
RESEARCH PAPER

Guanine Nucleotide-Binding Protein-Like 1 (GNL1) binds RNA G-quadruplex 
structures in genes associated with Parkinson’s disease
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ABSTRACT
RNAs are highly regulated at the post-transcriptional level in neurodegenerative diseases and just a few 
mutations can significantly affect the fate of neuronal cells. To date, the impact of G-quadruplex (G4) 
regulation in neurodegenerative diseases like Parkinson’s disease (PD) has not been analysed. In this 
study, in silico potential G4s located in deregulated genes related to the nervous system were initially 
identified and were found to be significantly enriched. Several G4 sequences found in the 5ʹ untrans-
lated regions (5ʹUTR) of mRNAs associated with Parkinson’s disease were demonstrated to in fact fold 
in vitro by biochemical assays. Subcloning of the full-length 5ʹUTRs of these candidates upstream of 
a luciferase reporter system led to the demonstration that the G4s of both Parkin RBR E3 Ubiquitin 
Protein Ligase (PRKN) and Vacuolar Protein Sorting-Associated Protein 35 (VPS35) significantly repressed 
the translation of both genes in SH-SY5Y cells. Subsequently, a strategy of using label-free RNA affinity 
purification assays with either of these two G4 sequences as bait isolated the Guanine Nucleotide- 
Binding Protein-Like 1 (GNL1). The latter was shown to have a higher affinity for the G4 sequences than 
for their mutated version. This study sheds light on new RNA G-quadruplexes located in genes 
dysregulated in Parkinson disease and a new G4-binding protein, GNL1.
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Introduction

G-quadruplexes (G4) are non-canonical secondary structures 
found in both DNA and RNA molecules. In cells, as well as 
in vitro, four guanine residues can be linked together by 
Hoogsteen bonds in order to form a structure called a G-quartet 
that can be stabilized by the presence of a monovalent cation, 
usually potassium [1]. Canonical G4 structures respect the motif 
G3-N1-7-G3-N1-7-G3-N1-7-G3 (where N indicates A, U, C or G). 
However, some studies have shown that non-canonical G4s may 
have longer loops, only two quartets, or the presence of bulges in 
G-runs [2–4]. While DNA G4s can be present in many conforma-
tions, RNA G4s, which are more stable than their DNA counter-
parts, are restricted to folding into parallel conformations [5].

Studies on G4s have demonstrated that they exhibit many 
regulatory functions in cells. For example, DNA G4s have been 
demonstrated to be implicated in DNA replication, transcription 
and in telomere elongation [6–8]. In mRNA, G4s have been 
located in the 5ʹ untranslated region (UTR), the coding sequence 
(CDS) and the 3ʹUTR [1]. G4s located in the 5ʹUTR have been 
shown to impair ribosome scanning, leading to repression of the 
cap-dependent translation [9,10]. However, some G4s have been 
also demonstrated to enhance cap-independent translation by the 
stabilization of internal ribosome entry sites [11]. On the other 
hand, CDS G4s have been shown to impair translational elonga-
tion and to induce frameshifting [12,13]. Finally, G4s located in the 
3ʹUTR have been shown to be associated with both translational 
repression and the regulation of polyadenylation [14,15]. 

Furthermore, G4s were found to have an impact on other types 
of RNAs, like pre-miRNA, where they have been shown to regulate 
RNA processing [16]. Lastly, in long non-coding RNA, they often 
sequestrate G4 RNA binding proteins [17].

It has been proposed that RNA G4s are globally unfolded 
in eukaryotes [18]. Since they are known to be relatively stable 
structures, intracellular mechanisms must regulate their for-
mation. Yet only a few proteins have been shown to be able to 
fold, unfold or stabilize G4s [19]. Examples of these RNA 
binding proteins are the G-Rich RNA Sequence Binding 
Factor 1 (GRSF1), a protein known to unfold RNA G4s and 
to facilitate degradosome-mediated decay, and nucleolin, 
a protein known to stabilize RNA G4s [20,21]. Since each 
G4 function is thought to be regulated by specific binding 
proteins, targeting them appears to be an attractive avenue for 
controlling the associated post-translational events [22].

Over the years, several G4 motifs have been associated with 
important mechanisms in neurological diseases [23,24]. For 
example, the RNA foci C9orf72, which forms multiple repeats 
of G4s, has been linked to both frontotemporal dementia and 
amyotrophic lateral sclerosis [25]. A mutated miRNA asso-
ciated with Alzheimer’s disease has been demonstrated to fold 
into a G4 [26]. In fragile X syndrome, fragile X mental retar-
dation protein, a protein known to both bind to mRNAs 
containing a G4 structure and to regulate their transport, 
was shown to be less abundant. This reduction also directly 
affects the translation of several other mRNAs [27]. In the 
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present study, the original identification of the Guanine 
Nucleotide-Binding protein-like 1 (GLN1) as an RNA binding 
protein (RPB) that binds to the G4 structures located in the 
5ʹUTRs of both VPS35 and PRKN, two genes that are deregu-
lated in Parkinson’s disease, is reported.

