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ABSTRACT
SETX (senataxin) is an RNA/DNA helicase that has been implicated in transcriptional regulation and the 
DNA damage response through resolution of R-loop structures. Mutations in SETX result in either of two 
distinct neurodegenerative disorders. SETX dominant mutations result in a juvenile form of amyotrophic 
lateral sclerosis (ALS) called ALS4, whereas recessive mutations are responsible for ataxia called ataxia 
with oculomotor apraxia type 2 (AOA2). How mutations in the same protein can lead to different 
phenotypes is still unclear. To elucidate AOA2 disease mechanisms, we first examined gene expression 
changes following SETX depletion. We observed the effects on both transcription and RNA processing, 
but surprisingly observed decreased R-loop accumulation in SETX-depleted cells. Importantly, we dis
covered a strong connection between SETX and the macroautophagy/autophagy pathway, reflecting 
a direct effect on transcription of autophagy genes. We show that SETX depletion inhibits the progres
sion of autophagy, leading to an accumulation of ubiquitinated proteins, decreased ability to clear 
protein aggregates, as well as mitochondrial defects. Analysis of AOA2 patient fibroblasts also revealed 
a perturbation of the autophagy pathway. Our work has thus identified a novel function for SETX in the 
regulation of autophagy, whose modulation may have a therapeutic impact for AOA2.

Abbreviations: 3ʹREADS: 3ʹ region extraction and deep sequencing; ACTB: actin beta; ALS4: amyotrophic 
lateral sclerosis type 4; AOA2: ataxia with oculomotor apraxia type 2; APA: alternative polyadenylation; AS: 
alternative splicing; ATG7: autophagy-related 7; ATP6V0D2: ATPase H+ transporting V0 subunit D2; BAF: 
bafilomycin A1; BECN1: beclin 1; ChIP: chromatin IP; Chloro: chloroquine; CPT: camptothecin; DDR: DNA 
damage response; DNMT1: DNA methyltransferase 1; DRIP: DNA/RNA IP; DSBs: double strand breaks; EBs: 
embryoid bodies; FTD: frontotemporal dementia; GABARAP: GABA type A receptor-associated protein; GO: 
gene ontology; HR: homologous recombination; HTT: huntingtin; IF: immunofluorescence; IP: immunopre
cipitation; iPSCs: induced pluripotent stem cells; KD: knockdown; MAP1LC3/LC3: microtubule associated 
protein 1 light chain 3; MN: motor neuron; MTORC1: mechanistic target of rapamycin kinase complex 1; 
PASS: PolyA Site Supporting; PFA: paraformaldehyde; RNAPII: RNA polymerase II; SCA: spinocerebellar 
ataxia; SETX: senataxin; SMA: spinal muscular atrophy; SMN1: survival of motor neuron 1, telomeric; 
SQSTM1/p62: sequestosome 1; TFEB: transcription factor EB; TSS: transcription start site; TTS: transcription 
termination site; ULK1: unc-51 like autophagy activating kinase 1; WB: western blot; WIPI2: WD repeat 
domain, phosphoinositide interacting 2; XRN2: 5ʹ-3ʹ exoribonuclease 2.
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Introduction

SETX is the human homolog of the yeast superfamily I RNA/ 
DNA helicase Sen1 [1]. Interest in SETX was heightened in 
2004 when the SETX gene was discovered to be mutated in 
two distinct neurodegenerative diseases. One is a juvenile 
form of ataxia called ataxia with oculomotor apraxia type 2 
(AOA2) and the other a juvenile form of amyotrophic lateral 
sclerosis named ALS4 [2,3]. This discovery has led to 

increased investigation of SETX function. SETX was found 
to interact with RNAPII (RNA polymerase II) and has been 
implicated in transcription termination [4–7]. More recent 
work revealed how SETX binding at promoter regions of 
antiviral genes prevents their transcription by promoting pre
mature termination, providing a mechanism to inhibit their 
expression in the absence of viral infection [7]. Besides its role 
in premature termination, SETX also appears to function in 
“normal” termination on specific genes, by resolving R loops 
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at G-rich pause sites located downstream of polyadenylation 
signals, thereby allowing degradation of the cleaved down
stream RNA by the 5ʹ to 3ʹ exoribonuclease XRN2 [8].

R-loop resolution appears to be an evolutionarily con
served function of SETX [9]. R loops are hybrid structures 
formed during transcription between nascent RNA and the 
DNA template and are present at as much as 5% of mamma
lian genomes [10,11]. R loops have been found to form at the 
5ʹ and 3ʹ ends of genes to influence epigenetic regulation [12]. 
While R loops are necessary for important biological func
tions such as immunoglobulin class switch and transcription 
termination [8,13,14], persistent R loops can create DNA 
breaks, mutations and chromosomal rearrangements leading 
to genome instability [10,15,16]. Not surprisingly, SETX has 
also been found to play a role in the DNA damage response 
(DDR) [4,17–19]. SETX colocalizes with TP53BP1 and 
γH2AX at transcription- and R loop-dependent replication 
stress foci during replication or in S/G2 phase [4]. 
Additionally, the tumor suppressor BRCA1 has been identi
fied as a SETX-interacting protein that is necessary to prevent 
DNA damage caused by R loops at transcriptional pause sites 
of specific genes [20,21]. The SETX-BRCA1 complex has also 
been found to localize at sex chromosomes, maintaining the 
integrity of the genome during meiotic recombination by 
preventing R-loop accumulation as well as promoting effec
tive meiotic sex chromosome inactivation in mice [18].

Recent data offer deeper insights into how SETX might 
link R loops to DNA double-strand breaks (DSBs). SETX KD 
has been shown to increase large DSB-induced deletions that 
are R loop-dependent near the site of the break [22]. ChIP-seq 
experiments showed that SETX localizes to sites of DSBs 
induced at transcriptionally active loci, where it resolves 
R loops and regulates γH2AX foci formation. Importantly, 
SETX appears to promote homologous recombination (HR) 
repair and prevent translocation, thus maintaining genome 
integrity [23]. While it is clear that SETX/Sen1 resolves 
R-loop structures formed upon collision of the transcription 
and replication machinery, in coordination with DNA repair 
factors [4,9,24], we and others extended these studies by 
showing that SETX interacts with EXOSC9/RRP45 (exosome 
component 9), a core component of the multisubunit exo
some that functions in RNA quality control, processing and 
turnover. This is thought to facilitate recruitment of the exo
some to collision-associated R loops to degrade the RNA 
moiety following SETX unwinding, which would otherwise 
be deleterious or create persistent R-loops [25–27]. While 
AOA2 or SETX-depleted cells have been associated with an 
increase of R loops and DSBs, ALS4 cells actually show 
a reduction in R loops compared to controls [28]. This reduc
tion correlates with increased gene expression that seems to 
be the result of a decrease in promoter methylation. In fact, 
DNMT1 (DNA methyltransferase 1) binding to promoters is 
reduced by the presence of R loops, for which it has less 
affinity than double-strand DNA. These data show that 
SETX can regulate gene expression not only by resolving 
R loops but also by promoting R-loop formation at certain 
promoters, protecting them from extensive methylation.

Many neurodegenerative disorders have been linked to 
R-loop formation and resolution [29,30]. An interesting 

example is the autosomal recessive disorder spinal muscular 
atrophy (SMA) caused by loss of the SMN1 (survival of motor 
neuron 1, telomeric) gene, which encodes a protein that plays 
a crucial role in snRNP assembly and consequently splicing 
[31]. SMN KD cells also display an increase in R loops and 
DSBs [32]. Interestingly, SETX had been found to interact 
with SMN [5,31,33] and overexpression of SETX in SMA 
neurons that have reduced levels of SETX can rescue neuro
degeneration [34]. It is thus very likely that SETX’s absence or 
dysfunction plays a role in several neurodegenerative diseases. 
ALS has also been characterized by an increase in R loops, 
particularly for patients carrying the G4C2 repeats in the first 
intron of the C9ORF72 gene. Cells expressing a high number 
of G4C2 RNA repeats display R loop-driven DSB accumula
tion that can be reduced by SETX overexpression [35]. Recent 
data showed that C9ORF72 protein is a component of the 
autophagy initiation complex, reflecting a direct interaction 
with ATG13 (autophagy-related 13), an essential subunit of 
the autophagy initiation complex [36]. In fact, C9ORF72 is 
one of a number of genes mutated in ALS that can be linked 
to autophagy [37].

