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Abstract

Background: Senataxin (SETX) is a DNA/RNA helicase critical for neuron sur-
vival. SETX mutations underlie two inherited neurodegenerative diseases: Ataxia
with Oculomotor Apraxia type 2 (AOA2) and Amyotrophic Lateral Sclerosis type 4
(ALS4).

Methods: This review examines SETX key cellular processes and we hypothesize
that SETX requires SUMO posttranslational modification to function properly.
Results: SETX is localized to distinct foci during S-phase of the cell cycle, and
these foci represent sites of DNA polymerase/RNA polymerase II (RNAP) collision,
as they co-localize with DNA damage markers 53BP1 and H2AX. At such sites,
SETX directs incomplete RNA transcripts to the nuclear exosome for degradation
via interaction with exosome component 9 (Exosc9), a key component of the nuclear
exosome. These processes require SETX SUMOylation. SETX was also recently lo-
calized within stress granules (SGs), and found to regulate SG disassembly, a process
that similarly requires SUMOylation.

Conclusion: SETX undergoes SUMO modification to function at S-phase foci in
cycling cells to facilitate RNA degradation. SETX may regulate similar processes
in non-dividing neurons at sites of RNAP II bidirectional self-collision. Finally,
SUMOylation of SETX appears to be required for SG disassembly. This SETX
function may be crucial for neuron survival, as altered SG dynamics are linked to
ALS disease pathogenesis. In addition, AOA?2 point mutations have been shown to
block SETX SUMOylation. Such mutations induce an ataxia phenotype indistin-
guishable from those with SETX null mutation, underscoring the importance of this
modification.
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1 | SETX GENE MUTATIONS
IN NEURODEGENERATION AND
INSIGHTS FROM STUDIES OF
YEAST Senlp

The senataxin (SETX) (OMIM: 608465) gene first gained
attention in 2004 when a French group identified recessive
mutations linked with a severe ataxia with oculo-motor
apraxia, AOA2 (Moreira et al., 2004). At the same time, we
reported dominant SETX mutations linked to a rare form
of juvenile Amyotrophic Lateral Sclerosis (ALS), known
as ALS4 (Chen et al., 2004). The prefix “sen” was adopted,
as homology was found between this new protein and the
yeast helicase, Senlp. The Sen was combined with “ataxia”
to form Senataxin. Detailed clinical outlines for AOA2 (Le
Ber et al., 2004) and ALS4 (Rabin et al., 1999) have been
previously reported, and thus, they will not be discussed
here.

From 2004 until now, the search to understand SETX
function, and the disease mechanisms underlying AOA2
and ALS4 have been underway. Initially, we and others
discovered that SETX was ubiquitously expressed (Chen
et al., 2004; Moreira et al., 2004), highlighting the selec-
tive vulnerability of different neurons to either SETX loss-
of-function (AOA2) or SETX gain-of-function (ALS4).
Epitope-tagged SETX constructs confirmed localization to
the nucleoplasm (Chen et al., 2006; Yuce & West, 2013).
A Setx gene knockout mouse (Setx-KO) was made in 2013,
but it lacked a neurological phenotype (Becherel et al.,
2013). We produced ALS4 mouse models based upon the
expression of wild type and R2136H isoforms driven by
the mouse Prion Promoter transgenic promoter expression
system, and by gene-targeting to introduce the p.Leu389Ser
(L389S) ALS4 mutation. These mice displayed mild motor
phenotypes and TDP-43 nuclear clearance pathology that
is a hallmark feature of almost all human ALS patient
cases (Bennett et al., 2018). However, like human patients,
ALS4 mice have a normal life span. Disease phenotypes
were limited to the neuro-muscular axis as affected mice
did not exhibit ataxia, seizures, or tremors. We did not ob-
serve increased motor neuron death, but soma area was re-
duced and the L.389S knock in model also showed reduced
axon diameter. The TDP-43 nuclear clearance was present
in ~10% of motor neurons. Thus, the ALS4 mice have po-
tential utility for therapeutic trials, but the molecular basis
of ALS4 disease pathogenesis remains elusive.

Prior to SETX-specific studies, attention was focused
on the yeast orthologue, Senlp, and attempts were made to
extrapolate function to SETX. However, the SETX protein
sequence is longer at 2677 amino acids, and homology with
Senlp is limited to the 500 amino acid helicase domain
only (Bennett & La Spada, 2015). Senlp itself is well char-
acterized and primarily functions in processing non-coding