Results

G-quadruplexes are globally enriched in diseases 
associated with the nervous system

Initially, potential G4s (pG4) related to nervous system dis-
eases were investigated using the disease database in the 
Kyoto Encyclopaedia of Genes and Genomes (KEGG) [28]. 
In this database, each gene annotated to be deregulated for 
a specific disease is presented. The sequences were scanned 
using the G4Screener software, a predictor of potential G4 
that uses three scores [29]. Two of these scores (specifically 
the G4H and cG/cC scores) estimate the G4 propensity, 
including measuring the competing nucleotide context, while 
the third score is a result of a neuronal network training using 
experimentally proved G4 sequences (G4NN) [30–32]. The 
use of a threshold of 0.5 or higher for the G4NN score (the 
default threshold proposed for the G4Screener) showed that 
85% of the 758 genes analysed included at least one pG4 
sequence. However, the different isoforms resulting from 
alternative splicing were not taken into accounts with the 
KEGG database. In order to remove this limitation, a new 
search for all isoforms of these genes was performed in the 
Refseq database using the accession numbers associated with 
each gene from the disease database. According to this search, 
1 985 out of the 2 460 mRNA isoforms include at least one 
pG4 sequence (i.e. 81% of all of the isoforms include at least 
one pG4). The level of mRNAs that include at least one pG4 
appears to be significantly higher than expected. In order to 
verify whether or not this was a true enrichment of pG4 in the 
mRNAs of nervous system diseases, the mRNA isoforms were 
compared to random sets of both mRNA and all other types 
of RNA (Fig. 1). Alternative splicing isoforms from genes 
deregulated in nervous system diseases that include at least 
one pG4 are statistically enriched when compared to both 
random sequence RNA sets. The use of a second database, 
specifically the Human Protein Atlas, also led to the conclu-
sion that there is a higher proportion of pG4 within the 
enriched alternatively spliced isoform variants that are related 
to the nervous system (Fig. 1).

Since pG4 are abundant in the genes associated with ner-
vous system diseases, it was decided to restrict the analysis to 
the neurodegenerative diseases (ND), a sub-group in the 
KEGG disease database. Out of the 380 genes in the ND sub- 
group, 255 of them included at least one pG4 sequence (67%). 
In terms of the alternative splicing isoforms from the RefSeq 
database, 846 variants out of the 1038 in the ND subgroup 
included at least one pG4 sequence (82%).

The location of a G4 in an mRNA is a predictor of its 
potential contribution in terms of post-transcriptional regula-
tion. In order to investigate the location of the pG4 within the 
mRNA, their positions were established for each of the iso-
form variants associated with the neurogenerative diseases: 

21% were located in the 5ʹUTR, 46% in the CDS region and 
33% in the 3ʹUTR. At first view, the abundance of pG4 located 
within the CDS region seems surprising, because G4s are 
globally known to be enriched in both the 5ʹ and 3ʹUTRs [33].

Interestingly when one looks more closely at each mRNA 
associated with neurogenerative diseases, an important 
enrichment of pG4 was observed for those associated with 
the Parkinson disease (PD) sub-group. Fifteen out of the 
sixteen associated genes (94%) included at least one pG4 
sequence (46 out of the 49 isoform variants). More specifi-
cally, 29% of the G4s were located in the 5ʹUTRs, 51% in the 
coding regions and 20% in the 3ʹUTRs.

When the densities of G4s were analysed instead of the 
percentages, 4.3 positive windows (pw) per kilobase (kb) in 
the 5ʹUTR, 1.5 pw/kb in the CDS and 1.2 pw/kb in the 3ʹUTR 
were observed. Specifically, for the PD associated mRNA, we 
determined densities of 9.4 pw/kb for the 5ʹUTR, 2.6 pw/kb 
for the CDS, and 1.2 pw/kb for the 3ʹUTR regions. This is 
higher than the ND density results, highlighting the potential 
importance of G4s in PD. In brief, a G4 enrichment in the 
5ʹUTRs was detected.

A G4Screener search using the default windows of 60 
nucleotides (nts) yielded an output that consisted of a score 
indicating the probability of a pG4 sequence being located 
within the scanned region. Consequently, when moving from 
one position to another the output looks like a belt curve for 
which the maximal value should be indicative of the 
sequences most likely to fold into a G4 structure. The most 

Figure 1. Enrichment of pG4 in genes associated with the nervous system.
pG4s with a G4NN threshold of at least 0.5 for one window were considered as 
being positive pG4s. pG4s from both the nervous system section in the KEGG 
disease (KEGG) and the proteins enriched in the nervous system from the 
Human Proteins Atlas were compared with a set of random mRNAs and with 
random RNA. All distributions of random passed the ‘One-sample Kolmogorov- 
Smirnov test’ for normal distribution with a p-value below 0.01. Within these 
samples, a value must have a z-score above 2.262 in order to be considered as 
not being part of the distribution with a confidence level of 95% (α = 0.05), or 
above 3.250 in order to be considered as not being part of the distribution with 
a confidence level of 99% (α = 0.01). 
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probable sequence of the pG4 located in the 5ʹUTR (i.e. that 
located at the top of the belt shape), were selected for further 
characterization (see Table 1 for the detailed nucleotide 
sequences). Surprisingly, visual analysis of these eleven 
sequences revealed that almost all sequences did not fulfill 
the definition of a canonical pG4 (G3N1-7G3N1-7G3N1-7G3). 
Instead, only the pG4 sequence of the PLA2G6 mRNA 
appeared to satisfy the criteria of three G-quartets and three 
loops of 7 nucleotides or less (see Table 1). Most of the other 
sequences included pG4 sequences with only two G-quartets 
(eIF4G1 and SNCA). Several include central loops longer than 
7 nucleotides (VPS35 and GIGYF2), and one was proposed to 
be formed by three G-quartets that included a bulge (PRKN). 
All of these features are proposed to be unfavourable to the 
stability of a G4 structure. Moreover, it is not clear which runs 
of guanosines would be forming the G4 structures. The 
demonstration of the folding of these pG4s into stable G4 
structures was therefore mandatory before any further work 
could be undertaken.