Autophagy is an evolutionarily conserved mechanism by 
which cells eliminate unwanted cytosolic proteins, lipids or 
organelles, including mitochondria and the endoplasmic reti
culum. Upon extra- or intracellular induction (for example 
serum starvation), a cup-shaped membrane called 
a phagophore elongates and encloses a portion of the cyto
plasm containing the material to be degraded, resulting in 
formation of an autophagosome, which will fuse with lyso
somes to form an autolysosome, leading to degradation of the 
enclosed materials together with the autophagosome [38,39]. 
Autophagy is initiated through changes in the phosphoryla
tion status of components of the ULK1 (unc-51 like autopha
gy activating kinase 1) complex, which is regulated by 
mechanistic target of rapamycin kinase complex 1 
(MTORC1). Cellular stress such as starvation (or rapamycin 
treatment) inhibits MTORC1 leading to activation of the 
ULK1 complex. Mutations of genes regulating autophagy 
and lysosomal degradation cause a variety of neurodegenera
tive and neuromuscular diseases. Neuronal autophagy is 
indeed essential for synaptic plasticity, anti-inflammatory 
function in glial cells, as well as the myelination process 
[40]. Currently, more than twenty different neurological dis
orders have been linked to autophagy defects, including 
Alzheimer and Parkinson diseases, ALS, spinal and bulbar 
muscular atrophy and spinocerebellar ataxia (SCA) type 3 
[41]. Here, we present evidence that AOA2 is an additional 
neurological disorder triggered by a defect in autophagy, 
reflecting the previously unknown role of SETX in this 
process.

Results

SETX depletion impairs mRNA transcription and 
processing

Previous studies have implicated SETX in various functions 
ranging from gene expression to DNA repair and RNA pro
cessing. We therefore set out to examine the impact of SETX 
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depletion on transcription and mRNA processing. To this 
end, we initially performed microarray analysis using an 
Affymetrix Exon array (Affymetrix GeneChip Exon 1.0 ST 
Arrays) to compare the transcriptome of U87 glioblastoma- 
astrocytoma cells treated with either a control siRNA or 
siSETX. SETX knockdown (KD) affected about 4,000 genes 
(t test, P < 0.05) and 70% of them (2,622) surprisingly dis
played reduced expression (see gene list in Table S1). When 
considering a change of 2-fold or more and an adjusted 
p-value (t test, P < 0.01), we identified ~ 400 differentially 
regulated genes with a majority (62%) downregulated after 
SETX KD (Figure 1A and Table S2). Gene Ontology (GO) 
analysis identified various affected processes including cell 
cycle, DNA replication and cytoskeleton organization (Fig. 
S1A). We compared the dysregulated genes by SETX KD 
with the gene expression analysis performed by Fogel et al. 

in AOA2 patient fibroblasts [42] and found 102 genes in 
common (Table S3). Interestingly, we also found that SETX 
KD led to a global reduction in accumulation of transcripts 
encoding RNA binding proteins and 3ʹ end processing factors 
(Figure 1B and Table S1 pASet).

These data, together with prior evidence linking SETX to 
termination and 3ʹ end formation, led us to examine 
a possible function of SETX in 3ʹ end processing. Using 
microarray data, we first examined APA based on annotated 
pA sites (method illustrated in Fig. S2A). The result showed 
a global lengthening of mRNAs through APA (Fig. S2B), i.e., 
distal pA sites tend to be more used in KD cells compared to 
the control. To analyze 3ʹ end regulation more precisely, we 
performed 3ʹ region extraction and deep sequencing 
(3ʹREADS) [43] under the same conditions. We mapped 
1,405,523 PolyA Site Supporting (PASS) reads in control 

Figure 1. Gene expression and processing changes after SETX KD. (A) Fold-changes of gene expression after SETX KD (microarray). 250 genes were downregulated 2X 
or more (red dots) and 153 genes were upregulated at least 2X (green dots) (t-test, P < 0.01). The western blot (WB) shows SETX KD efficiency in U87 cells. GAPDH is 
used as a loading control. (B) Gene expression regulation (microarray) of genes encoding RNA binding proteins, polyA machinery genes. (C) APA analysis from 3ʹ 
READS analysis. PolyA type: 3ʹ-most exon: S, single; L, last (1); M, middle (2); F, first (3); Upstream region: I, intron (4,5); E, exon (6). DN, relatively downregulated; UP, 
relatively upregulated; NC, no change. (D) AS regulation in SETX KD (siSETX) cells vs. control (siC) organized by splicing type. Normalized SI is the mean-centered SI 
(SI – average SI of all samples). (SE, skipped exon; RI, retained intron; A5SS, alternative 5ʹ splice site; A3SS, alternative 3ʹ splice site; MXE, mutually exclusive exon; 
MCE, multiple cassette exons). (E) Gene ontology analysis of AS regulation after knockdown (microarray).
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siRNA-treated U87 cells and 1,568,989 in SETX KD cells. The 
data confirmed that the last pA site of a gene was generally 
upregulated as compared to the first polyA site in the 3ʹ-most 
exon, leading to 3ʹUTR lengthening (Figure 1C and Table S4).

SETX may also play a role in splicing. For example, SETX 
associates with several proteins implicated in splicing includ
ing SF3B1 (splicing factor 3b subunit 1), hnRNPs and SMN 
[5], and SETX colocalizes with SRSF2/SC35 (serine and argi
nine rich splicing factor 2) in SKNBE cells [44]. To determine 
whether SETX depletion affects splicing, we analyzed multiple 
types of alternative splicing (AS) (Fig. S3A) and calculated the 
splicing index using the microarray data (Fig. S3B). Splicing 
changes are detailed in Table S5 and Fig. S3C and S3D. We 
observed significant changes in AS events after SETX KD 
(Figure 1D and S3C). Notably, there were more changes 
involving inclusion of alternative exonic or intronic regions, 
such as alternative 3ʹ splice site usage, intron retention, multi
ple cassette exon, etc., as compared to those involving exclu
sion. Retained introns (RI), which often correlate with gene 
downregulation, also appeared as a hallmark of SETX deple
tion and are associated with a greater decrease in gene expres
sion (Fig. S3D, P= 7e-6, Fisher’s Exact test). GO analysis 
revealed that AS of transcripts encoding cytoskeleton proteins 
was disrupted (Figure 1E). This data is in accordance with an 
earlier study that showed a defect in splicing in SETX- 
depleted cells [5]. Taken together, our analyses of mRNA 
processing in SETX-depleted cells indicate that SETX plays 
a role in modulation of both splicing and 3ʹ end processing 
activities.

R loops are reduced in abundance in SETX-depleted cells

We next investigated whether SETX depletion triggered 
changes in R-loop formation, as expected from its putative 
role in RNA:DNA hybrid resolution. To this end, we per
formed DNA/RNA IP coupled to sequencing (DRIP-seq) 
using the S9.6 antibody that specifically recognizes RNA: 
DNA hybrids [45,46]. Interestingly, SETX KD led to modest 
changes in the R-loop landscape, with a strong trend toward 
R-loop loss. Out of nearly 15,000 R-loop peaks genome-wide, 
about 1,500 loci showed significant loss of signal (> 2-fold, 
p-value < 0.05). The losses were observed over all types of 
genic regions including promoters, gene bodies and terminal 
regions (Figure 2A). Very few changes were observed over 
intergenic regions. Overall signal reduction upon SETX deple
tion could be easily validated in metagene plots (Figure 2B), 
indicating that these losses affected R-loop prone regions and 
led to consistent signal loss. R-loop gains, by contrast, were 
far fewer (150 loci; Table S6) and could not be readily visua
lized in metagene plots due to higher variability in position 
and signal amplitude (Fig. S4A).

GO analysis revealed that genes involved in the actin 
cytoskeleton and focal adhesion showed significant enrich
ment among genes showing lower R-loop signals after SETX 
depletion (Figure 2C top, Table S6; DAVID GO sheet). Since 
SETX depletion caused both downregulation, AS, and reduced 
R-loop levels of cytoskeleton protein-coding genes, we exam
ined whether the actin cytoskeleton network was disturbed by 
SETX KD. To this end, we stained F-actin filaments in SETX 
KD and control U87 cells. Immunofluorescence (IF) analysis 

Figure 2. SETX depletion leads to loss of R loops at a subset of human genes. (A) Left; combined DRIP peak length over various gene features (Promoter [−2/+5 kb 
around TSS]/gene body [GB]/Terminal [−2/+5 kb around PAS]/Intergenic). Right; combined peak numbers over the same gene features. Data was normalized to 
represent the same number of mapped sequencing reads so these effects are not due to differential coverage. (B) Metagene plots of DRIP-seq signal over promoters 
and terminal regions that show significant R-loop loss in SETX-depleted cells. The lines represent the average signal surrounded by the standard error (shaded) for 
control and SETX-depleted cells, respectively. (C) Top; GO enrichment analyses for genes undergoing R-loop loss (PANTHER); Bottom; F-actin labeling with Phalloidin 
in U87 cells KD with siC or siSETX. Scale bar: 25 µm. (D) Screenshot of R-loop signal over the ACTB gene and surrounding regions. The signal is depicted as mean and 
standard error over two biological replicates for each condition. Regions with significant R-loop losses are highlighted and correspond to three restriction fragments 
(restriction enzyme sites used to fragment the genome before DRIP are indicated at the top).
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revealed a clear disorganization of the actin cytoskeleton after 
SETX KD in U87 cells (Figure 2C, bottom). Interestingly, 
ACTB (actin beta) was one of the genes showing the strongest 
R-loop loss genome-wide (Figure 2D).