RNAs (ncRNAs) (Ursic et al., 1995, 1997). The clearest
demonstration of Senlp function is in transcription termi-
nation (TT) of ncRNA’s (Rasmussen & Culbertson, 1998).
For this, Senlp utilizes the Nrd1-Nab3-Senlp complex
(Vasiljeva & Buratowski, 2006). But attributing a major
role for SETX in TT is difficult as the key RNA-binding
protein Nab3 has no human homolog(Kuehner et al., 2011);
and in vivo studies have ruled out a major role for SETX
in this process (Banerjee et al., 2009). R-loop resolution
is suggested as another Senlp defining function (Mischo
et al., 2011). R-loops naturally form when transcribed
RNA strands temporarily hybridize with one DNA strand
of an unwound duplex. Such R-loop resolution has been
demonstrated for SETX (Skourti-Stathaki et al., 2011), but
R-loops that form in mammals tend to be significantly lon-
ger at ~1 kb or greater (Yu et al., 2003). Thus, with low
RNA processivity, SETX would not be able to unwind very
long structures in a genome-wide, global sense (Han et al.,
2017). Furthermore, R-loop resolution in Setx-KO mouse
brain was found to be normal (Yeo et al., 2014). However,
as R-loop resolution has been demonstrated for SETX in
general (see review Groh et al., 2017), R-loop resolution
may take place during certain SETX-specific activities, as
discussed below. But interestingly, studies using patient
fibroblasts found that the p.Leu389Ser mutation led to
reduced R-Loop presence, suggesting that the ALS4 gain-
of-function mechanism is in fact hyper helicase activity
(Grunseich et al., 2018).

1.1 | SETX functions at DNA Polymerase/
RNA Polymerase II collision sites during S-
phase

While the full list of SETX functions will require further de-
tailed explanation, we are gaining a more comprehensive un-
derstanding of key SETX functions during S-phase of the cell
cycle. In all cycling cells, the DNA replication phase is known
as the synthesis-phase or S-phase. But a less appreciated fact
is that RNA transcription continues concurrently with DNA
synthesis (Helmrich et al., 2011). During S-phase, a number
of independent research groups have shown that SETX forms
nuclear foci indicative of replication stress at collision sites
between the DNA replisome and the RNA transcription ma-
chinery (Bennett & La Spada, 2015; Skourti-Stathaki et al.,
2011; Yuce & West, 2013) (Figure 1). Formation of SETX
foci is dynamic, as they are reduced by inhibiting RNA tran-
scription (a-amanitin), and increased by slowing the DNA
replication fork (aphidicolin) (Yuce & West, 2013). These
foci likely represent sites of DNA damage, with SETX colo-
calizing with 53BP1, a key DNA damage response protein,
and with H2AX, a histone DNA damage marker (Yuce &
West, 2013).
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SUMOylation is critical for SETX function during S-phase and for SETX-regulated SG disassembly. The four major phases of

the cell cycle are illustrated in the diagram. In early S-phase, SETX shows a strong increase in SUMOylation (yellow rods). This is necessary for

its interaction with Exosc9 of the nuclear exosome (pink cylinder in exosome complex), and SUMOylation is abolished by AOA?2 point mutations

(triangular indent; absent SUMO marks). Coordination of these events is essential, as SETX is thought to direct incomplete RNA transcripts to the

exosome for degradation at sites of S-phase foci (colocalizing with 53BP1 and H2AX). Such foci form when the DNA replisome collides with the

RNAP II transcription machinery (blue and tan arrows). At the bottom of the diagram, SG assembly is indicated (light blue circles), with RNA-

binding proteins (gray hexagons), and mRNAs (green wavy lines) shown. During SG disassembly (green dashed arrow), SETX assists with this

process by functionally interacting with specific mRNA clients

2 | SETX REQUIRES
SUMOYLATION TO BE DIRECTED
TO S-PHASE FOCI

To facilitate SETX localization and function, the ubiquitin-
like modifier SUMO is the strongest candidate. SUMO
modification was first shown for SETX in 2006 (Hecker
et al., 2006). In a heat shock proteomics analysis, SETX was
found to be highly SUMOylated following this cell stressor
(Bruderer et al., 2011; Golebiowski et al., 2009). We and
others utilized the N-terminus, protein interaction domain of
SETX as bait in yeast two-hybrid (Y2H) screens, and inde-
pendently identified a number of SUMO pathway players,
including: SUMO, SAE2, Ubc9, and the E3 SUMO-protein
ligases PIAS1 & TOPORS as SETX-interacting proteins
(Bennett et al., 2013; Richard et al., 2013). Finally, a highly
sensitive SUMO-2 proteomics analysis of the cell cycle was
performed in 2014. To focus on this modification at all stages
of the cell cycle, HeLa cells stably expressing Flag-tagged
SUMO-2 were synchronized and were analyzed by mass
spectrometry (Schimmel et al., 2014). Fully SUMO-2 modi-
fied SETX increased in MW from ~306-kDa to an appar-
ent molecular mass of ~586-kDa. Each SUMO-2 monomer
adds just 11-kDa, so this represents a significant decoration.