In vitro validation of the pG4

The binding of fluorescence ligands in vitro is a technique that 
is frequently used for the validation of G4 structures [34]. 
Initially, the binding of the fluorescent G4-specific ligand 
N-Methyl Mesoporphirine (NMM) was tested in order to 
verify whether or not the eleven pG4 sequence candidates 
from the 5ʹUTRs of the genes related to PD can fold into 
a G4 structure. Briefly, in addition to the candidate sequences 
that can potentially form pG4s, the sequences that are located 
up to 25 nucleotides both upstream and downstream of the 
PG4 were also considered in the in vitro transcription synth-
esis (See Tables S1 and S2 for the detailed sequences). The 
goal of this was to conserve the natural context of the tested 
pG4s as the neighbouring nucleotides are known to influence 
the folding of a G4 [30]. For example, it has been shown that 
a surrounding sequence rich in cytosine residues may form 
CG Watson-Crick base pairs that prevent the formation of the 
G4 structures. Alternatively, a surrounding sequence includ-
ing a run of guanosines may also contribute to the formation 

Table 1. 5ʹUTR pG4s located in genes related to Parkinson’s disease and manual analysis of the G4 structures. The 5ʹUTR 
pG4s associated with Parkinson’s disease are listed in the first column. In the second column, the boxes indicate the G4 
possessing the highest score, and the most abundant alternative mRNAs are shown. A minimum of one G4 structure had 
to have been manually found in each sequence. In order to improve the clarity, a maximum of 2 potential structures are 
shown per sequence. These structures are not exhaustive, many others could occur. The positions of the nucleotides are 
shown respective to their location in the 5ʹUTR. The G4NN scores are shown in the third column.
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of an unexpected G4 structure. For each pG4, a G/A mutant 
version was also constructed. The mutants consist in the 
substitution of several guanosine residues by adenosines in 
order to prevent the formation of the G4 motifs. The RNA 
species were dissolved in a buffer that contained either LiCl or 
KCl, that is to say conditions that do and do not support G4 
folding, respectively. The emission signal of NMM was 
detected with a peak at 605 nm [35]. G4s were considered 
as being positive when the signal was higher than 25 fluores-
cence units, which is an arbitrarily identified value for the 
wildtype (WT) sequence in the presence of K+. The results for 
each of the pG4 candidates are presented in the histogram in 
Fig. 2. Six out of the eleven WT sequences exhibited a signal 
over 25 fluorescence units (VPS35, LRRK2,PARK7, SNCA, 
PRKN, and eiF4G1A). In all cases, the WT sequences in the 
presence of Li+ had a signal lower than 10 units, with the 
exception of the SNCA candidate that exhibited an increase of 
the fluorescent signal of around 15 units. The fluorescent 
signals for the G/A mutants were at background levels no 
matter what the salt conditions were. The only exception was 
the SNCA candidate where a signal of 22 units was detected in 
the presence of K+, while it remained at the background level 
in the presence of Li+. Most likely this is the result of complex 
mixture of the many distinct structures formed by this RNA 
species. In brief, NMM binding suggested that more than half 
of the pG4 sequences do indeed fold into G4 structures.

In order to increase the confidence of the pG4 folding into 
a G4 structure, as well as to identify which guanosine residues 
are involved in the G-quartets, in-line probing analysis were 
performed for each of the six retained candidates. This tech-
nique, which is often used in the characterization of RNA G4 

structures, is based on the spontaneous hydrolysis of flexible 
RNA nucleotides (e.g. those located in single-stranded posi-
tions) in the presence of Mg2+ [36]. Nucleotides involved in 
interactions (usually those located in double-stranded posi-
tions) are less susceptible to hydrolysis. In the case of a G4 
structure, the guanosines involved in the G-quartets are 
usually not flexible, while the nucleotides that form the 
loops are and are therefore highly susceptible to hydrolysis. 
As compared to classical biophysical approaches like the cir-
cular dichroism spectrum, this approach requires only trace 
amounts of RNA, a fact which is considerably more biologi-
cally relevant. A typical gel for the VPS35 candidate is shown 
in Fig. 3A. The hydrolysis of the nucleotides involved in the 
loops, specifically C13 of loop 1, C18, U19 and U20 of loop 2 
(the central loop) and A23 of loop 3, was observed for the WT 
sequence in the presence of K+, but not in the presence of Li+, 
nor for the G/A mutant. The cleavage intensities under the 
different conditions were evaluated by densitometry, and the 
K+/Li+ ratios for each nucleotide are reported in the asso-
ciated histograms (Figs. 3B and S1). A nucleotide was con-
sidered to be significantly accessible when the ratio K+/Li+ 

was greater than 2. The K+/Li+ ratio was also compared to 
that of the G/A mutant sequence in order to show that the 
increased accessibility was due to the presence of the G4 
structure. For VPS35, the G4 involves the nucleotides located 
between positions 10 to 27 that are located near the 5ʹ end of 
the synthetic transcript. In the case of LRRK2, the G4 involves 
the residues G29 to G42 and most likely forms a structure that 
contains only two quartets (Fig. 3C). The pG4 of PARK7 was 
not folded according to the in-line probing data (Fig. 3D), 
while the band profile of eIF4GA1 was so complex that it 
could not be analysed and most likely results from the pre-
sence of a mixture of different structures in solution (data not 
shown). In the latter cases, it is important to mention that 
these two were the candidates with the lowest fluorescent 
NMM signals (see Fig. 2). For SNCA, a mixture of two 
quartets can be observed from positions G13 to G39 (Fig. 3E) 
resulting from the presence of many consecutive guanines. 
Finally, for PRKN, a 3 quartet G4 was formed by the residues 
G10 to G30 (Fig. 3F). Thus, the in-line probing results con-
firmed the folding of four out of the six candidates tested: 
VPS35, LRRK2, SNCA and PRKN.

