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Abstract. Human senataxin (SETX) is a Helicase DNA-RNA protein located in the cell nucleus,
which regulates transcription, promotes the solution of R-loops and stress granules, as well as
acts in the neuroprotection. Missense mutations in the SETX gene can result in both loss and

gain of function, activating cell death pathways, leading to neurodegeneration associated with
Ataxia with Oculomotor Apraxia type 2 (AOA2) or Amyotrophic Lateral Sclerosis type 4 (ASL4).
ASL4 is an autosomal dominant neuropathy characterized by the selective loss of motor
neurons in the spinal cord, brainstem, and cerebral cortex, leading to hyperreflexia and muscle

atrophy. AOA2 has a recessive inheritance and is manifested by cerebellar ataxia, cerebellar

atrophy, axonal sensorimotor neuropathy, and oculomotor apraxia. The pathogeneses of the

two neuropathies are still not elucidated, but could be associated with an impairment in its R-

loops resolution role caused by mutations.
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1. Introduction

Human senataxin (SETX) is a protein with 2677
amino acids and two domains evolutionarily
preserved in chordate organisms. One of them is
described as a DNA-RNA helicase domain (residues
1,931-2,456) and the other as an N-terminal region
(residues 1-668), homologous to the Sen1p2 protein
from Schizosaccharomyces pombe [1, 2]. SETX is
found mainly in the cell nucleus [3].

The role of SETX in cellular functioning is associated
with the regulation of transcription, the reduction of
R-loops and neuroprotection [4]. Its importance is
also described, relating it to the preservation of
genomic integrity during spermatogenesis [5] and
to the delay in the aging of female germline cells [6].

After extensive SUMOylation by SUMO 2/3 in the N-
terminal region, SETX contributes to curated RNA
manipulation together with exosome component 9
(Ex0s9), promoting transcription quality control. In
the S-phase of the cell cycle, SETX forms nuclear foci
at points between the replisome and the RNA
polymerase II (RNAP II) machinery, reducing
replication stress. RNA helicases, including SETX,
promote the dissolution of stress containers,
composed of proteins and high concentrations of
untranslated mRNA. Therefore, the adaptive
response to oxidative stress can be influenced by
dysfunctions in the performance of SETX [7].

Neuropathies can be triggered by missense
mutations in the SETX gene, specifically
amyotrophic lateral sclerosis type 4 (ALS4) and
ataxia with oculomotor apraxia type 2 (AOA2) [2, 8].
The loss of function of SETX caused by mutations
promotes the pathogenesis of AOA2, while the gain
of function is responsible for ASL4 [2, 9-11].

2. Ataxia with Apraxia Oculomotor
type 2

AOA2 is characterized by the early onset of
cerebellar ataxia and axonal sensorimotor
peripheral neuropathy [12]. Other clinical aspects
include dysarthria (whose presence can be
identified in 100% of individuals with AOA2),
nystagmus (91%) and strabismus (30%) [13], as
well as tremors (14%), dystonic postures (13.5%)
and chorea (9.5%) [14]. Serum o-fetoprotein is
elevated in more than 90% of affected individuals.
Other possible biochemical changes include high
levels of serum cholesterol and creatine kinase [15].

According to a study carried out by Anheim and
collaborators [14], AOA2 develops on average at 14
years of age. Its prevalence in the Alsace region, in
France, was estimated at 1 case for every 900,000
inhabitants, making it the second most common
cerebellar ataxia [16].

Oculomotor apraxia is an inconstant symptom,



present in approximately 50% of patients with
AOA2 [12], with the name suggested by Duquette
and his collaborators [13]: spinocerebellar ataxia,
autosomal recessive, with axonal neuropathy type 2
(SCAN2).

Despite the continued expansion of the number of
genes associated with cerebellar ataxias [17-20],
little is known regarding the molecular basis of its
pathogenesis, as observed with AOA2. Knowledge of
pathogenesis could support the development of new
therapies. Studies at the molecular level provide
ways to identify the mechanisms affected by
mutations for further investigation [21].

According to Anheim and colleagues [14], in
patients with AOA2, pyramidal signs and dystonia
are more frequent and the disease is less severe
with missense mutations in the helicase domain of
the senataxin gene than with missense mutations
outside the helicase domain, deletion or nonsense
mutations. Thus, they suggested that the lack of
pyramidal signs in most patients may be the result
of severe motor neuropathy.