It should be noted that SUMO-2/3 modification is typically
chain links of >3 units. But most importantly, SETX was
found to undergo a high level of SUMO-2 modification de-
pendent upon cell cycle phase (Figure 1); and specifically
during early S-phase, with other peaks at S/G2 and G2/M
(Schimmel et al., 2014). Hence, SUMO-2 modification
likely promotes SETX foci to accumulate as this distinctive
S-phase feature. In addition, SETX assists in another criti-
cal process linked with SUMOylation, that of transcriptional
silencing. During meiosis, this remodeling process occurs
when genes located along un-synapsed chromosomes are
transcriptionally inactivated during prophase I. SETX loss
causes a marked decrease in protein SUMOylation across the
XY body during the pachytene stage of meiosis, and is itself
SUMOylated (Yeo et al., 2015).

3 | SETX SUMOYLATION IS
REQUIRED FOR EXOSOME
INTERACTION AND BLOCKED BY
AOA2 MUTATIONS

With advancement of the DNA replication fork, a direct col-
lision with RNA polymerase II (RNAP II) from the reverse
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direction will necessarily halt RNA elongation. At this point,
SETX may utilize its conserved helicase function to unwind
R-loops, which form behind stalled RNAP II. Thereafter,
SETX would direct incomplete RNA transcripts to the exo-
some for degradation. The exosome complex is the major eu-
karyotic 3" — 5’ exonuclease, consisting of nine conserved
core subunits that function in the accurate degradation of
RNAs in the nucleus and cytoplasm (Sloan et al., 2012).
Exosome Component 9, Exosc9, was highly represented in
the two SETX Y2H screens outlined above (Bennett et al.,
2013; Richard et al., 2013). It was noted that SETX and
Exosc9 were unable to interact when using purified recom-
binant protein, suggesting that posttranslational modifica-
tion is required for interaction (Richard et al., 2013). This
group went on to characterize within the Exosc9 C-terminus,
a Sumo-interacting motif (SIM) that is required for interac-
tion with the SETX N-terminus, the domain that is exten-
sively SUMO-2/3 SUMOylated. Three SETX AOA?2 point
mutations, p.Glu65Lys, p.Trp305Cys, and p.Pro413Leu (for
protein domain location, see Figure 1 Bennett & La Spada,
2015) (Bennett & La Spada, 2015), were studied with tar-
geted Y2H assays. Each of these mutations showed loss of
interaction with Exosc9 and decreased SETX SUMOylation
(Richard et al., 2013). Interestingly, two ALS4 gain-of-
function mutations, p.Thr3lle and p.Leu389Ser were also
tested, and they showed no loss of interaction with Exosc9,
nor loss of SUMOy]lation.

3.1 | Over-expression of tightly regulated
SETX, induces S-phase arrest

Tight regulation of Senlp was demonstrated when yeast trans-
formation achieved high levels of sen/ mRNA, yet little in-
crease in Senlp protein resulted (DeMarini et al., 1995). We
observed similar effects for SETX in HeLa cells when large
increases in GFP-SETX mRNA failed to increase total SETX
protein (unpublished data). Tight SETX regulation appears to
also hold true in vivo. We generated WT- and R2136H-SETX
(p-Arg2136His) transgenic mice with strong transgene expres-
sion, yet immunoblot analysis of brain extracts revealed no
increase in total SETX protein (Bennett et al., 2018). If Senlp/
SETX are tightly regulated, what are its cellular levels? Yeast
Senlp is typically as low as 125 molecules per cell (Kim et al.,
1999): much less than its known interaction partners Nrd1p at
~19,000, and Nab3p at ~5800 (Ghaemmaghami et al., 2003).
In a detailed proteomics study of ~10,000 proteins, SETX was
found to be in the very low abundance category, at <500 mol-
ecules/cell (Beck et al., 2011). From this same study, it was
found that proteins linked with ALS, and showing dominant
inheritance were in the mid-protein level range, while those
typically linked with recessive ataxia were at the very lowest
levels (Beck et al., 2011) (Figure 2).

Yet, despite tight SETX regulation, transient transfection
can boost SETX levels on an individual cell basis. We found
that by transient transfection of HEK293 cells, GFP-SETX
was localized to the nucleoplasm, as expected (Bennett et al.,
2020). But surprisingly, the nucleolus marker fibrillarin was
diffused within the nucleus, coincident with SETX transfec-
tion. Indeed, greater than 90% of GFP-SETX positive cells
showed diffuse fibrillarin staining, even with low GFP-SETX
fluorescence. This result was replicated when Flag-SETX
was used as the tagged construct. Furthermore, deletion of
the SETX helicase GTP-binding domain abolished this ef-
fect, suggesting the phenomenon is dependent upon an
active helicase domain. Curiously, the SETX-induced fibril-
larin redistribution appeared typical of prophase induction
(Hernandez-Verdun, 2011), prompting us to test cell cycle
progression with propidium iodide staining and flow cytom-
etry. We found that GFP-SETX positive cells were S-phase
arrested, without evidence of increased cell death (Bennett
et al., 2020).