In cellulo evaluation of the G4 folding

The four G4 validated by the biochemical approaches were 
further investigated in cellulo. Briefly, the full-length 5ʹUTR, 
as well as the G/A mutant versions, of the four genes were 
cloned upstream of the Renilla luciferase (RLuc) open reading 
frame (ORF) in the PsiCHECK-2 plasmid, which also includes 
a Firefly luciferase (FLuc) ORF for normalization purposes 
(see Table S1 and Fig. S2 for the detailed sequences). The 
resulting plasmids were transfected into SH-SY5Y cells, 
a well-documented model cell line for Parkinson’s disease 
studies. This cell line originates from humans, is catecholami-
nergic and is easy to work with [37]. Twenty-four hours post- 
transfection, the Rluc and Fluc luciferase levels were evaluated 
by measuring their respective activities in the different cellular 
lysates. Interestingly, a significant decrease (~1.5 fold) in the 

Figure 2. Characterization of RNA G-quadruplexes found in genes deregulated in 
PD by fluorescence assay.
The fluorescent assays were performed with either WT or G/A mutant G4 RNAs 
(300 pmol) of the 11 5ʹUTR pG4 candidates. The RNAs were incubated for 30 min 
with 0.5 mM NMM and 100 mM of either KCl or LiCl at room temperature. The 
samples were excited at 399 nm and the emission was detected 605 nm. The 
error bars represent the SEM. All experiments were performed in duplicate. 
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Figure 3. Characterization of the RNA G-quadruplexes found in genes that are deregulated in PD by in-line probing.
The in-line probing experiments were analysed by both polyacrylamide gel electrophoresis and densitometry. (A) Denaturing polyacrylamide gel of the in-line probing 
reactions of VPS35. Lanes 1 to 4 are for the WT, while lanes 5 to 8 are for the G/A mutant. Lanes 1 and 5: NaOH Ladder; Lanes 2 and 6: RNAse T1 Ladder; Lanes 3 and 
7: the Li+ condition; and, Lanes 4 and 8: the K+ condition. Histograms for the (B) VPS35; (C) LRRK2; (D) PARK7; (E) SNCA; and, (F) PRKN RNA G4s were traced from the 
in-line probing data. The results were derived from the densitometric analysis of each band using the SAFA software [61]. The sequence is indicated on the y-axis. The 
X-axis represents the K+/Li+ ratios of each band’s intensity for both the WT and the G/A mutant G4s. The K+/Li+ ratios are shown in black for the WT G4s and in grey 
for the G/A mutant G4s. The nucleotides are identified by their position with respect to the 5ʹend of the synthetic transcript. The nucleotides marked with arrowheads 
are those substituted for adenine in the G/A mutant. The square guanines are those which could be expected to form a G4. “ II “ indicates the minimal limit of gel 
quantification. The dotted line represents the twofold threshold that denotes a significant gain in flexibility. Each bar represents the average of two independent 
experiments, and the error bars represent the standard deviations. 
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activity of the Rluc was observed for the WT G4s of both the 
PRKN and the VPS35 5ʹUTRs as compared to those of their 
respective G/A mutant versions. RT-ddPCR monitoring 
showed that the RNA quantities remained unchanged, con-
firming that the observed differences occurred at the transla-
tional and not the transcriptional level. No significant impact 
was observed for the G4 of the 5ʹUTR of SNCA, and a slight 
decrease was observed for the LRKK2 5ʹUTR G4.

The same experiment was repeated using HEK293T cells, 
which are often used for neuronal cell studies because of their 
similarity to neuronal cells in terms of development [38]. 
Similar results were obtained: the presence of the WT 
5ʹUTR G4s of both PRKN and VPS35 significantly decreased 
the Rluc level (2.5-fold). Unlike the experiments performed in 

the SH-SY5Y cells, those using the HEK293T cells revealed 
a slight decrease in luciferase expression in the presence of the 
SNCA 5ʹUTR G4, while no effect was observed in the case of 
the LRKK2 5ʹUTR G4 (Fig. S3).

Since the G4s of the 5ʹUTRs of both PRKN and VPS35 
were the only ones which successfully passed both the in vitro 
and the in vivo tests, all subsequent experiments were limited 
to these two candidates. At this point, it became important to 
confirm that the folding of the G4 in the 5ʹUTR has a similar 
effect on the endogenous PRKN and VPS35. In order to do so, 
the expression levels of both proteins were evaluated and 
normalized to the mRNA level in both the presence and the 
absence of two distinct G4 ligands, BRACO19 and Phen-DC3. 
Both of these ligands are known to stabilize G4 structures in 

Figure 4. In cellulo characterization of RNA G-quadruplexes in SH-SY5Y cells.
The impact of the G4s on translation was analysed using both luciferase assays and specific G4 ligands. (A) The relative RLuc/FLuc ratios for the luciferase activities of 
the 5ʹUTRs of VPS35, LRRK2, SNCA and PRKN are shown on the left y-axis. The relative RNA levels for both the WT G4 and G/A mutant, as compared to the RNA level 
of the control FLuc, are shown on the right y-axis. The results shown are the means of at least three independent experiments, and the error bars represent the SEM. 
The P-values were calculated by two-way ANOVA. (B) Upper section: Endogenous protein expression levels of VPS35, PRKN and β-actin were detected by western 
blots in the presence of BRACO19 or PHEN-DC. The mRNAs were detected by ddPCR and the relative levels are indicated. Lower section: The histogram presents the 
relative level of proteins over the relative levels of mRNA. The results shown are the means of two independent experiments, and the error bars represent the SEM. 
The P-values were calculated by two-way ANOVA. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001. 
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cells [39–42]. Western blot analyses with the mRNA relative 
expressions revealed that that the presence of Phen-DC3 and 
BRACO19 significantly reduced the expression levels of both 
proteins (Fig. 4B). These results confirmed not only that the 
presence of the G4 can repress the translation of both the 
endogenously expressed VPS35 and PRKN, but also the 
equivalent results obtained in the from the luciferase assays.