3. Amyotrophic Lateral Sclerosis
type 4

Amyotrophic lateral sclerosis (ALS) is a lethal
neurodegenerative disease characterized by the
selective loss of motor neurons in the spinal cord,
brain stem and cerebral cortex, leading to muscular
atrophy and death from respiratory failure during
the degenerative process within 2 to 5 years of
diagnosis [22]. Familial ALS accounts for
approximately 5% to 10% of ALS cases [23]. The
mechanism of toxicity to the motor neuron remains
unknown [24].

However, it is known that ALS4 has dominant
inheritance [25] and typically develops before the
age of 25 [8]. It is characterized by the early onset of
weakness of the distal muscles, difficulty walking,
hyperreflexia and muscle atrophy [26].

4. R-Loops

During DNA replication or gene transcription, DNA
undergoes a series of changes that can generate
structural intermediates that can facilitate
mutations in DNA. An example of such structural
intermediates are R-loops, hybrids of RNA and DNA
generated during transcription when the non-
coding DNA strand is displaced as the transcribed
DNA strand forms a hybrid with the nascent pre-
mRNA [27, 28]. The formation of R-loops can impact
several biological processes, such as antibody
diversification in B cells, DNA damage response, and
gene expression at multiple levels, including
regulation of chromatin architecture in the
promoter region, transcription elongation, and
termination [29-31].

In human cells, genes that contain CpG islands in
promoters are characterized by having R-loops,

which form from the transcription start site to the
first exon-intron junction [32-34]. R-loop formation
in these gene promoters prevents DNA methylation
and promotes a permissive status for chromatin
transcription, which ultimately leads to gene
expression [35]. An additional site of genomic
relevance for the formation of R-loops is
represented by gene transcription terminators. In
these genomic elements, the formation of R loops
induces RNA polymerase II to pause, facilitating
efficient transcription termination [36].
Furthermore, the formation of R-loops in
terminators triggers the recruitment of the enzyme
responsible for conferring the repressive mark
H3K9me2, an epigenetic characteristic of the
terminator elements of certain highly expressed
genes [37].

Although physiologically relevant for many
biological processes, the persistence of R-loops can
be detrimental to cell viability [38-40]. Generally,
exon-intron sequences act as a barrier to R-loop
propagation in genomes and splicing factors, such as
SLU7 and SRSF1, which prevent R-loop formation at
splice sites, allowing proper RNA processing [41-
43]. R-loop processing is catalyzed by two main
classes of enzymes: RNA-DNA helicase enzymes and
nucleases. RNA-DNA helicase enzymes (BLOOM,
DDX5, DDX19, DDX21, SETX, WERNER, among
others) catalyze the unwinding of the RNA-DNA
hybrid part of the R-loop, promoting its resolution,
while some RNA-DNA nucleases, such as RNAseH1
and RNAseH2 , hydrolyze the RNA portion in RNA-
DNA hybrids, thus dissolving R-loops. Other
endonucleases involved in R-loop resolution are
FEN1, which is capable of cutting both the displaced
ssDNA and the RNA strand of an R-loop, and XRN2,
which degrade nascent RNA from the 3' terminal
cleavage site [2, 44].

5. Conclusion

Studies show the importance of R-loops resolution
to cell viability and the SETX’s role in solving R-
loops, Nevertheless, the comprehension of how
SETX disfunction could be the cause of neurological
disorders, such as AOA2 and ALS4 is not well
understood. Therefore, this theme needs more
studies to elucidate the pathogeneses of those two
diseases.

6. References

[1] Chen Y-Z, Hashemi SH, Anderson SK, et al.
Senataxin, the yeast Senl1p orthologue:
Characterization of a unique protein in
which recessive mutations cause ataxia
and dominant mutations cause motor
neuron disease. Neurobiol Dis 2006; 23:
97-108.

[2] Moreira MC, Klur S, Watanabe M, et al.
Senataxin, the ortholog of a yeast RNA



(3]

[4]

[5]

(6]

[7]

(8]

[]

[10]

[11]

[12]

helicase, is mutant in ataxia-ocular
apraxia 2. Nat Genet 2004; 36: 225-227.

Suraweera A, Becherel O], Chen P, et al.
Senataxin, defective in ataxia oculomotor
apraxia type 2, is involved in the defense
against oxidative DNA damage. J Cell Biol
2007;177: 969-979.