Taken together, we suggest the following events come into
focus for SETX during S-phase. SETX undergoes increased
SUMOylation during early S-phase; it interacts with the nu-
clear exosome in a SUMOylation-dependent manner; and it
directs RNA to the exosome for degradation at sites of DNA
polymerase/RNAP II collision. SETX is tightly regulated at
very low levels and if cellular levels are elevated above unde-
fined thresholds, S-phase cell cycle arrest is induced. Given
that SETX foci also represent S3BP1-positive DNA damage
response sites, we speculate that elevated SETX levels trigger
DNA damage checkpoints as part of S-phase arrest.

4 | SETX ROLE IN STRESS
GRANULE DYNAMICS IS
REGULATED BY SUMOYLATION

Stress granules (SGs) are found in the cytoplasm and consist
of proteins and non-translating mRNAs at high concentra-
tion. SGs may form during cell stress to temporarily pause
translation initiation until conditions are more favorable. An
unappreciated point is that SGs components may be cell type
and stress-specific (Marmor-Kollet et al., 2020). However, it
is known that many proteins linked with neurodegenerative
disease, such as TDP-43 and FUS, can alter SG dynamics
(Taylor et al., 2016). Disease-linked point mutations show
clustering within the intrinsically disordered regions (IDRs)
of these familial ALS disease proteins. Indeed, the IDRs of
various RNA-binding proteins are part of the viscosity-based,
maintenance of SG/cytoplasm barriers. To shed more light on
SG disassembly, a recent study employed APEX2 proximity
proteomics. Based on this sensitive method, SUMO ligases
were discovered as novel SG disassembly engaged proteins
(DEPs), and SUMOylation itself was found to regulate both
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by mass spectrometry of ~10,000 proteins from the U20S cell line. Adapted from Beck et al. (2011). Protein abbreviations: TDP-43, TAR DNA-
binding protein 43; FUS, Fused in Sarcoma; SMN, Survival Motor Neuron; SETX, Senataxin; APTX, Aprataxin; A-T, Ataxia Telangiectasia

Mutated; and elF4A2, eukaryotic translation initiation factor 4A2

SG formation and disassembly (Marmor-Kollet et al., 2020).
An important example is that SUMOylation of the translation
initiation factor eIF4A2 was shown to contribute to SG for-
mation (Jongjitwimol et al., 2016). In a new APEX2 proteom-
ics study, 109 novel SG proteins were identified, including
SETX (Marmor-Kollet et al., 2020) (Figure 1). After SG in-
duction with sodium arsenite treatment, SETX showed a 15-
fold and 10-fold enrichment over the bait control with FMR1
and FXR1 SG baits, respectively, but not with G3BP1. SETX
joined another group of 153 proteins identified in SGs at basal
conditions (no sodium arsenite induction). Intriguingly, only
10 proteins including SETX were found with both FMR1 and
FXR1 baits at basal conditions (Marmor-Kollet et al., 2020).
SETX was not part of a 30 pre-stress seed protein list, but its
presence at the earliest formation of FMR1 and FXR1 SG
cores (1 of only 10 such proteins), suggests the importance of
SETX for these structures.

The SG disassembly process was previously thought to
rely on autophagy and ubiquitin pathways; however, new
studies points to heat shock proteins and RNA helicases as
key regulators. The DEPs were defined using FMR1-APEX?2
as bait after sodium arsenite washout for 30-, 60-, and 120-
min recovery. SETX was included as part of 22 DEPs tested
for SG dynamics modification by siRNA knockdown and
live-imaging during disassembly. After 1 hr of recovery, con-
comitant with siRNA knockdown, 9 of the 22 DEPs resulted

in a significant change in disassembly dynamics. SETX
depletion resulted in SGs being ~40% larger versus siRNA
control treatment (Marmor-Kollet et al., 2020). Furthermore,
DEPs were highly enriched for SUMOylation pathway mem-
bers from E1 to E3, including: SAE1/2 (E1); UBC9 (E2); and
the E3 ligase TOPORS, which are all known SETX interac-
tors (Bennett et al., 2013; Richard et al., 2013). A key role
for SUMOylation within SG dynamics was further evident
when 2DO08, an inhibitor of the SUMO E2 conjugating en-
zyme UBE2I (UBC9), was found to reduce SG disassembly
in a dose-dependent manner (Marmor-Kollet et al., 2020).
Finally, during SG disassembly, the expression of C9orf72
toxic arginine-containing dipeptide repeats caused a deple-
tion of DEP proteins including SETX and SUMO ligases
(Marmor-Kollet et al., 2020).