Isolation of proteins binding the G4 of either VPS35 or 
PRKN

It has been proposed that G4 motifs are only transiently 
folded in eucaryotes [41], highlighting the fact that RNA 

binding proteins (RBP) are important regulators in both 
their folding and their unfolding. Consequently, it is of inter-
est to identify proteins able to bind the G4s of the VPS35 and/ 
or PRKN 5ʹUTRs. Label-free RNA affinity purification assays 
were performed in order to identify the repertoire of potential 
binding partners (see Fig. 5A). Initially, both the WT and G/A 
mutant G4 sequences of both VPS35 and PRKN were fused to 
four repeats of the S1m aptamer (4xS1m; see Fig. S4). This 
RNA aptamer has a high affinity for streptavidin [43] and its 
presence does not impair the G4 folding as the NMM fluor-
escence is not affected (Fig. S5). Moreover, in-line probing 
experiments also confirmed the proper folding of both G4s 
when they are fused to the S1m aptamer (Fig. S6). In order to 
identify any potential protein partners, total proteins from 

Figure 5. RNA pull-down of proteins by the PRKN and VPS35 G-quadruplexes.
Proteins able to bind to the VPS35 and PRKN RNA G4s were identified by a pull-down experiment that used the 4xS1m aptamer and the total proteins extract from 
SH-SY5Y cells. (A) Illustration of the pull-down experiments. (B) The proteins that were statistically enriched by the VPS35 and PRKN RNA transcripts. Only the genes 
with a SAINT score >0.9 and a ≥ 10-fold enrichment were kept. The G/A mutants were considered as being the control group. The fold enrichment was determined 
by the SAINT software. The colours facilitate the visual association of the different functions: GTP binding (Blue), Splicing (Orange), Mitochondrial ribosomal protein 
(Black), RNA binding protein (Red), DNA binding protein (Green) and Transcription factor (White). (C) A western blot using anti-GNL1 antibody was performed on 
30 μg of the protein input (Lane 1) and 50% of the proteins eluted from the beads (Lanes 2 and 3). The folds were calculated using Image Studio Lite (Licor). 
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Figure 6. Electrophoretic mobility shift assays of the GNL1 protein.
Electrophoretic mobility shift assays of the A) VPS35 and B) PRKN RNA G4s. The EMSA were performed using 0, 50, 100, 250, 500, 750, 1000 and 1816 nM of protein. 
The bands were analysed by densitometry (on the top), and the data plotted graphically (on the bottom). The GraphPad software (Prism) ‘specific binding with hill 
slope nonlinear regression’ function was used to determine the Kd values. Each assay was performed in duplicate. 
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SH-SY5Y cells were extracted and then pulled down using 
either the chimeric WT G4 or the G/A mutant RNA bound to 
streptavidin-coated sepharose beads. After the removal of any 
non-specific interactions, the proteins bound to the RNAs 
were recovered, trypsin digested and analysed by MS/MS. As 
an RNA binding control to ensure an equal quantity of RNA, 
we confirmed that a similar quantity of WT and G/A mutant 
G4 RNA was retained on the beads. These label-free RNA 
affinity purification assays were performed in triplicate, and 
were analysed using the MaxQuant software [44], followed by 
the probabilistic scoring of affinity purification software using 
the SAINT software [45] by comparing proteins observed in 
the WT G4 fraction to those found in the G/A mutant frac-
tion. The SAINT output consists of a protein fold enrichment 
and a calculated enrichment score from 0 to 1 where the most 
significative proteins are at 1. The proteins with a SAINT 
score higher than 0.9 and with a fold enrichment of at least 
10-fold were selected for both PRKN and VPS35 [45]. The 
SAINT data identified 3 proteins that were able to bind 
VPS35: specifically GNL1, a GTPase; and, two splicing factors, 
PRPF19 and YBX1. The later RBP is a protein already known 
to bind G4 [46], which increased the confidence in the results 
presented here (Fig. 5B). In the case of PRKN, 13 proteins 
were identified: three GTP binding proteins (GNL1, LSG1 and 
GTPGF4); two splicing factors (SF3B2 and SF3B3); three 
mitochondrial ribosomal proteins (MRPL13, MRPL19 and 
MRPL45; all of which are highly unlikely and most likely 
simply result from the fact that cellular extracts without 
prior compartment isolation were used); three other RBP 
(FAM120, RALY and GRSF1; the later has been previously 
reported to bind a G4 RNA structure [21]); one transcription 
factor (ZNF622); and, one DNA binding protein (NKR1) (Fig. 
5B). Interestingly, GNL1 was the only protein common to 
both datasets of G4 binding proteins. This protein also has 
one of the highest enrichments and SAINT scores in both 
cases. GNL1 is not identified as a RBP in the literature. 
However, we were able to observe a low level of this protein 
in some RBP high-throughput experiments, confirming that 
GNL1 could be an uncharacterized RBP [47,48]. To confirm 
that GNL1 was indeed enriched, western blots were per-
formed after the 4xS1m protein pull-down. As expected, 
a clear enrichment of GNL1 for VPS35 and PRKN was 
observed when the WT G4 was compared to the G/A mutants 
(i.e. ~ 4.5 folds; Fig. 5C). It was therefore decided to further 
investigate the interaction of GNL1 with both VPS35 and 
PRKN.