Given that R loops form co-transcriptionally [10], it is 
possible that the overall trend toward R-loop loss observed 
upon SETX KD was due to gene expression downregulation. 
However, we observed only a 20% overlap between the ~ 400 
downregulated genes (Table S2) and genes showing R-loop 
loss. Most of these overlapping genes corresponded to genes 
involved in cytoskeletal organization. This indicates that in 
the majority of cases, genes undergoing R-loop loss did not 
display similar reductions in steady-state mRNA pools. Vice 
versa, most genes showing lower gene expression at the 
mRNA level did not show lower R-loop levels (Fig. S4B), 
a trend that could be explained by the fact that the majority 
of these genes did not form R loops in control cells. Similarly, 
genes showing mRNA expression gains did not necessarily 
show R-loop gains (Fig. S4B), in agreement with the notion 
that R-loop formation not only requires transcription but also 
requires favorable DNA sequences and topological constraints 
[47]. Overall, our data confirm that SETX exerts a modest 
influence on the cellular R-loop landscape. Surprisingly, the 
dominant impact of SETX depletion corresponded to 
a decrease in R-loop levels, which is inconsistent with a role 

for SETX as a major R-loop resolving enzyme. The implica
tions of these findings are discussed below.

Genes implicated in autophagy and lysosomal 
degradation are regulated by SETX

GO analysis revealed deregulation of various biological pro
cesses, and several indicated a significant impact on lysosome 
organization and biogenesis (Fig. S1). Because many diseases, 
and especially neurodegenerative disorders including ALS, have 
been linked to defects in the autophagy/lysosomal degradation 
pathway, we directed our efforts toward understanding the role 
of SETX in autophagy [41]. We first confirmed by RT-qPCR 
that several genes implicated in various stages of autophagy 
were up- or downregulated by SETX KD (Figure 3A). Among 
them, TFEB (transcription factor EB), upregulated ~ 4-fold 
after SETX KD, and ATP6V0D2 (ATPase H+ transporting 
V0 subunit D2), downregulated by ~ 90% after SETX KD, 
were especially noticeable. TFEB is a transcription factor that 
controls expression of crucial autophagy genes involved in 
autophagy initiation such as those encoding BECN1/Beclin1, 
ATG13 and in the degradation process such as V-ATPases 
including ATP6V0D2 [48–50]. V-ATPases are proton pumps 
that are critical components of the endosome/lysosome 
required for acidification, an essential mechanism for protein 

Figure 3. Autophagy/lysosomal degradation genes are regulated by SETX. (A) mRNA levels of autophagy/lysosomal degradation genes. n = 2, SE shown. RNA18S and 
RN7SK RNAs are used as controls. A pool of four siRNAs (2 nM each) was used for SETX KD (siSETXs). (B) RNAPII and SETX ChIP at the promoter (prom) and 3ʹ end 
regions (PolyA+1000) of ATP6V0D2. (C) Diagram of ATP6V0D2 and location of the probes used for q-PCR. (D) RNAPII occupancy at the 3ʹ end of ATP6V0D2 compared 
to the promoter region in siC and siSETX U87 cells.
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hydrolysis [51]. In fact, according to the microarray data, SETX 
KD led to decreased expression of nine genes encoding sub
units of V-ATPases as well as several other genes that encode 
proteins having crucial roles in lysosomal biogenesis and func
tion, including LAMP1 (lysosomal associated membrane pro
tein 1) and many cathepsins (Fig. S1B and Table S1).

Increased levels of TFEB should lead to an increase in 
target gene expression, including those encoding V-ATPase 
subunits such as ATP6V0D2. Because ATP6V0D2 transcript 
levels did not increase after SETX KD but instead drastically 
decreased, we examined whether SETX has a direct impact on 
its transcription. To this end, we analyzed recruitment of 
RNAPII and SETX at ATP6V0D2 by ChIP assays. Strikingly, 
RNAPII recruitment to the promoter (Prom) and 3ʹ end 
regions (1 kb after the polyA site: PolyA+1000) was greatly 
reduced (Figure 3B,C). This indicates that the low level of 
ATP6V0D2 mRNA is, at least partially, a consequence of 
a transcriptional defect rather than enhanced RNA degrada
tion. Interestingly, the ratio (signal polyA+1000):(signal 
Prom) of RNAPII occupancy revealed an accumulation of 
RNAPII at the ATP6V0D2 3ʹ end, which indicates a possible 
termination defect after SETX KD (Figure 3D). Despite the 
low efficiency of SETX antibodies in ChIP assays, we were 
able to detect SETX at the promoter and 3ʹ end regions of 
ATP6V0D2.

Altogether, our data indicate that SETX regulates tran
scription of genes involved in autophagy and lysosomal degra
dation, and that this regulation might, in some cases, occur 
through the direct recruitment of RNAPII to specific genes.

SETX KD affects autophagy flux

To investigate further a possible role for SETX in autophagy 
and lysosomal biogenesis, we first assayed the lipidation status 
of LC3, a marker of autophagy, in U87 cells transfected with 
siC or siSETX. LC3 is a ubiquitin-like protein that is impor
tant for elongation of the phagophore and formation of 
autophagosomes. Following translation, the unprocessed 
form of LC3 is proteolytically cleaved, resulting in LC3-I 
formation. Upon autophagy induction, cytosolic LC3-I is con
jugated to the highly lipophilic phosphatidylethanolamine and 
forms LC3-II, which integrates into the outer and inner lipid 
membranes of phagophores and autophagosomes [52–54]. 
Detection of processed LC3-II by WB is a reliable indicator 
of autophagic flux. We detected less lipidation of LC3 (LC3- 
II) after SETX KD, both in normally growing cells (Ctrl; ~ 
40% less LC3-II than siC) and in cells subjected to starvation 
for 24 h (0.1% FBS; ~ 55% less LC3-II than siC), indicating 
a defect in autophagy (Figure 4A). We confirmed this data by 
using each of the siRNAs from the siRNA pool separately 

Figure 4. The autophagy flux is defective in SETX-depleted cells. (A) U87 cells were transfected with siC and siSETX for 3 d and grown in normal (Ctrl) or starvation 
condition for 24 h and 0.1% FBS. LC3 level (LC3-I and LC3-II) was analyzed by WB. GAPDH is used as loading control. (B) U87 cells were transfected as in A and grown 
under normal conditions (-), starvation in medium without FBS for 6 h (STARV) or in combination with rapamycin at 10 nM for 6 h (Rapa + STARV). (C) U87 cells were 
transfected as in A and grown under normal conditions (-), treated with chloroquine at 20 μM for 1 h (Chloro), starved in medium without FBS for 1 h or starved in 
combination with chloroquine treatment for 1 h (Chloro + STARV). Graphs show the quantifications of LC3-II:LC3-I and LC3-I and LC3-II levels normalized to GAPDH.
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(Fig. S5A) and by performing several similar experiments 
using medium without FBS for 6 h as starvation conditions 
(Fig. S5B). We also observed a similar defect in SETX KO cell 
lines generated using CRISPR-Cas9-based approaches (Fig. 
S5C; compare WT [A, B, C] to KO [X, Y, Z]; see Methods 
for details of construction of these cell lines).

The failure of LC3-II levels to increase indicates a possible 
defect prior to degradation at the autolysosome. According to 
the microarray data, expression of genes involved in the 
nucleation step of autophagosome formation was affected by 
SETX KD, and qRT-PCR analysis of RNAs from cells trans
fected with siC or siSETX confirmed that many of these genes 
were indeed deregulated (Figure 3A). In addition to starvation 
for 6 h (medium without FBS), we simultaneously or sepa
rately treated the cells with another activator of autophagy, 
the MTOR inhibitor rapamycin [55]. Using two different 
autophagy inducers, starvation and rapamycin treatment 
(alone or in combination with starvation) for 6 h, we observed 
the same defect in LC3-II accumulation (Figure 4B and S5D). 
Interestingly, while SETX KD led to a defect in the conversion 
of LC3-I to LC3-II, it also resulted in an increase in LC3-I 
(Figure 4A, bottom graph and Fig. S5B and S5D). This 
increase cannot be explained solely by blockage of the transi
tion of LC3-I to LC3-II since the overall level of LC3 is often 
higher after SETX KD with or without autophagy stimulation 
(Fig. S5E). Indeed, SETX KD led to an increase of mRNAs 
that encode proteins that stimulate autophagy (Figure 3A).