4.1 | Conclusions

SETX is now recognized as a major contributor to genome
stability and plays an important role during S-phase of
cycling cells. Its SUMOylation is necessary for Exosc9
interaction, a core component of the nuclear exosome.
These two events appear necessary for SETX’s function
at S-phase foci where it facilitates exosome-mediated deg-
radation of stalled RNA transcription at DNA polymerase/
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RNAP II collision sites. Also, SETX co-localizes with the
DNA damage markers 53BP1 and H2AX at these foci.
Because SETX is maintained at very low cellular levels,
transient over-expression may trigger cell cycle check
points. But neurons do not replicate, and both AOA2 and
ALS4 result primarily in neuron degeneration. AOA2 loss-
of-function mutations appear to block both SUMOylation
and Exosc9 interaction. Hence, unless RNAPII self-
collision is of major concern for neuronal pathogenesis,
other functions of SUMO-SETX must contribute to neuro-
degeneration. The obvious candidate for this dysfunction
would be a role for SETX in the regulation of SG dynam-
ics, a core pathological hallmark in various forms of neuro-
degeneration. Based upon recent work, we now know that
SETX, when found in SGs in close proximity to FMR1 and
FXR1, plays an important role in SG disassembly, likely
by its helicase domain-dependent function of unwinding
certain SG RNAs. Identifying and characterizing the SG
RNA clients of SETX will yield crucial insights into the
pathobiology of neurodegenerative diseases characterized
by SG dysregulation.

ACKNOWLEDGMENTS
This work was supported by NIH funding (R35 122140 to
ARLS).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR'S CONTRIBUTIONS
All authors contributed equally to this work.

ETHICS STATEMENT
No human subjects or animals were used in the production
of this review.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

ORCID

Craig L. Bennett ‘9 https://orcid.org/0000-0002-5847-1687

REFERENCES

Banerjee, A., Sammarco, M. C., Ditch, S., Wang, J., & Grabczyk, E.
(2009). A novel tandem reporter quantifies RNA polymerase II
termination in mammalian cells. PLoS One, 4(7), €6193. https://
doi.org/10.1371/journal.pone.0006193

Becherel, O. J., Yeo, A. J., Stellati, A., Heng, E. Y. H., Luff, J.,
Suraweera, A. M., Woods, R., Fleming, J., Carrie, D., McKinney,
K., Xu, X., Deng, C., & Lavin, M. F. (2013). Senataxin plays an
essential role with DNA damage response proteins in meiotic

recombination and gene silencing. PLoS Genetics, 9(4), e1003435.
https://doi.org/10.1371/journal.pgen.1003435

Beck, M., Schmidt, A., Malmstroem, J., Claassen, M., Ori, A.,
Szymborska, A., Herzog, F., Rinner, O., Ellenberg, J., &
Aebersold, R. (2011). The quantitative proteome of a human cell
line. Molecular Systems Biology, 7, 549.

Bennett, C. L., Chen, Y., Vignali, M., Lo, R. S., Mason, A. G., Unal, A.,
Huq Saifee, N. P., Fields, S., & La Spada, A. R. (2013). Protein
interaction analysis of senataxin and the ALS4 L389S mutant
yields insights into senataxin post-translational modification
and uncovers mutant-specific binding with a brain cytoplasmic
RNA-encoded peptide. PLoS One, 8(11), €78837. https://doi.
org/10.1371/journal.pone.0078837

Bennett, C. L., Dastidar, S. G., Ling, S.-C., Malik, B., Ashe, T.,
Wadhwa, M., Miller, D. B, Lee, C., Mitchell, M. B., van Es, M. A.,
Grunseich, C., Chen, Y., Sopher, B. L., Greensmith, L., Cleveland,
D. W, & La Spada, A. R. (2018). Senataxin mutations elicit motor
neuron degeneration phenotypes and yield TDP-43 mislocaliza-
tion in ALS4 mice and human patients. Acta Neuropathologica,
136(3), 425-443. https://doi.org/10.1007/s00401-018-1852-9

Bennett, C. L., & La Spada, A. R. (2015). Unwinding the role of se-
nataxin in neurodegeneration. Discovery Medicine, 19(103),
127-136.

Bennett, C. L., Sopher, B. L., & La Spada, A. R. (2020). Tight expres-
sion regulation of senataxin, linked to motor neuron disease and
ataxia, is required to avert cell-cycle block and nucleolus disas-
sembly. Heliyon, 6(6), e04165. https://doi.org/10.1016/j.heliy
0n.2020.e04165.