Characterization of the interaction between GNL1 and 
either the VPS35 or PRKN proteins

In order to confirm that GNL1 indeed binds to both the 
VPS35 and the PRKN G4s, electrophoretic mobility shift 
assays (EMSA) were performed. Initially, recombinant GST- 
GNL1 proteins were produced in HEK293T cells and were 
purified on glutathione-Sepharose-Beads (Fig. S7). The pro-
duction of recombinant proteins in human cells increases the 
probability that GNL1 has the post-translational modifica-
tions found in SH-SY5Y cells. The EMSA assays were per-
formed using the same RNA molecules as were used for both 

the NMM assays and the in-line probings. As expected, GST- 
GNL1 had a significantly higher affinity for the WT G4s of 
both the VPS35 and PRKN 5ʹ-UTRs as compared to those for 
their respective G/A mutant versions (Fig. 6). The dissociation 
constant of the WT VPS35 was 2.5-fold greater than that for 
the G/A mutant (152 nM and 360 nM, respectively), while 
that for the WT PRKN was 35 folds smaller than that of its G/ 
A mutant (194 nM versus 7339 nM, respectively). The results 
were also confirmed using a commercial GST-GNL1 obtained 
from Abnova (data not shown). In addition, it was confirmed 
that neither the GST protein alone, nor the impurities 
retrieved with the GST beads during the purification process, 
induced any shift with the various RNA constructs (data not 
shown). In brief, these data confirm that GNL1 binds directly 
both the VPS35 and PRKN G4s.

Discussion

The neuronal network is a complex system with many differ-
ent levels of post-transcriptional and post-translational 
mechanisms of regulation. Several post-transcriptional or 
post-translational deregulations at either the RNA or the 
protein levels have been shown to result in neurodegenerative 
diseases [49]. Hence, the observation of an enrichment of pG4 
sequences in mRNA isoforms associated with neuronal dis-
eases, as compared to what is seen in both a random RNA and 
mRNA samples, was not surprising (Fig. 1). Indeed G4 motifs 
have so far been implicated in a wide variety of post- 
transcriptional regulation types, including splicing, pre- 
miRNA processing and both cap-dependant and - 
independent translations, to name only a few examples 
[1,50]. In fact, the general belief of the research community 
is that G4 structures are intimately associated with fine-tuned 
mechanisms of both transcriptional and post-transcriptional 
regulation. Therefore, it was expected that many pG4 would 
be found in the present study since the nervous system is the 
most differentiated system in the human body. More specifi-
cally in PD, pG4 were detected in fifteen genes, highlighting 
the potential importance of gene regulation through the pre-
sence of RNA G4 structures in PD. Prior to this bioinformatic 
search, only a single G4 motif located in the SNCA mRNA 
had been reported to be associated with PD [23]. This candi-
date was also retrieved in the present study. The RNA G4 
subgroup associated with PD includes pG4s located in both 
the 3ʹUTR and in the coding region, but the majority were 
located in the 5ʹUTR of the mRNA (11 out of 16 genes). It was 
therefore decided to focus on these 11 candidates as they 
provided the advantage that the mechanism is relatively easy 
to study using a luciferase reporter assay. However, it is 
important to keep in mind the possibility that other candi-
dates may contribute to the regulation of other important 
post-transcriptional mechanisms.

The predicted G4 sequences located in the 5ʹUTRs of PD 
associated genes appeared to be relatively unstable. Only the 
pG4 from the PLA2G6 candidate fulfilled the criteria for 
a canonical G4 motif, all others did not (Table 1). 
Specifically, all of the others harboured several variations, 
variations such as the presence of a 2-quartet instead of the 
classical 3-quartet core, the presence of a mismatch between 
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the G-quartets, or the presence of a larger than 7-nts loop, to 
name but a few examples. This level of non-canonical pG4 is 
quite surprising, and may be considered as being a potential 
characteristic of the transcriptome of nervous cells. Further 
biochemical, as well as cellular and molecular biology studies, 
have the potential of providing physical support for this 
hypothesis. That said, considering that G4s have been sug-
gested to be ‘events’ and not be ‘things’ (i.e. they are transi-
ently folded in human cells), the abundance of non-canonical 
RNA G4s suggests that RBP may play a significant role in 
either the folding or the unfolding of these structures as most 
of the time non-canonical RNA G4s are less stable than 
canonical ones. Such RBP proteins may manage the RNA 
G4s by being a dynamic switch for post-transcriptional 
regulation.