The lack of LC3-II can result from a defect in autophago
some formation or from a more efficient and rapid degrada
tion of autophagosomes. To investigate this, we used 
chloroquine (Chloro) and bafilomycin A1 (BAF), which 
impair lysosomal acidification and autophagosome/lysosome 
fusion, respectively, leading to lysosomal degradation inhibi
tion [56]. Such treatments should lead to an accumulation of 
LC3-II that can no longer be degraded. If LC3-II degradation 
is extremely rapid after SETX KD, we should see an accumu
lation of LC3-II after Chloro or BAF treatments. However, 
accumulation of LC3-II after Chloro treatment (for 1 h 
(Figure 4C) or 6 h (Fig. S5B)) was still lower after SETX KD 
compared to control (siC) with or without autophagy induc
tion through starvation (Figure 4C and S5B) and almost 
undetectable after BAF treatment for 6 h (Fig. S5B). We 
therefore conclude that the lack of LC3-II increase after 
SETX KD was the result of a defect in LC3-I conversion 
into LC3-II and most likely a defect in autophagosome for
mation. Consistent with this, transcripts encoding several 
proteins involved in the LC3-I to LC3-II transition were 
downregulated after SETX KD, including the ubiquitin-like 
activating enzyme ATG7 (autophagy-related 7) (Figure 3A).

We next wished to confirm that SETX depletion leads to 
a defect in autophagosome formation. To this end, we mon
itored autophagic flux by transfecting the mRFP-GFP-LC3 
plasmid into U87 cells depleted of SETX (Figure 5A and 
S6A). Autophagosomes are visualized in yellow, a result of 
expression of both GFP and mRFP, while autolysosomes 
appear in red because of quenching of the GFP fluorescence 
by lysosome acidity [57]. While we detected a significant 
increase in autophagosomes after starvation in cells trans
fected with control siRNA (NC) compared to untreated cells 

(~ 2 times more), the number of autophagosomes after SETX 
KD in starved cells remained as low as in untreated cells 
(average of ~ 1 foci/cell in SETX KD cells compared to ~ 4 
foci/cell in NC cells) (Figure 5B). Similarly, autophagy activa
tion led to an increase in autolysosomes in control cells (NC), 
while these structures were barely detectable in SETX KD cells 
(Figure 5B), resulting from a lack of autophagosome accumu
lation. This data confirms a defect in the early stages of 
autophagy following SETX depletion. Additionally, starvation 
led to a ~ 50% increase in autophagosome size in NC cells 
while no difference was seen after SETX KD (Figure 5C). We 
obtained similar results after autophagy induction by rapamy
cin treatment for 6 h instead of starvation (Fig. S6A-C). To 
identify more precisely the defective step in autophagy activa
tion after SETX KD, we performed IFs of endogenous WIPI2 
in control (NC) and SETX KD U87 cells (Fig. S6D). Upon 
autophagy initiation WIPI2 is recruited to the phagophore 
assembly site to assist in formation of LC3-positive autopha
gosomes [58]. WIPI2 localizes at immature autophagosomes 
and dissociates before their maturation. Under SETX KD 
conditions, in untreated (NT) or starved cells, ~ 2-fold more 
WIPI2 cytoplasmic foci accumulate compared to control (NC) 
(Fig. S6E), confirming that SETX KD leads to autophagy 
initiation and activation. However, IF of both WIPI2 and 
LC3 showed that most WIPI2 puncta in SETX KD cells did 
not colocalize with LC3 (Figure 6A,B), indicating an accumu
lation of immature autophagosomes unable to form LC3- 
positive particles in control (NT) or autophagy-activating 
conditions (starvation or rapamycin treatment). Finally, we 
asked whether the autophagy defect triggered by SETX deple
tion could be linked to the accumulation of DNA damage 
observed after SETX KD [4,17]. In the absence of SETX, 
autophagy induction through starvation led to an accumula
tion of γH2AX, a marker of DSBs, comparable to that 
observed after treatment with the topoisomerase inhibitor 
camptothecin (CPT), as shown by WB (Fig. S5F). 
Additionally, WB of CYCS (cytochrome c) also showed an 
increase under starvation and SETX KD conditions, indicative 
of apoptosis (Fig. S5F).

The above data together thus provides strong evidence that 
SETX plays an important regulatory role in initiation of 
autophagy and maturation of the phagophore, and that this 
occurs in parallel with the DSB accumulation associated with 
a lack of SETX.

SETX KD leads to accumulation of ubiquitinated proteins, 
protein aggregates and defective mitochondria

Since autophagy participates in the elimination of ubiquiti
nated proteins and aggregates, we next searched for a possible 
accumulation of ubiquitinated proteins after SETX KD. We 
transfected U87 cells with an HA-ubiquitin expression vector 
for 48 h and determined the level of ubiquitinated proteins by 
WB (Figure 7A). As expected, ubiquitinated protein levels 
after SETX KD (siSETX) were ~ 6 times higher than in 
control cells (siC), indicating a defect in degradation of ubi
quitinated proteins.

Because misfolded ubiquitinated protein aggregates are 
a hallmark of several neurodegenerative disorders [59], we 
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also investigated whether SETX plays a role in aggregate 
clearance. To this end, we utilized a HeLa stable cell line 
conditionally expressing the first intron of HTT (huntingtin) 
fused with CFP (cyan fluorescent protein) and containing 
103 glutamines (HTT-103Q-CFP), making the fusion protein 
prone to aggregation predominantly in the cytoplasm [60]. 
Huntington disease is a polyglutamine disorder caused by the 
expansion of CAG repeats leading to the accumulation and 
aggregation of the protein [61]. We depleted SETX in the 
HTT-103Q-CFP cells for 3 d and monitored the accumulation 
of CFP aggregates by IF (Figure 7B). Using two different 
siRNAs targeting SETX, we quantified the percentage of foci 
(aggregates) per cell (Figure 7C) as well as the average size of 
the foci (Figure 7D). In both cases, this analysis revealed 
a significant increase in cytoplasmic foci number (~ 1.7 
times more) and size (~ 30% larger) after SETX KD. These 
data provide evidence that SETX plays a role in ubiquitinated 
protein aggregate clearance.

Defective mitochondria are also cleared by autophagy 
through a process called mitophagy [62]. Since mitochondrial 
damage is suspected to be one of the pathogenic mechanisms 
leading to several neurological disorders [63,64], we examined 
whether the mitochondrial network is disturbed by SETX 
depletion. We used a MitoTracker red probe that labels 

mitochondria in live cells and analyzed the mitochondrial 
network by IF (Figure 7E). Quantification of the mitochon
drial network showed a 54% increase in mitochondria mass in 
SETX KD cells compared to controls (Figure 7F).

Altogether, these experiments provide further evidence 
that the autophagy defect detected after SETX KD affects 
metabolic processes linked to autophagy that can contribute 
to neurological disorders.

Autophagy is perturbed in AOA2 patient cells

We next wanted to know whether the autophagy defect we 
identified after SETX KD in U87 cells also occurred in AOA2 
patients’ cells. We obtained fibroblasts from a family of five, 
of which two members have been diagnosed with AOA2 
(#032 and #083) and carry novel SETX mutations, specifically 
a missense mutation (6872 T > C, M2230 T) in exon 21 
located in the helicase-encoding domain and an AT insertion 
between nucleotides 2930–2931 in exon 10 (Fig. S7A). mRNA 
and protein levels confirmed that the AOA2 patients 
expressed ~ 50% SETX mRNA and protein compared to 
their asymptomatic father (#034) and brother (#082), who 
carry the missense mutation only (Fig. S7B and S7C). The 
mother (#033), on the other hand, who has not been 

Figure 5. SETX KD compromises autophagosome formation. (A) mRFP-GFP-LC3 puncta formation assay in control (NT) and starved (Starv) (0% FBS for 6 h) U87 cells 
transfected with a siRNA control (NC), siSETX or a pool of siRNAs (siSETXs) for 48 h prior mRFP-GFP-LC3 transfection for 24 h. White arrows indicate the formation of 
autophagosomes (yellow signal). Scale bar: 15 µm. (B) Quantification of autophagosomes (yellow foci) and autolysosomes (red foci) per cell in control (NC) and SETX 
KD cells. Total cells analyzed: n = 88; Unpaired-test *p < 0.05, **p < 0.01, n.s.: no significance. (C) Quantification of mean autophagosome size per cell in NC and SETX 
KD cells. Total number of 223 LC3 puncta from 81 cells were analyzed. Data is displayed as mean � +/- s.e.m. Unpaired t-test **p < 0.01, n.s.: no significance.
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diagnosed with AOA2 but manifests some motor difficulties, 
carries the AT mutation and the expression of only one allele, 
similar to her two affected children. We monitored the autop
hagic flux in fibroblasts by assaying the lipidation status of 
LC3 and GABARAP after autophagy induction by rapamycin 
(Figure 8). While LC3 plays an important role in phagophore 
expansion, GABARAP appears to promote later stages such as 
fusion of autophagosomes with lysosomes [65,66]. 
Quantification of LC3-II and GABARAP-II levels by WB 
showed a significant decrease for AOA2 patient #083 but 
not for patient #032, compared to controls (#033, #034, 
#082). A similar result was observed for BECN1, an important 
factor in autophagy initiation [67] (Figure 8A).