Grunseich C, Wang IX, Watts JA, et al.
Senataxin Mutation Reveals How R-Loops
Promote Transcription by Blocking DNA
Methylation at Gene Promoters. Mol Cell
2018; 69: 426-437.e7.

Becherel O], Yeo AJ, Stellati A, et al.
Senataxin plays an essential role with
DNA damage response proteins in meiotic
recombination and gene silencing. PLoS
Genet 2013; 9: e1003435.

Homer HA. Senataxin: A New Guardian of
the Female Germline Important for
Delaying Ovarian Aging. Front Genet
2021; 12: 647996.

Richard P, Feng S, Manley JL. A SUMO-
dependent interaction between Senataxin
and the exosome, disrupted in the
neurodegenerative disease AOA2, targets
the exosome to sites of transcription-
induced DNA damage. Genes Dev 2013;
27:2227-2232.

Chen Y-Z, Bennett CL, Huynh HM, et al.
DNA/RNA Helicase Gene Mutations in a
Form of Juvenile Amyotrophic Lateral
Sclerosis (ALS4). Am ] Hum Genet 2004;
74:1128-1135.

Avemaria F, Lunetta C, Tarlarini C, et al.
Mutation in the senataxin gene found in a
patient affected by familial ALS with
juvenile onset and slow progression.
Amyotroph Lateral Scler 2011; 12: 228-
230.

Le Ber ], Bouslam N, Rivaud-Péchoux S, et
al. Frequency and phenotypic spectrum of
ataxia with oculomotor apraxia 2: a
clinical and genetic study in 18 patients.
Brain 2004; 127: 759-767.

Rudnik-Schéneborn S, Arning L, Epplen
JT, et al. SETX gene mutation in a family
diagnosed autosomal dominant proximal
spinal muscular atrophy. Neuromuscul
Disord 2012; 22: 258-262.

Ichikawa Y, Ishiura H, Mitsui ], et al.
Exome analysis reveals a Japanese family

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

with spinocerebellar ataxia, autosomal
recessive 1. ] Neurol Sci 2013; 331: 158-
160.

Duquette A, Roddier K, McNabb-Baltar J,
et al. Mutations in senataxin responsible
for Quebec cluster of ataxia with
neuropathy. Ann Neurol 2005; 57: 408-
414.

Anheim M, Monga B, Fleury M, et al.
Ataxia with oculomotor apraxia type 2:
clinical, biological and
genotype/phenotype correlation study of
a cohort of 90 patients. Brain 2009; 132:
2688-2698.

Tazir M, Ali-Pacha L, M'Zahem A, et al.
Ataxia with oculomotor apraxia type 2: A
clinical and genetic study of 19 patients. J
Neurol Sci 2009; 278: 77-81.

Anheim M, Fleury M, Monga B, et al.
Epidemiological, clinical, paraclinical and
molecular study of a cohort of 102
patients affected with autosomal
recessive progressive cerebellar ataxia
from Alsace, Eastern France: implications
for clinical management. Neurogenetics
2010; 11: 1-12.

Fogel BL. Childhood cerebellar ataxia.
Child Neurol 2012; 27: 1138-1145.

Fogel BL, Perlman S. Clinical features and
molecular genetics of autosomal recessive
cerebellar ataxias. Lancet Neurol 2007; 6:
245-257.

Galvez-Jiménez N, Tuite P. Uncommon
Causes of Movement Disorders. Cambridge:
Cambridge University Press. Epub ahead
of print 2011. DOI:
10.1017/CB09780511977749.

Shakkottai VG, Fogel BL. Clinical
neurogenetics: autosomal dominant
spinocerebellar ataxia. Neurol Clin 2013;
31:987-1007.

Fogel BL, Cho E, Wahnich A, et al.
Mutation of senataxin alters disease-
specific transcriptional networks in
patients with ataxia with oculomotor
apraxia type 2. Hum Mol Genet 2014; 23:
4758-4769.

Masrori P, Van Damme P. Amyotrophic
lateral sclerosis: a clinical review. Eur J
Neurol 2020; 27: 1918-1929.



[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Barberio J, Lally C, Kupelian V, et al.
Estimated Familial Amyotrophic Lateral
Sclerosis Proportion: A Literature Review
and Meta-analysis. Neurol Genet 2023; 9:
€200109.