Bruderer, R., Tatham, M. H., Plechanovova, A., Matic, L., Garg, A. K.,
& Hay, R. T. (2011). Purification and identification of endogenous
polySUMO conjugates. EMBO Reports, 12(2), 142—148. https://
doi.org/10.1038/embor.2010.206

Chen, Y. Z., Bennett, C. L., Huynh, H. M., Blair, I. P., Puls, L., Irobi, J.,
Dierick, I., Abel, A., Kennerson, M. L., Rabin, B. A., Nicholson, G.
A., Auer-Grumbach, M., Wagner, K., De Jonghe, P., Griffin, J. W.,
Fischbeck, K. H., Timmerman, V., Cornblath, D. R., & Chance, P.
F. (2004). DNA/RNA helicase gene mutations in a form of juvenile
amyotrophic lateral sclerosis (ALS4). American Journal of Human
Genetics, 74(6), 1128-1135. https://doi.org/10.1086/421054

Chen, Y. Z., Hashemi, S. H., Anderson, S. K., Huang, Y., Moreira, M. C.,
Lynch, D. R., Glass, I. A., Chance, P. F., & Bennett, C. L. (2006).
Senataxin, the yeast Sen1p orthologue: Characterization of a unique
protein in which recessive mutations cause ataxia and dominant
mutations cause motor neuron disease. Neurobiology of Diseases,
23(1), 97-108. https://doi.org/10.1016/j.nbd.2006.02.007

DeMarini, D. J., Papa, F. R., Swaminathan, S., Ursic, D., Rasmussen,
T. P., Culbertson, M. R., & Hochstrasser, M. (1995). The yeast
SEN3 gene encodes a regulatory subunit of the 26S proteasome
complex required for ubiquitin-dependent protein degradation in
vivo. Molecular and Cellular Biology, 15(11), 6311-6321. https://
doi.org/10.1128/MCB.15.11.6311

Ghaemmaghami, S., Huh, W. K., Bower, K., Howson, R. W., Belle, A.,
Dephoure, N., O'Shea, E. K., & Weissman, J. S. (2003). Global
analysis of protein expression in yeast. Nature, 425(6959), 737—
741. https://doi.org/10.1038/nature02046

Golebiowski, F., Matic, I., Tatham, M. H., Cole, C., Yin, Y., Nakamura,
A., Cox, J., Barton, G.J., Mann, M., & Hay, R. T. (2009). System-
wide changes to SUMO modifications in response to heat shock.


https://orcid.org/0000-0002-5847-1687
https://orcid.org/0000-0002-5847-1687
https://doi.org/10.1371/journal.pone.0006193
https://doi.org/10.1371/journal.pone.0006193
https://doi.org/10.1371/journal.pgen.1003435
https://doi.org/10.1371/journal.pone.0078837
https://doi.org/10.1371/journal.pone.0078837
https://doi.org/10.1007/s00401-018-1852-9
https://doi.org/10.1016/j.heliyon.2020.e04165
https://doi.org/10.1016/j.heliyon.2020.e04165
https://doi.org/10.1038/embor.2010.206
https://doi.org/10.1038/embor.2010.206
https://doi.org/10.1086/421054
https://doi.org/10.1016/j.nbd.2006.02.007
https://doi.org/10.1128/MCB.15.11.6311
https://doi.org/10.1128/MCB.15.11.6311
https://doi.org/10.1038/nature02046

BENNETT anp LA SPADA

| 70f8

Science Signalling, 2(72), ra24. https://doi.org/10.1126/scisi
gnal.2000282

Groh, M., Albulescu, L. O., Cristini, A., & Gromak, N. (2017).
Senataxin: Genome guardian at the interface of transcription and
neurodegeneration. Journal of Molecular Biology, 429(21), 3181—
3195. https://doi.org/10.1016/j.jmb.2016.10.021

Grunseich, C., Wang, . X., Watts, J. A., Burdick, J. T., Guber, R.
D., Zhu, Z., Bruzel, A., Lanman, T., Chen, K., Schindler, A. B.,
Edwards, N., Ray-Chaudhury, A., Yao, J., Lehky, T., Piszczek, G.,
Crain, B., Fischbeck, K. H., & Cheung, V. G. (2018). Senataxin
mutation reveals how R-loops promote transcription by blocking
DNA methylation at gene promoters. Molecular Cell, 69(3), 426—
437.e7. https://doi.org/10.1016/j.molcel.2017.12.030

Han, Z., Libri, D., & Porrua, O. (2017). Biochemical characterization
of the helicase Senl provides new insights into the mechanisms
of non-coding transcription termination. Nucleic Acids Research,
45(3), 1355-1370. https://doi.org/10.1093/nar/gkw 1230

Hecker, C. M., Rabiller, M., Haglund, K., Bayer, P., & Dikic, I. (2006).
Specification of SUMO1- and SUMO2-interacting motifs. Journal
of Biological Chemistry, 281(23), 16117-16127. https://doi.
org/10.1074/jbc.M512757200

Helmrich, A., Ballarino, M., & Tora, L. (2011). Collisions between
replication and transcription complexes cause common fragile site
instability at the longest human genes. Molecular Cell, 44(6), 966—
977. https://doi.org/10.1016/j.molcel.2011.10.013

Hernandez-Verdun, D. (2011). Assembly and disassembly of the nu-
cleolus during the cell cycle. Nucleus, 2(3), 189—-194. https://doi.
org/10.4161/nucl.2.3.16246

Jongjitwimol, J., Baldock, R. A., Morley, S. J., & Watts, F. Z. (2016).
Sumoylation of elF4A?2 affects stress granule formation. Journal
of Cell Science, 129(12), 2407-2415. https://doi.org/10.1242/
jes. 184614

Kim, H. D., Choe, J., & Seo, Y. S. (1999). The senl(+) gene of
Schizosaccharomyces pombe, a homologue of budding yeast
SENI, encodes an RNA and DNA helicase. Biochemistry, 38(44),
14697-14710.