We also analyzed two immortalized AOA2 lymphoblastic 
cells that carry a homozygous nonsense mutation leading to 
a lack of SETX protein as determined by WB (Fig. S7D, 
bottom blot). Interestingly, the two different “KO” cell lines 
displayed a similar defect in LC3 as observed after SETX KD 
in U87 cells, with an accumulation of LC3-I and, conse
quently, a low LC3-II:I ratio (Fig. S7D, upper blot).

Because autophagy is a crucial process in post-mitotic cells, 
we monitored the autophagy flux in neurons derived from 

patient fibroblasts. To this end, we generated induced plur
ipotent stem cells (iPSCs) by reprogramming of fibroblasts, 
and the iPSCs were then differentiated into spinal motor 
neurons (MNs) (Fig. S7E-G). To determine if the MNs 
showed any pathological phenotype, we monitored their sur
vival (Fig. S7H) and neurite outgrowth (data not shown) for 7 
d in culture. We did not detect any significant differences 
between control and AOA2 MNs, indicating that the newly 
described AOA2 mutations did not affect their development. 
We then monitored LC3 and GABARAP levels in protein 
extracts prepared from the MNs under normal conditions or 
following rapamycin treatment. Under normal conditions, 
GABARAP and LC3-II levels were reduced in the MNs from 
AOA2 patients (#032 and #083) compared to controls (#033, 
#034, #082), a comparable phenotype to that observed in 
SETX KD cells (Figure 8B). However, after autophagy induc
tion by rapamycin, LC3-I and LC3-II protein levels increased 
in AOA2 MNs while GABARAP levels were not significantly 
changed (Figure 8C). This result implies that the response to 
autophagy induction is different in AOA2 and control cells. 
But in contrast to SETX KD cells, the autophagy defect in 
AOA2 cells was not the result of an inhibition of the process 

Figure 6. SETX KD leads to the accumulation of immature autophagosomes. (A) U87 cells were transfected with a siRNA control (NC) or siSETX for 72 h. Cells were 
untreated (NT), starved (Starv) or treated with rapamycin (Rapa) at 10 nM for 6 h and stained for endogenous WIPI2 and LC3. Scale bar: 15 µm. (B) Quantification of 
WIPI2 and LC3 colocalization-positive foci (yellow foci) per cell. Significance was analyzed by a student’s t-test, **p < 0.01, ***p < 0.001. At least 40 cells were 
analyzed in each condition.
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but rather an activation compared to control cells. Hyper- 
activation of the autophagy pathway in the AOA2 patient- 
derived MNs is supported by higher levels of BECN1, which is 
involved in autophagy initiation, following rapamycin treat
ment (Figure 8D). The significance of these apparently dis
crepant results is discussed below.

Discussion

The experiments reported here provide new insights into 
SETX function, and how this might be relevant to disease. 
We first showed that SETX impacts transcription of specific 
genes, such as a number that encode proteins involved in 
autophagy and lysosomal degradation, which we showed 
translates into an autophagy flux defect. Importantly, we 
provided several lines of evidence indicating that SETX’s 
most crucial role in autophagy takes place at the early stage 
and most likely during autophagosome formation. We also 
found an increase in retained introns after SETX KD. Notably, 
retained introns are also a hallmark of SMN deficiency [32]. 
While we did not compare the retained intron data from our 
analysis with similar data from SMA mice or human cells 
depleted of SMN, such analysis might confirm the similarities 
and/or involvement of SETX and SMN in the same pathways, 
such as R-loop resolution at the 3ʹ ends of specific genes [33]. 
Indeed, retained introns increased in the SMA mouse model 

or in SMN KD human cells are R-loop hot spots that are 
associated with DSBs [32]. The lengthening trend of mRNAs 
after SETX KD we detected in both microarray and 3ʹREADS 
data can be the result of a direct role of SETX in transcription 
termination and/or R-loop regulation as well as possible 
indirect effects arising from SETX KD. These include altered 
expression of several RNA binding proteins and/or polyA 
machinery components such as FIP1L1 (factor interacting 
with PAPOLA and CPSF1) or NUDT21/CFIm25 (nudix 
hydrolase 21) (Table S1), which may affect APA [68]. We 
can also not exclude a role for SETX in influencing RNAPII 
elongation rate that could affect APA [69].

SETX depletion led to modest changes in R-loop distribu
tion, with a general trend toward R-loop losses. This result 
appears to contradict studies that associated the loss of SETX 
with R-loop gains. It should be noted, however, that in HeLa 
cells depleted of SETX and in AOA2 patient cells, changes in 
R-loop distribution have not been ascertained genome-wide. 
Instead, a specific gain of R loops was reported at the 5ʹ pause 
region immediately downstream of ACTB [8,13,21]. 
Interestingly, other regions of the ACTB gene instead showed 
R-loop losses of similar magnitude to those reported here. 
Thus, our findings are in line with these observations. Unlike 
these previous studies, we did not observe any gain of R loops 
downstream of ACTB (Figure 2D), but it should be noted that 
DRIP-seq possesses lower spatial resolution and may have 
missed a hyper-localized gain. Analysis of murine germ cells 
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Figure 7. SETX depletion affects proteins and organelles clearance. (A) Ubiquitinated proteins accumulate after SETX KD. U87 cells were transfected with control (siC) 
and siSETX for 72 h without (a) or with (B) HA-Ub (4 μg) and a GFP (200 ng) plasmids (as transfection control) for 48 h. GAPDH and U2AF2 are used as loading 
controls. (B) IF of HTT-103Q-CFP in UC7 cells after 3 d of siRNA control (NC) and siSETX (KD). Scale bar: 25 µm. (C) Quantification of foci number in control cells (NC) 
and cells transfected with 2 different siRNA targeting SETX (siSETX and siSETX Amb). Cells count for NC = 1831, siSETX = 1843, siSETX Amb = 1803. SE shown. 
Significance was analyzed by a student’s t-test, **p < 0.01, ***p < 0.001. (D) Measurement of foci size in experiments as described in B. Area threshold: between 1 
and 58 microns. Foci count for NC = 503, siSETX = 543, siSETX Amb = 522. n = 2, SE shown. Significance was analyzed by a student’s t-test, ****p < 0.0001. (E) U87 
cells KD with siC and siSETX for 3 d and labeled with MitoTracker M7512. Scale bar: 25 µm. (F) Plot quantitating mitochondria using images as in (E). Each dot (blue or 
red) represents the number of mitochondria in that cell, with ~ 50 cells quantitated for each condition. Middle bar represents median with error bars representing 
standard deviation (SD). ***p ≤ 0.001. Significance was assessed via unpaired t-test.
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knocked-out for SETX using S9.6 IF suggested that loss of 
SETX triggers broad R-loop gains [18]. However, significant 
concerns surround S9.6 IF given the affinity of S9.6 for 
dsRNA [70,71]. In contrast to AOA2/SETX KD cells, locus- 
specific decreases in R-loop signals were also reported in 
ALS4 patient cells [28]. In this case, it was proposed that 
SETX is required for R-loop formation at promoter regions 
and that such promoter R-loops protect genes from DNMT1- 
mediated DNA methylation and silencing. Our observation 
that a subset of promoters showed R-loop loss upon SETX 
depletion is consistent with these findings. Interestingly, most 
of the examples of R-loop loss did not correspond to genes 
displaying reduced transcript levels (except for cytoskeletal 
genes; see below). Given that R loops form co-transcription
ally, these observations could be explained if SETX depletion 
affects levels of nascent transcription without significantly 
impacting mature mRNA levels. Our finding that RNAPII 
recruitment at the ATP6V0D2 promoter was reduced upon 
SETX KD is compatible with the idea that SETX may fine- 
tune gene expression.

Overall, our data have established that the dominant 
impact of SETX depletion on R-loop accumulation is a loss 
of R loops at a subset of human genes. The fact that only few 
examples of R-loop gain could be observed further suggests 
that SETX does not function as a major R-loop resolving 
enzyme, as often stated. Instead, since the majority of genes 

showed no detectable changes in R-loop signals upon SETX 
depletion, it is likely that R-loop homeostasis is accomplished 
by a series of enzymes with redundant activities.