Bennett CL, Dastidar SG, Ling S-C, et al.
Senataxin mutations elicit motor neuron
degeneration phenotypes and yield TDP-
43 mislocalization in ALS4 mice and
human patients. Acta Neuropathol 2018;
136: 425-443.

Groh M, Albulescu LO, Cristini A, et al.
Senataxin: Genome Guardian at the
Interface of Transcription and
Neurodegeneration. / Mol Biol 2017; 429:
3181-3195.

Chance PF, Rabin BA, Ryan SG, et al.
Linkage of the gene for an autosomal
dominant form of juvenile amyotrophic
lateral sclerosis to chromosome 9q34.Am
J Hum Genet 1998; 62: 633-640.

Petermann E, Lan L, Zou L. Sources,
resolution and physiological relevance of
R-loops and RNA-DNA hybrids. Nat Rev
Mol Cell Biol 2022; 23: 521-540.

Thomas M, White RL, Davis RW.
Hybridization of RNA to double-stranded
DNA: formation of R-loops. Proc Natl Acad
Sci 1976; 73: 2294-2298.

Chen PB, Chen HV, Acharya D, etal. R
loops regulate promoter-proximal
chromatin architecture and cellular
differentiation. Nat Struct Mol Biol 2015;
22:999-1007.

Edwards DS, Maganti R, Tanksley JP, et al.
BRD4 Prevents R-Loop Formation and
Transcription-Replication Conflicts by
Ensuring Efficient Transcription
Elongation. Cell Rep; 32. Epub ahead of
print 22 September 2020. DOI:
10.1016/j.celrep.2020.108166.

Niehrs C, Luke B. Regulatory R-loops as
facilitators of gene expression and
genome stability. Nat Rev Mol Cell Biol
2020; 21: 167-178.

Chen L, Chen J-Y, Zhang X, et al. R-ChIP
Using Inactive RNase H Reveals Dynamic
Coupling of R-loops with Transcriptional
Pausing at Gene Promoters. Mol Cell 2017;
68: 745-757.e5.

Ginno PA, Lott PL, Christensen HC, et al. R-

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Loop Formation Is a Distinctive
Characteristic of Unmethylated Human
CpG Island Promoters. Mol Cell 2012; 45:
814-825.

Sanz LA, Hartono SR, Lim YW, et al.
Prevalent, Dynamic, and Conserved R-
Loop Structures Associate with Specific
Epigenomic Signatures in Mammals. Mol
Cell 2016; 63: 167-178.

Chédin F. Nascent Connections: R-Loops
and Chromatin Patterning. Trends Genet
2016; 32: 828-838.

Skourti-Stathaki K, Proudfoot NJ, Gromak
N. Human senataxin resolves RNA/DNA
hybrids formed at transcriptional pause
sites to promote Xrn2-dependent
termination. Mol Cell 2011; 42: 794-805.

Skourti-Stathaki K, Kamieniarz-Gdula K,
Proudfoot NJ. R-loops induce repressive
chromatin marks over mammalian gene
terminators. Nature 2014; 516: 436-439.

Brambati A, Zardoni L, Nardini E, et al.
The dark side of RNA:DNA hybrids. Mutat
Res Mutat Res 2020; 784: 108300.

Garcia-Muse T, Aguilera A. R Loops: From
Physiological to Pathological Roles. Cell
2019; 179: 604-618.

Groh M, Gromak N. Out of Balance: R-
loops in Human Disease. PLOS Genet
2014; 10: e1004630.

Bonnet A, Grosso AR, Elkaoutari A, et al.
Introns Protect Eukaryotic Genomes from
Transcription-Associated Genetic
Instability. Mol Cell 2017; 67: 608-621.€6.

Jiménez M, Urtasun R, Elizalde M, et al.
Splicing events in the control of genome
integrity: role of SLU7 and truncated
SRSF3 proteins. Nucleic Acids Res 2019;
47:3450-3466.

Li X, Manley JL. Inactivation of the SR
Protein Splicing Factor ASF/SF2 Results
in Genomic Instability. Cell 2005; 122:
365-378.

Chen Y-Z, Bennett CL, Huynh HM, et al.
DNA/RNA Helicase Gene Mutations in a
Form of Juvenile Amyotrophic Lateral
Sclerosis (ALS4). Am ] Hum Genet 2004;
74:1128-1135.