Kuehner, J. N., Pearson, E. L., & Moore, C. (2011). Unravelling the
means to an end: RNA polymerase II transcription termination.
Nature Reviews Molecular Cell Biology, 12(5), 283-294. https://
doi.org/10.1038/nrm3098

Le Ber, 1., Bouslam, N., Rivaud-Péchoux, S., Guimaries, J., Benomar,
A., Chamayou, C., Goizet, C., Moreira, M. C., Klur, S., Yahyaoui,
M., & Agid, Y. (2004). Frequency and phenotypic spectrum of
ataxia with oculomotor apraxia 2: A clinical and genetic study in
18 patients. Brain, 127(Pt 4), 759-767. https://doi.org/10.1093/
brain/awh080

Marmor-Kollet, H., Siany, A., Kedersha, N., Knafo, N., Rivkin, N.,
Danino, Y. M., Moens, T. G., Olender, T., Sheban, D., Cohen,
N., Dadosh, T., Addadi, Y., Ravid, R., Eitan, C., Toth Cohen,
B., Hofmann, S., Riggs, C. L., Advani, V. M., Higginbottom,
A., ... Hornstein, E. (2020). Spatiotemporal proteomic analysis
of stress granule disassembly using APEX reveals regulation by
SUMOylation and links to ALS pathogenesis. Molecular Cell,
80(5), 876-891.e6. https://doi.org/10.1016/j.molcel.2020.10.032

Mischo, H. E., Gomez-Gonzalez, B., Grzechnik, P., Rondon, A. G., Wei,
W., Steinmetz, L., Aguilera, A., & Proudfoot, N. J. (2011). Yeast
Senl helicase protects the genome from transcription-associated
instability. Molecular Cell, 41(1), 21-32. https://doi.org/10.1016/j.
molcel.2010.12.007

Molecular Genetics & Genomic Medicine_Wl LEY

Open Access,

Moreira, M. C., Klur, S., Watanabe, M., Németh, A. H., Ber, 1. L.,
Moniz, J.-C., Tranchant, C., Aubourg, P., Tazir, M., Schols, L.,
Pandolfo, M., Schulz, J. B., Pouget, J., Calvas, P., Shizuka-Ikeda,
M., Shoji, M., Tanaka, M., Izatt, L., Shaw, C. E., ... Koenig, M.
(2004). Senataxin, the ortholog of a yeast RNA helicase, is mu-
tant in ataxia-ocular apraxia 2. Nature Genetics, 36(3), 225-227.
https://doi.org/10.1038/ng1303

Rabin, B. A., Griffin, J. W., Crain, B. J., Scavina, M., Chance, P. F.,
& Cornblath, D. R. (1999). Autosomal dominant juvenile amyo-
trophic lateral sclerosis. Brain, 122(8), 1539-1550. https://doi.
org/10.1093/brain/122.8.1539

Rasmussen, T. P., & Culbertson, M. R. (1998). The putative nucleic
acid helicase Senlp is required for formation and stability of ter-
mini and for maximal rates of synthesis and levels of accumulation
of small nucleolar RNAs in Saccharomyces cerevisiae. Molecular
and Cellular Biology, 18(12), 6885-6896.

Richard, P., Feng, S., & Manley, J. L. (2013). A SUMO-dependent
interaction between Senataxin and the exosome, disrupted in the
neurodegenerative disease AOA?2, targets the exosome to sites
of transcription-induced DNA damage. Genes & Development,
27(20), 2227-2232. https://doi.org/10.1101/gad.224923.113

Schimmel, J., Eifler, K., Sigurethsson, J. O., Cuijpers, S. A., Hendriks,
I. A., Verlaan-de Vries, M., Kelstrup, C. D., Francavilla, C.,
Medema, R. H., Olsen, J. V., & Vertegaal, A. C. (2014). Uncovering
SUMOylation dynamics during cell-cycle progression reveals
FoxMI1 as a key mitotic SUMO target protein. Molecular Cell,
53(6), 1053-1066. https://doi.org/10.1016/j.molcel.2014.02.001

Skourti-Stathaki, K., Proudfoot, N. J., & Gromak, N. (2011). Human sen-
ataxin resolves RNA/DNA hybrids formed at transcriptional pause
sites to promote Xrn2-dependent termination. Molecular Cell,
42(6), 794-805. https://doi.org/10.1016/j.molcel.2011.04.026