The changes in gene expression we observed after SETX KD 
affects various biological processes. Perhaps most notable was 
the autophagy/lysosomal degradation pathway, from its initia
tion to the degradation of autolysosomes. While several genes 
encoding proteins involved in autophagy and lysosomal biogen
esis and function were downregulated, some playing an impor
tant role in autophagy activation, such as TFEB, BECN1 and 
ATG5 (autophagy-related 5), were upregulated. This is in accor
dance with the increase in LC3-I levels and WIPI2 foci observed 
after SETX KD. Notably, this autophagy/lysosomal degradation 
regulation may be evolutionarily conserved, as mutation of 
SEN1 has also been linked to mis-regulation of autophagy in 
yeast [72]. N terminal-truncated Sen1 leads to an accumulation 
of ubiquitinated proteins and lysosomes, an indication of 
a defect in the degradation process. The same Sen1 mutant 
also showed a loss of mitochondrial DNA and an increase in 
ROS. Several of those phenotypes are similar or comparable to 
what we observed in SETX KD and AOA2 cells. Interestingly, 
the R-loop landscape and AS at cytoskeleton/actin genes appear 
to be specifically affected by SETX KD. Cytoskeletal organization 
plays an important role in vesicle transport and autophagosome- 
lysosome fusion [73], and its deregulation might exacerbate the 
autophagy defect that occurs in SETX-depleted or mutant cells.

Figure 8. The autophagic flux in AOA2 cells is different from controls but also from SETX KD. (A) LC3, GABARAP and BECN1 visualization after rapamycin treatment 
(100 nM) of control (green) and AOA2 (red) fibroblasts for 6 h. GAPDH was used as loading control. Graph quantification appears on the right. n = 3, SD shown. (B) 
Autophagic flux in MNs derived from control (day 12 of differentiation) and AOA2 (day 13 of differentiation) fibroblasts by monitoring LC3 and GABARAP under 
normal conditions. GAPDH was used as loading control. Quantifications of proteins level appear on the right side of the corresponding WB. (C) Autophagic flux in 
MNs as in (B) by monitoring LC3 and GABARAP under rapamycin (100 nM, 6 h) condition. (D) BECN1 protein level in control (green) and AOA2 (red) MNs after 
rapamycin treatment at 100 nM for 6 h analyzed by WB. GAPDH is used as a loading control. The graph shows the protein quantifications of the WB.
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An important question is the relevance to disease of the 
autophagy defects we observed. AOA2 is characterized by 
cerebellar atrophy, oculomotor apraxia, loss of movement 
coordination and peripheral neuropathy. Considerable evi
dence has pointed to the importance of autophagy regulation 
in Purkinje cells, the neurons located in the cerebellar cortex. 
For example, Atg5 and Atg7 deletion in mouse Purkinje cells 
leads to degeneration and cell death in the cerebellum [74,75]. 
Purkinje cells require a large supply of energy and thus need 
a large pool of healthy mitochondria [76]. Indeed, abnormal 
activation of autophagy leading to excess mitophagy has been 
observed in the Purkinje cells of Purkinje cell degeneration 
(pcd) mice [77]. Interestingly, pcd mice display very similar 
phenotypes to AOA2. These include gait ataxia, cerebellar 
degeneration and male sterility, but a normal lifespan 
[78,79]. Additionally, expression of a hyperactive form of 
MTOR in the mouse cerebellum also leads to cerebellar atro
phy and shows increased mitochondrial biogenesis, confirm
ing the importance of MTORC1 signaling in Purkinje cell 
survival [80]. Notably, these mice also exhibited ataxic gait. 
These data emphasize that maintenance of cerebellar home
ostasis is crucial to prevent the neurodegeneration process 
that leads to ataxia and other related abnormalities. Too 
much autophagy can be as detrimental as too little.

Without fully functional autophagy and lysosomal degra
dation, neurons accumulate protein aggregates that are dele
terious for the cells and the brain. Mutations of autophagy/ 
lysosomal genes involved in neurodegenerative disorders can 
target any stage of the autophagy pathway, from phagophore 
formation to lysosomal degradation. For example, patients 
with ALS and/or frontotemporal dementia (FTD) carrying 
C9ORF72 expansions have abnormal neurons with SQSTM1/ 
p62 (sequestosome 1)-positive inclusions [81,82]. The 
SQSTM1 gene has been found mutated in some ALS patients 
[83,84]. SQSTM1 interacts directly with LC3 to facilitate 
degradation of polyubiquitinated proteins and aggregates 
[85]. Pathologic inclusions containing ubiquitin and 
SQSTM1 are a common feature of ALS and ALS-FTD. 
Additionally, the C9ORF72 expansion can produce sense 
and antisense transcripts encoding dipeptide repeat proteins 
by repeat-associated non-ATG translation that are detected in 
SQSTM1-positive aggregates [86,87], although the relevance 
of these to disease remains unclear. Another finding suggest
ing that autophagy defects can play an important role in ALS 
is the fact that TARDBP/TDP-43 (TAR DNA-binding pro
tein) turnover is enhanced by activation of autophagy, which 
leads to increased survival in neuronal ALS models [88]. 
Furthermore, TARDBP depletion has been shown to increase 
autophagosome formation in a TFEB-dependent manner but 
to inhibit autophagosome-lysosome fusion [89]. In contrast, 
we identified a defect in WIPI2- and LC3-positive foci and 
LC3-II formation after SETX KD, indicating impaired autop
hagosome formation. Overexpression of or mutations in FUS 
(FUS RNA binding protein), another RNA binding protein 
implicated in ALS and involved in several aspects of RNA 
biogenesis [90,91], has also been shown to inhibit autophagy, 
and this may also contribute to neurodegeneration [92]. In the 
present work, we did not investigate a potential autophagy 
defect in ALS4. We previously showed that AOA2- and ALS4- 

associated mutations located in the N-terminal domain of 
SETX do not affect the same function of the protein (e.g., 
interaction with the exosome) [25]. But since a number of 
genes that encode proteins that function in autophagy are 
mutated in ALS [37], it is very possible that ALS4-associated 
mutations lead to similar problems. While the autophagy 
defect linked to AOA2 is the result of SETX loss-of-function, 
it is conceivable that a gain-of-function in ALS4 affects the 
same pathway but most likely by a different mechanism.

AOA2 patient fibroblasts and MNs response to autophagy 
induction by rapamycin are different. It is not completely 
surprising that autophagy regulation differs depending on 
the cell and activation types [93]. While we derived iPSCs 
into MNs, it would be interesting to monitor the autophagic 
flux in iPSCs differentiated into cerebellar cells such as 
Purkinje cells. All the AOA2 patient cells tested, including 
lymphoblasts, do not share the exact same autophagic defect. 
It is important to note that despite the fact that they all have 
been diagnosed with AOA2, and present autophagic interfer
ence, AOA2 patients carry different mutations that will likely 
differentially affect SETX functions. AOA2 patients should 
probably be categorized in different clusters corresponding 
to specific pathways that lead to similar outcomes (such as 
a defect in autophagy). It is however difficult to establish such 
clusters with a limited number of patient samples.

Modulating autophagy is believed to be a promising ther
apeutic strategy for many neurodegenerative disorders [93]. 
Indeed, several drugs used to stimulate autophagy, such as 
rapamycin (selective inhibitor of TORC1) and lithium (acti
vation of MTORC1-independent pathway), have been used 
with several neurodegenerative disorders. However, these 
drugs appear to have mixed effects on ALS models, sometimes 
beneficial and sometimes detrimental [94–97]. It is then pos
sible, as suggested by our data in MNs and previous studies 
[89,94,98] that hyper-activation of the autophagy pathway can 
be in some cases and cell types as detrimental as its inhibition. 
It will be crucial to better understand the fine-tuning of the 
autophagy pathway in normal and disease cells to target the 
proper cells efficiently, precisely and safely.