Because of the above, the finding of a large proportion of 
non-canonical G4 structures makes mandatory the identifica-
tion of the pG4 candidates that actually fold into a G4 struc-
ture. NMM fluorescent binding revealed that six of the 
candidates did indeed fold into G4 structures, although they 
did so in different proportions (according to the fluorescent 
signals). The in-line probing experiments confirmed that four 
of these six did indeed fold into G4 structures (Figs. 2 and 3). 
The in vitro validation permitted the screening of a large 
number of potential candidates in order to further focus the 
efforts on the more time consuming in cellulo experiments. 
Unfortunately, only two out the four candidates were in fact 
confirmed to have a significant impact in cellulo. This could 
be an indication that RBP in cells may, in fact, have an impact 
on the post-transcriptional regulation. While the in vitro 
assays were performed using pG4 sequences surrounded by 
up to 25 nts, in order to not be restricted to the positions that 
may specifically contribute to the G4 structures, the in cellulo 
luciferase assays were performed using the full-length 5ʹUTR 
sequences in order to be as relevant as possible to the natural 
genomic context. The luciferase assays revealed that the G4 
motifs of both the VPS35 and PRKN 5ʹUTRs significantly 
repressed the translation (Fig. 4A). In this study, the pG4 of 
the SNCA 5ʹUTR that had previously been reported to show 
some limited repression of translation [23], exhibited only 
a light repression that cannot be deemed as being significant. 
This discrepancy may simply depend on the construction 
used, the experimental conditions, or, alternatively, on the 
fact that only a small proportion of the pG4 is actually folded 
(maybe because it is a motif based solely on 2G-quartets; 
Table 1). More importantly, the folding of the G4 from both 
the endogenous VPS35 and PRKN mRNAs received physical 
support from ligand binding experiments in cells (Fig. 4B). All 
of these experiments provide much information on the stabi-
lity of the G4s related to PD. The vast majority of them seem 
to show that these G4 are globally unstable. Most are formed 
by non-canonical G4s, thus reducing the stability of the G4 
structures. Also, some structures seem to be formed by an 
equilibrium of a mixture of different G4s (e.g. SNCA and 
eIF4G1).

PRKN and VPS35 were the two most promising candidates 
identified by the screening methodology used here. These 
proteins exhibit distinct functions and are differently deregu-
lated in PD [51]. On one hand, Parkin RBR E3 Ubiquitin 

Protein Ligase (PRKN) is an E3 ubiquitin ligase that is acti-
vated by PINK1 to promote the ubiquitination of the outer 
mitochondrial membrane proteins, leading to mitophagy. In 
PD, there is an inactivation and/or reduction of the ubiquiti-
nation activity of PRKN that alters the mitochondria recycling 
pathways [52,53]. On the other hand, Vacuolar Protein 
Sorting-Associated Protein 35 (VPS35) is a component of 
the the WASP and SCAR homologue (WASH) retromer that 
is implicated in endosomal trafficking. In PD, VPS35 defi-
ciency or mutation impairs both mitochondrial fusion in 
dopaminergic neurons and endosome transportation [54]. In 
brief, both are important proteins in PD and controlling their 
expression may provide a new therapeutic avenue, or at least 
minimally provide a functional genomic approach for learn-
ing more about their contribution to the disease state. To do 
so, targeting G4 structures may a priori be an interesting 
approach [22]. However, one of the important hurdles of 
such an approach is that G4s are structurally similar and, 
consequently, targeting sequence specifically a G4 motif will 
likely be difficult to achieve using small molecules. Moreover, 
the presence of non-canonical RNA G4 does not simplify the 
situation.

Clearly, the results obtained both in vitro and in cellulo, as 
well as the fact that it appears to be complicated to specifically 
target a G4 structure in the nervous system, campaign for the 
identification of the RBPs that interact with both candidates. 
In order to do so, a pull-down approach independently using 
the RNA G4s of PRKN and VPS35 was performed (Fig. 5). 
Even though crude cellular extracts were used (i.e. there was 
no cellular compartment pre-isolation), most of the identified 
proteins were RBP, and only a few DNA binding proteins 
were retrieved (e.g. NKRF; Fig. 5B) even though RNA and 
DNA G4 structures are globally similar [55]. The use of 
a crude cellular extract is also most likely the reason that the 
mitochondrial proteins MRPL13, MRPL19 and MRPL45 were 
retrieved (Fig. 5B). Clearly, this is a limit with this approach. 
Importantly, the finding that YBX1 bound to the G4 of VPS35 
and that GRSF1 bound to the G4 of PRKN, two RBP pre-
viously reported to interact with other G4 structures [21,46], 
provided confidence in the results presented here. There was 
also another interesting protein, FAM120A, which had pre-
viously been identified as a protein binding to G-Rich regions 
located in 3ʹUTRs [56]. In the latter report, the authors 
showed that mutating some of the guanine residues of the 
G-Rich regions reduced the binding of FAM120A, 
a characteristic of the G4 binding proteins. The only protein 
that was retrieved which bound with both the VPS35 and 
PRKN G4 structures was GNL1, a protein known to be 
a GTPase [57]. To our knowledge GNL1 has only been 
reported once, recently, in the literature to interact with 
RNA G-quadruplex [58]. However, this was a high- 
throughput experiment and the interaction had not been 
characterized. The sequence of GNL1 includes a Di-RG 
domain, a domain type previously described as being a G4 
RNA binding domain [59–61]. The direct binding of GNL1 to 
both the VPS35 and PRKN RNA G4s was confirmed by 
EMSA. A higher affinity of GNL1 was observed for the WT 
G4 versions as compared to the respective G/A mutant ones. 
Interestingly, in both cases, the Kd for the WT sequence was 
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in the nanomolar range, supporting a strong affinity of GNL1 
towards the RNAs. Another interesting fact was that the G/A 
mutation seems to affect the binding of GNL1 to PRKN more 
(35-fold versus 2.5-fold for VPS35). PRKN harbours 
a canonical G4, while VPS35 has a non-canonical one. 
Therefore, the difference between the WT and the G/A 
mutant versions of PRKN is more significative in terms of 
stability, and, most likely, a higher fraction of the G4 is truly 
folded. Once again, this hypothesis pointed out the impor-
tance of further investigating the consequences associated 
with the canonical and non-canonical G4 motifs that appear 
to be a particular feature of the transcriptome of the nervous 
cells.

This study reinforces the possible importance of G4 struc-
tures as potential cis-acting features in the post-transcriptional 
regulation of the nervous system, more specifically that in 
neurological diseases. A new RBP has also been identified, 
GNL1, that is able to bind to the 5ʹUTR RNA G4s of two 
genes associated with Parkinson’s disease (VPS35 and PRKN).

