.harvard.
edu/pph2/index.shtml) (43) (families IT2, IT3 and US6).
Carrier individuals were available for 10 of the 12 families. In
one family (US6), only a single heterozygous missense sequence
variant was identified and a screen for copy-number variation
was negative (data not shown). This patient was also screened
for other potential pathogenic variation using whole exome se-
quencing, but this was negative as well (data not shown).
Based on consistent clinical phenotype (Table 1) and a lack of
any other identifiable molecular etiology, this patient was
included in the cohort and is suspected of harboring an
as-yet-unidentified noncoding mutation on the second SETX
allele. All novel SETX variants reported here are deposited in
the UCLA Neurogenetics SETX Database (http://149.142.212.
78/LOVD/home.php?select_db=SETX).
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Patient cell lines, mouse tissues and preparation
of RNA and protein

Skin biopsies were obtained from a patient with AOA2 (Family
US2, Table 1) and a related carrier (heterozygous ¢.5927T>G,
p.-L1976R) (18) and fibroblasts were grown in DMEM with
10% fetal bovine serum and 1% penicillin streptomycin (Life
Technologies). Cells were harvested and RNA was extracted
using the miRNeasy Mini Kit (Qiagen) per the manufacturer’s
recommended instructions. The NE-PER kit (Pierce, Thermo
Fisher Scientific) was used to isolate nuclear protein per the man-
ufacturer’s instructions. Protein concentrations were determined
using either Bradford (Bio-Rad) or BCA (Pierce, Thermo Fisher
Scientific) assays.

RNA from normal human cerebellar vermis (44) and quanti-
tative real-time PCR (45) were as previously described.
Lymphoblast cell lines were prepared using standard methods
(26) and nuclear protein prepared as above. Murine tissues and
RNA were prepared as previously described (15).

Preparation and analysis of DNA and RNA from
peripheral blood

Consent was obtained to extract DNA for genetic analysis and all
patients were provided genetic counseling. Peripheral blood
cells were obtained and genomic DNA was prepared using
Autopure LS (Qiagen) according to the manufacturer’s instruc-
tions. Sequencing of SETX coding exons and the neighboring
intronic junctions was performed using a 3730 DNA Analyzer
(Applied Biosystems, Life Technologies). Primers utilized for
sequencing were as described in Criscuolo et al. (19). All
study methods were approved by the Institutional Review
Board of the University of California, Los Angeles (UCLA).
Total RNA was extracted from the peripheral blood using the
PAXgene Blood RNA Kit (Qiagen) per the manufacturer’s
instructions. RNA quality control was performed using an
Agilent Bioanalyzer 2100 (Agilent Technologies) and reverse
transcription-PCR was performed as described previously (21).
All PCR products were confirmed by sequencing as above. All
primer sequences are available on request. Gel images were
captured using a BioSpectrum AC Imaging System (UVP).

Immunoblotting and antibodies used

Immunoblotting was performed using standard protocols (45).
Primary antibodies were against SETX (mouse polyclonal,
1:1000) and SMCI1 (rabbit polyclonal, 1:1000, Novus Biologi-
cals). The secondary antibody used was goat anti-mouse horse-
radish peroxidase (1:4000—1:10 000, Millipore).

RNA sequencing and data analysis

Five micrograms of total RNA from each of two biological repli-
cates of each fibroblast cell line was treated with the RiboMinus
Eukaryote kit (Invitrogen, Life Technologies) to remove riboso-
mal RNA. Eighty nanograms of ribo-depleted RNA was used in
fragmentation and 50 ng of fragmented RNA was used to gener-
ate barcoded libraries using the SOLiD Whole Transcriptome
Analysis Kit and the SOLiD Transcriptome Multiplexing Kit
according to the manufacturer’s protocol (Applied Biosystems,
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Life Technologies). The four barcoded samples were run to-
gether and sequenced at a 50 bp single-end read scale using a
SOLiID 3.5 system (Applied Biosystems). Unique sequence
reads were aligned to the human genome (hgl9, NCBI 37)
using Bowtie (46) with a 25 bp seed and three mismatch allow-
ance. Biological replicate counts were pooled for gene expres-
sion analysis. Statistical comparisons of differential gene
expression were made using a negative binomial distribution
model with the DESeq software package (47). A cut-off thresh-
old of P < 0.05 was used for significance. Validation was per-
formed on a random sample of genes using quantitative
reverse transcription-PCR, as previously described (Supplemen-
tary Material, Fig. S5) (45). GOs were determined using the
DAVID Bioinformatic resources (NIAID, NIH). Statistical
comparisons to other gene lists were made using hypergeometric
probability.

Microarray analysis

Total RNA samples were analyzed using either Illumina
HumanRef-8 v3.0, HumanHT-12 v4.0 or MouseRef-8 v2.0
expression arrays per the manufacturer’s instructions. The
human arrays share 24 525 common probes for comparison.
Data were filtered for batch effects and biological replicate
counts were pooled for gene expression analysis. Statistical
comparisons for differential gene expression were made using
the limma software package (48) and threshold for significance
was set at P < 0.05. GOs were determined using the DAVID
Bioinformatic resources (NIAID, NIH). Statistical comparisons
to other gene lists were made using hypergeometric probability.
Validation was performed on a random sample of genes using
quantitative reverse transcription-PCR (Supplementary Mater-
ial, Fig. S5) (45). WGCNA was performed as previously
described (45).

All microarray and RNA sequencing data are deposited in the
National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/).

NOTE ADDED IN PROOF

Mutation of MATR3, a hub gene found in the turquoise module
in the peripheral blood of patients with AOA2 (Fig. 3B), was re-
cently reported as a rare genetic cause of familial amyotrophic
lateral sclerosis (49).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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