Materials and methods

Gene expression analysis

Raw data from the Affymetrix GeneChip Human Exon 1.0 ST 
Array were normalized by the RMA method in the Affymetrix 
Power Tools (APT) program and probe sets with detection 
above background (DABG) P value < 0.05 in at least one 
sample group were used for further analysis [99]. To eliminate 
the potential effect of alternative polyadenylation (APA) in 3ʹ 
UTRs on expression analysis of a gene, we only used probe 
sets mapped to the coding sequence (CDS) to represent the 
expression level of a gene. We used t-test P value < 0.05 to 
select significantly regulated genes. Genes encoding RNA- 
binding proteins were defined by GO term GO:0003723. 
Genes encoding the core polyA machinery and associated 
factors, collectively called polyA machinery genes, were 
defined by Shi et al. [100]

1900 P. RICHARD ET AL.



Affymetrix microarray

SETX siRNA (20 nM) or control siRNA was transfected in 
U87 cells (ATCC, HTB-14) with RNAimax (Invitrogen, 
13778150) for 72 h. RNA was purified using the RNeasy kit 
(Qiagen, 74104) followed by on-column DNAse treatment 
(Qiagen, 15200–50). The GeneChip WT Terminal Labeling 
and Controls Kit (Thermo Fisher Scientific, 901525), com
bined with the Ambion WT Expression Kit (Thermo Fisher 
Scientific, 4411973) were then used to generate biotin-labeled 
cDNA prepared with 1 μg of total RNA and hybridized to 
GeneChip Exon 1.0 ST Arrays (Affymetrix, 900650) according 
to standard protocols. Briefly, hybridization was performed 
using 5 μg of biotinylated target, which was incubated with 
the GeneChip Exon 1.0 ST Array at 45°C for 16 h. RNA 
quality was in the range of 8–10 RIN with Agilent 
Bioanalyzer. After hybridization, nonspecifically bound mate
rial was removed by washing and specifically bound target 
was detected using GeneChip Expression Wash, Stain and 
Scan kit (Thermo Fisher Scientific, 900720) and the 
GeneChIP Fluidics Station 450. Arrays were scanned using 
the GeneChip Scanner 3000 7 G (Affymetrix) and.CEL inten
sity files were produced using GeneChip Operating Software 
version 1.4 (Affymetrix). The data are available in the GEO 
database (accession #: GSE145677). Source code, detailed 
instructions, and intermediary data files related to the micro
array analysis are accessible on GitHub (https://github.com/ 
HKeyHKey/Richard_et_al_2020).

3ʹREADS

Total RNA was processed by the 3ʹ region extraction and deep 
sequencing (3ʹ READS) method as described in [43]. APA 
analysis of 3ʹ READS data was detailed in [101]. Briefly, we 
first removed 5ʹ adapter sequences from reads and reads with 
length < 15 nt after this step were discarded. We then mapped 
reads against the hg19 genome sequence using bowtie 2 (ver
sion 2.1.0) [102] with the following setting: “–local -5 4”. 
Reads with ≥ 2 unaligned Ts at the 5ʹ end are called poly(A) 
site supporting (PASS) reads, which were used to identify 
polyA sites. PolyA sites located within 24 nt from each other 
were clustered. The polyA site location with the highest read 
count in a cluster was used to represent the cluster. PolyA 
sites mapped to the genome were further assigned to genes, 
using gene models defined by RefSeq, Ensembl and UCSC 
Known Gene databases. The 3ʹ ends of the gene models were 
extended by 4 kb to include downstream polyA sites. To 
reduce false polyA sites, we further required (1) the number 
of PASS reads for a polyA site was ≥ 5% of all PASS reads for 
the gene; and (2) detected in at least two samples. PolyA sites 
were separated into different types based on the gene model. 
The microarray and 3ʹREADS data have been uploaded to the 
GEO database (accession #: GSE145677).

Gene ontology (GO) analysis

GO annotation of genes was obtained from the NCBI Gene 
database. The Fisher’s exact test was used to test whether the 
genes associated with a given GO term are more likely to be 

upregulated or downregulated as compared to genes asso
ciated with other GO terms.

DRIP-seq analysis

DRIP-seq was performed essentially as described [46] using 
two replicates for each sample (siC and siSETX) in U87 cells. 
DRIP was validated by qPCR over positive and negative test 
loci and sequencing libraries were built, verified and 
sequenced on an Illumina HiSeq 2500 (SE50). DRIP-seq 
data was mapped to the human genome using Bowtie2 using 
default parameters and normalized across samples by 
uniquely mapped reads. DRIP peaks were called using 
a Hidden Markov Model, as described [11]. Peaks were anno
tated to reflect their genomic feature (promoter/gene body/ 
terminal/intergenic). When comparing DRIP signals across 
samples, peaks over any given locus were merged prior to 
calculating the average signal for each sample over the merged 
peak. Significantly higher/lower DRIP peaks in scramble vs 
SETX KD were identified using ANOVA one way; similar 
results were obtained when using DeSeq2. The RNA-seq 
data have been submitted to the GEO repository and are 
publicly available (accession #: GSE135349).

Microscopy

F-actin was labeled with CF dye phalloidin conjugate CF568 
according to the manufacturer protocol (Biotium, 00044). 
MitoTracker Red CMXRos (Invitrogen, M7512) was added 
to live cells at 200 μM + Hoechst (Thermo Fisher Scientific, 
H3570) at 1 μg/ml for 1 h. Cells were fixed by adding paraf
ormaldehyde (PFA) directly to the medium at 4% for 30 min. 
Images were acquired using Zeiss LSM 700 or 800 confocal 
microscope and 20x/1.4 and 40x/1.4 oil objectives were used. 
HTT-103Q-CFP foci signals have been analyzed after 3 d of 
siRNA transfection using ImageJ. For the mRFP-GFP-LC3 
puncta formation assay, the ptfLC3 vector (Addgene, 21074; 
deposited by Tamotsu Yoshimori) was transfected into U87 
cells (ATCC, HTB-14) at 0.5 μg/ml 48 h after siRNA transfec
tion. WIPI2 and LC3 IFs were performed after fixation of the 
cells with 4% PFA and permeabilization with 0.1% Triton 
X-100 (Sigma-Aldrich, T8787) in PBS for 20 min. Primary 
antibodies (WIPI2 [Rabbit]: Proteintech, 15432-1-AP; LC3 
[mouse]: Biolegend, A15143 K) were incubated at room tem
perature for 1 h at 1:500 followed by incubation with Alexa 
Fluor 488 goat anti-rabbit (to visualize WIPI2) and Alexa 
Fluor 568 anti-mouse (to visualize LC3) at 1:500 (Thermo 
Fisher Scientific, A-11031). Cells were mounted with DAPI 
(Abcam, ab104139) for imaging with Zeiss Zen LSM700 con
focal microscope with a 63 X oil objective.

siRNAs transfection and western blots

U87 cells were transfected with the siRNA control NC or siC 
(NC: TTCTCCGAACGTGTCACGT, GenePharma, siC: 
UAGCGACUAAACACAUCAA, Dharmacon, D-001210-01), 
siSETX (AGCAAGAGAUGAAUUGCCA), siSETX1 (AUCUA 
ACUCUGUACAACUUGC), siSETX2 (GAGUUCCUCU 
UCUUGAAAU), siSETX4 (GCCAGAUCGUAUACA 
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AUUA), siSETXAmb (Ambion, 4427037) for 72 h at 20 nM 
with RNAiMAX (Invitrogen, 13778) prior to extraction. Cell 
culture medium was removed and 2X sample loading buffer 
(50 mM Tris HCl, pH 7, 4% SDS [Thermo Fisher Scientific, 
BP166-100], 20% glycerol [Pharmco, 349000000], 0.002% bro
mophenol blue, 5% beta-mercaptoethanol) (200 μl/6 wells 
plate) was used to scrape the cells. Cell extracts were boiled 
for 10 min and centrifuged for 5 min at 12,000 rpm. Soluble 
extracts were transferred to a fresh tube prior loading 5–20 μl 
onto SDS-PAGE gels (5% [for SETX] to 14% [for LC3]). 
Transfer was performed using nitrocellulose membrane 
(Bio-Rad, 1620115) except for LC3 western blot (WB), 
PVDF (Millipore, IPVH00010) was used. High molecular 
weight (HMW) transfer buffer (12.11 g Tris base, pH 8.6, 3 
g glycine, 0.36 g SDS, 20% methanol) was used for HMW 
proteins (gel 5–6%) and Laemmli buffer was used for gels 
above 8%. Membranes were blocked in PBST (PBS [140 mM 
NaCl, 2.5 mM KCl, 1.6 mM KH2PO4, 15 mM Na2HPO4] + 
Tween-20 [Sigma-Aldrich, P7949] at 0.1%) + 5% milk 
(LabScientific, M-0841] for 15–20 min followed by overnight 
incubation with the primary antibody diluted in PBST + 5% 
milk (usually between 1:1000 to 1:5000). Secondary antibody 
was usually added at 1:20,000 for 30 min to 1 h in PBST + 5% 
milk. The following primary antibodies were used: GAPDH 
(Sigma, G9545), LC3 (BIO-RAD, AHP2167), GABARAP 
(GeneTex, GTX129710), BECN1 (Santa Cruz Biotechnology, 
E8: sc-48341), U2AF2/U2AF65 (Sigma, U4758), GFP (abm, 
G095), HA (abm, G166), SETX (Novus Biologicals, NBP1- 
94712), CSTF3/CSTF77 (Bethyl Laboratories, A301-096A). 
Each blot was incubated with the antibody(ies) of interest 
and GAPDH or U2AF2 used as loading controls. Protein 
bands were detected by chemiluminescence and exposed to 
X-ray films that were subsequently scanned. Signals were 
quantified using ImageJ. Multiple exposures were performed 
to ensure that blots were not over or underexposed. Each 
protein signal was normalized to GAPDH or U2AF2 from 
the same blot.