Sloan, K. E., Schneider, C., & Watkins, N. J. (2012). Comparison of
the yeast and human nuclear exosome complexes. Biochemical
Society Transactions, 40(4), 850-855. https://doi.org/10.1042/
BST20120061

Taylor, J. P,, Brown, R. H. Jr., & Cleveland, D. W. (2016). Decoding
ALS: From genes to mechanism. Nature, 539(7628), 197-206.
https://doi.org/10.1038/nature20413

Ursic, D., DeMarini, D. J., & Culbertson, M. R. (1995). Inactivation
of the yeast Senl protein affects the localization of nucleolar pro-
teins. Molecular and General Genetics, 249(6), 571-584. https://
doi.org/10.1007/BF00418026

Ursic, D., Himmel, K. L., Gurley, K. A., Webb, F., & Culbertson, M.
R. (1997). The yeast SEN1 gene is required for the processing of
diverse RNA classes. Nucleic Acids Research, 25(23), 4778-4785.
https://doi.org/10.1093/nar/25.23.4778

Vasiljeva, L., & Buratowski, S. (2006). Nrdl interacts with the nu-
clear exosome for 3’ processing of RNA polymerase II tran-
scripts. Molecular Cell, 21(2), 239-248. https://doi.org/10.1016/j.
molcel.2005.11.028

Yeo, A. J., Becherel, O. J., Luff, J. E., Cullen, J. K., Wongsurawat, T.,
Jenjaroenpoon, P., Kuznetsov, V. A., McKinnon, P. J., & Lavin,
M. F. (2014). R-loops in proliferating cells but not in the brain:
Implications for AOA2 and other autosomal recessive ataxias. PLoS
One, 9(3), €90219. https://doi.org/10.1371/journal.pone.0090219

Yeo, A. J., Becherel, O. J., Luff, J. E., Graham, M. E., Richard, D., &
Lavin, M. F. (2015). Senataxin controls meiotic silencing through
ATR activation and chromatin remodeling. Cell Discovery, I,
15025.


https://doi.org/10.1126/scisignal.2000282
https://doi.org/10.1126/scisignal.2000282
https://doi.org/10.1016/j.jmb.2016.10.021
https://doi.org/10.1016/j.molcel.2017.12.030
https://doi.org/10.1093/nar/gkw1230
https://doi.org/10.1074/jbc.M512757200
https://doi.org/10.1074/jbc.M512757200
https://doi.org/10.1016/j.molcel.2011.10.013
https://doi.org/10.4161/nucl.2.3.16246
https://doi.org/10.4161/nucl.2.3.16246
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1242/jcs.184614
https://doi.org/10.1038/nrm3098
https://doi.org/10.1038/nrm3098
https://doi.org/10.1093/brain/awh080
https://doi.org/10.1093/brain/awh080
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1016/j.molcel.2010.12.007
https://doi.org/10.1016/j.molcel.2010.12.007
https://doi.org/10.1038/ng1303
https://doi.org/10.1093/brain/122.8.1539
https://doi.org/10.1093/brain/122.8.1539
https://doi.org/10.1101/gad.224923.113
https://doi.org/10.1016/j.molcel.2014.02.001
https://doi.org/10.1016/j.molcel.2011.04.026
https://doi.org/10.1042/BST20120061
https://doi.org/10.1042/BST20120061
https://doi.org/10.1038/nature20413
https://doi.org/10.1007/BF00418026
https://doi.org/10.1007/BF00418026
https://doi.org/10.1093/nar/25.23.4778
https://doi.org/10.1016/j.molcel.2005.11.028
https://doi.org/10.1016/j.molcel.2005.11.028
https://doi.org/10.1371/journal.pone.0090219

8of 8 . . ..
| Wl LEY_Molecular Genetics & Genomic Medicine

BENNETT anp LA SPADA

Yu, K., Chedin, F., Hsieh, C. L., Wilson, T. E., & Lieber, M. R. (2003).
R-loops at immunoglobulin class switch regions in the chromo-
somes of stimulated B cells. Nature Immunology, 4(5), 442-451.
https://doi.org/10.1038/ni919

Yuce, O., & West, S. C. (2013). Senataxin, defective in the neurodegen-
erative disorder ataxia with oculomotor apraxia 2, lies at the inter-
face of transcription and the DNA damage response. Molecular
and Cellular Biology, 33(2), 406-417. https://doi.org/10.1128/
MCB.01195-12

How to cite this article: Bennett, C. L., & La Spada, A.
R. (2021). SUMOylated Senataxin functions in genome
stability, RNA degradation, and stress granule
disassembly, and is linked with inherited ataxia and
motor neuron disease. Molecular Genetics & Genomic
Medicine, 9, €1745. https://doi.org/10.1002/mgg3.1745



https://doi.org/10.1038/ni919
https://doi.org/10.1128/MCB.01195-12
https://doi.org/10.1128/MCB.01195-12
https://doi.org/10.1002/mgg3.1745