ChIP

ChIP assays were performed as described [103]. RNAPII and 
SETX were IPed overnight at 4°C with 2 μg (Santa Cruz 
Biotechnology, sc-899) or 4 μg (Bethyl Laboratories, A301- 
105A) of antibody, respectively. DNA was analyzed by qPCR 
using the following primers: ATP6V0D2 prom: F: 
AGCCACTGAAACCAGAGGAA, R: CCAAGGTAGGGTG 
AAACAGC; ATP6V0D2 PolyA+1000: F: AAAGCA 
GCCACTGACCAAGT, R: GCCTTAAACCCATCACCAGA.

RT-qPCR

Real-time PCR was performed in 96-well plates with power 
SYBR Green using StepOnePlus (Applied Biosystems, 
4367659). RNA extraction was carried out with TRIZOL 
(Thermo Fisher Scientific, 15596026) followed by DNaseI 
treatment (Promega, M6101). cDNA was produced with 
Maxima reverse transcriptase (Thermo Fisher Scientific, 
EP0741) and a random hexamer following the manufacturer’s 
protocol and using 500–1000 ng of RNA. The following 

primers were used: ATG13 (F: GCGGAGTCTTAGGA 
GCAAAA, R: GGTTCCGGGCTCTCATTAC), ULK1 (F: 
ACACCATCAGGCTCTTCCTG, R: GATCTTGACGCG 
GATGCT), BECN1 (F: CTACCGGGAAGTCGCTGA, R: 
GTCACCCAAGTCCGGTCTAC), GABARAPL1 (F: 
CGGACGTTTCTGCAGCTATT, R: CTCAAAGGGATGG 
TCCTCCT), MTOR (F: AGGGCAAGATGCTTGGAAC, R: 
ATAGTGCTGGAGCTCCTTGG), RUBCN (F: ACGAG 
AACGACCAGAGCAGT, R: TACTGTCTATCCCCGAGCAG), 
TFEB (F: CCAGAAGCGAGAGCTCACAGAT, R: TGTGAT 
TGTCTTTCTTCTGCCG), FOXO3 (F: CCTTGT 
ACAGGGTGGTGAGC, R: AAACGTCCCATAAACCATCG), 
PSEN1 (F: TCACCTTTGGGCTTGTTTTC, R: 
TTTGTCCTCCCCAGATTTTG), CHMP2B (F: AGCCA 
AACAACTTGTGCATCT, R: ACATTGCTCCAGCCATC 
TTC), ATP6V0D2 (F: TTTTGGCTAATCACACAAATCC, R: 
AGGTGAGAAATGTGCTGAGG), SETX (F: 
CTTCATCCTCGGACATTTGAG, R: TTAATAATGGC 
ACCACGCTTC), RNA18S (F: TACCTGGTTGATCCTG 
CCAGTAGC, R: AACTGATTTAATGAGCCATTCGC), RN7 
SK (F: ATCTGTCACCCCATTGATCG, R: AGACCGGT 
CCTCCTCTATCG), ATG3 (F: ACGGCAAGAGAGTGA 
GAAGG, R: GAAGGGAGACCTGAGGTGAG), ATG4B (F: 
ACTGCGTTTCCTGCAGATTC, R: ACGTAGGCCTCG 
TTGATGTC), ATG5 (F: GAGGGTGACTGGACTTGTGG, 
R: GTAGCAGGACTCCAGGAAGC), ATG7 (F: GGGGG 
ATCCTGGACTCTCTA, R: GAGCTTCATCCAGCCGA 
TAC), ATG12 (F: GGCGTTTTGGTTTCACATCT, R: TGT 
CCTATGTGCTTGCTCTCC), SQSTM1 (F: CCCGTCTA 
CAGGTGAACTCC, R: ATGTGGGTACAAGGCAGCTT), 
HDAC6 (F: TTCTGAGGCCCACGATAG, R: TTGGGG 
AGTTGCAAAGGATA).

CRISPR cells generation

gRNA sequences were designed using the E-CRISP online tool 
(www.e-crisp.org/E-CRISP/) to excise SETX Exon 5 (rRNA 
targeting sequences are as followed: 5ʹ of Exon 5: 
GTCAGGTAAATATTGTTCCT and 3ʹ of Exon 5: 
TTCAGTATGTTGAATTGAAC) and cloned into the cas9 
vector pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene, 
62988; deposited by Feng Zhang) as detailed in [104]. 
Constructs were transfected in monoclonal U87 cells using 
lipofectamine 2000 (Thermo Fisher Scientific, 11668019). 
Clones were isolated after puromycin selection at 2 μg/ml.

Mitochondria quantification

Mitochondria quantitation was performed using a publicly 
available macro MiNA for ImageJ as described [105].

Fibroblast reprogramming into induced pluripotent stem 
cells (iPSCs)

Fibroblast were cultured in DMEM (Gibco, Thermo Fisher 
Scientific, 11885084) supplemented with 15% fetal bovine 
serum (Thermo Fisher Scientific, A3160402), 1% glutamine 
(Thermo Fisher Scientific, 25030081) 1% penicillin/strepto
mycin (Gibco, Thermo Fisher Scientific, 15070063). The 
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reprogramming was performed using the CytoTune-iPS 2.0 
Sendai Reprogramming Kit (Invitrogen, A16517). iPSCs were 
at first cultured on feeder and at passage two were plated on 
Cultrex (Trevigen, 3434–005-02).

Differentiation of iPSCs into motor neurons (MNs)

The iPSCs were differentiated into MNs using the method 
described by Nedelec et al. [106]. This protocol is a rapid method 
of differentiation through embryoid bodies (EBs). For all the 
differentiation process, neuronal medium N2B27 (DMEM/F12 
medium [Gibco, Thermo Fisher Scientific, 11320033] + 
Neurobasal Medium [Gibco, Thermo Fisher Scientific, 
21103049] + MEM Non-Essential Amino Acids [Gibco, 
Thermo Fisher Scientific, 11140035] + B-27 Supplement 
[Gibco, Thermo Fisher Scientific, 17504001] + N-2 
Supplement [Gibco, Thermo Fisher Scientific, 17502001] + 
Penicillin-Streptomycin [Gibco, Thermo Fisher Scientific, 
15070063] + 2-Mercaptoethanol [Gibco, Thermo Fisher 
Scientific, 31350–010]) was used. iPSCs were harvested at day 0 
and plated at a concentration of 1.106 cells into low attachment 
plates (CORNING, 3471). The medium was changed on days 2, 
4, 7, 9 and 11. Starting at day 2, the medium was supplemented 
with SB 431542 (Sigma-Aldrich, S4317), LDN193189 
(STEMCELL Technologies, 72149) and CHIR99021 (Sigma- 
Aldrich, SML1046) until day 7. Starting at day 2 and day 4, 
respectively, Retinoic Acid (RA; Sigma-Aldrich, R3255) and 
Smoothened Agonist (SAG) (Calbiochem, 566660) were added 
to the medium. DAPT (Tocris Bioscience, 2634) was added 
at day 9. EBs were dissociated at day 12 and cells were resus
pended in N2B27 supplemented with RA, SAG, BDNF 
(Peprotech, 450–02) and GDNF (Peprotech, 450–10) and plated 
on 24-well plates coated with polyornithine (Sigma-Aldrich, 
P3655) and laminin (Sigma-Aldrich, L2020). To perform survi
val and neurite outgrowth analysis, MNs were fixed with 4% 
paraformaldehyde (Thermo Fisher Scientific, AA433689 L) for 
7 min on days 1, 3, 5 and 7 post-plating.

Survival and neurite outgrowth analysis

All five cell lines were stained with MNX1 (motor neuron and 
pancreas homeobox 1) (kindly provided by Dr. Wichterle, 
Columbia University) and SMI32 (1:100; Biolegend, 801701). 
The images were acquired with a Leica Confocal sp5. Images 
for MNs counting for the survival data were analyzed using 
Fiji software. For the neurite outgrowth analysis, the images 
were analyzed using Fiji software, NeuronJ plugin.

Statistical analysis

Data are expressed as the mean and standard deviation (SD) 
or standard error (SE) as indicated in the figure legends. 
Methods used to calculate significant differences between 
groups are indicated in the figure’s legend or in the main 
text. Asterisks indicate statistically significant differences. 
A p-value < 0.05 was considered statistically significant.
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