Material and methods

Bioinformatic analyses

In order to retrieve genes associated with nervous system 
diseases, BRITE hierarchy files (br08402) were downloaded 
from the disease data-oriented entry points of the Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) [28]. The 
gene symbols from each line associated with the nervous 
system were conserved and then transformed into a list file. 
Next, the symbols were corrected using the Multi-symbol 
checker of the HUGO Gene Nomenclature Committee 
(HGNC) [62]. Then, the RNA.fa.gez files were downloaded 
from Refseq (NCBI, March 2018), and each gene from the 
HGNC list was associated with a Fasta transcript sequence. 
The Fasta files were then submitted to the G4 RNA Screener 
software using the default parameters, and all windows with 
a G4NN score >0.5 were considered as being positive [32]. 
Finally, pG4 windows were annotated by their transcript 
position (5ʹUTR, CDS and 3ʹUTR) using the RefSeq CDS 
annotation “ncbiRefSeqCds.txt.gz “(May 2018). The positive 
window densities were calculated with the mean length of the 
5ʹUTR, CDS, and 3ʹUTR in the human transcriptome [63].

For the purpose of comparing the KEGG results to other 
databases, tab-separated values files were retrieved from the 
Human Protein Atlas for the enriched neuronal genes. They 
were then associated with a Fasta transcript file and submitted 
to the G4 RNA screener. Genes with a G4NN score >0.5 were 
considered as being positive.

Design of the oligonucleotides

Oligonucleotides corresponding to the potential G4 sequences 
were designed to include both upstream and downstream wild 
type flanking sequences of up to 20 to 25 nucleotides (nts) in 
length. G/A mutants (several Gs substituted by As) were also 
synthesized for each WT G4 sequence (see in Tables S1 and S2 
for sequence details). When required for in vitro transcription, 
a T7 promoter sequence (5ʹ-TAATACGACTCACTATAG1-3 

-3ʹ, where G1-3 indicates a stretch of 1 to 3 consecutive gua-
nines) was added to the sense strand. All oligonucleotides were 
purchased from Biobasic.

In vitro transcription

In order to reconstitute the full-length WT G4 and G/A 
mutant sequences (which are 70–90 nts in size), DNA tem-
plates were synthesized via a PCR filling strategy using both 
forward and reverse primers. Then, an in vitro transcription 
was performed, as described previously [64]. Subsequently, 
The proteins were removed by phenol/chloroform extraction 
and the RNAs were purified through electrophoresis, using 
denaturing (8 M urea) 5% polyacrylamide gels (19:1). For the 
transcriptions of both pMA-RQ VPS35-4xS1m and pMA-RQ 
PRKN-4xS1m, the plasmids were digested with EcoR1 and 
HindIII prior to the transcription reaction.

N-methyl mesoporphyrin (NMM) fluorescent assays

With the aim of probing G4 formation, fluorescence assays 
using NMM were performed as described previously [64]. 
Briefly, either the WT or a G/A mutant G4 RNA (200 pmol) 
was added to folding buffer (20 mM Li-cacodylate (pH 7.5) 
and 100 mM of either LiCl or KCl) in a final volume of 50 µL. 
The reactions were then heated to 70°C and allowed to slowly 
cool for 1 h at room temperature. Next, 50 µL of 2X in-line 
probing buffer (40 mM Li-cacodylate (pH 8.5), 40 mM MgCl2 
and 200 mM of either LiCl or KCl) were added, yielding 
a final volume of 100 µL. The NMM ligand (1 µL at a con-
centration of 0.5 mM; N-Methyl-Mesoporphyrin IX, 
NMM580, Frontier Scientific Inc., Logan, Utah) was then 
added and the reaction incubated for 30 min at room tem-
perature while being protected from light. The fluorescence 
intensity was monitored using an Hitachi F-2500 fluorescence 
spectrophotometer with an excitation wavelength of 399 nm 
and the emission wavelength being measured between 500 nm 
and 650 nm in a 10 mm quartz cuvette. The fluorescence at 
605 nm was used for quantification. All NMM assays were 
performed at least in duplicate.

Dephosphorylation and radioactive labelling

The RNAs were dephosphorylated with the Antarctic 
Phosphatase kit (according to the manufacturer, New 
England Biolabs) and the resulting RNAs (10 pmol) were 
phosphorylated with [γ32P]ATP (2 μL; 6 000 Ci (222 TBq)/ 
mmol in 50 mM Tricine (pH 7.6), PerkinElmer) using the T4 
Polynucleotide Kinase (PNK) kit (according to the manufac-
turer, Promega). Then, the radioactive RNAs were purified 
through electrophoresis using denaturing (8 M urea) 5% 
polyacrylamide gels (19:1).

In-line probing

In order to confirm G4 folding, in-line probing was performed 
as described previously [36,64]. The results were visualized 
using a Typhoon Trio imaging system (GE Healthcare), and 
the band quantification was performed using the SAFA semi- 
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automated software [65]. The hydrolysis ratio for each nucleo-
tide position is represented by the band intensity in the pre-
sence of KCl divided by that in the presence of LiCl. All 
experiments were performed at least in duplicate.

Cell cultures

SH-SY5Y cells (ATCC, CRL-2266) were cultivated in 
Dulbecco’s modified Eagle medium/F12 with Glutamax 
(Gibco) supplemented with 10% foetal bovine serum (FBS; 
Wisent). Human Kidney Embryo 293T (HEK293T) cells 
(ATCC, CRL-3216) were cultivated in DMEM (Multicell) 
supplemented with 10% FBS. When the cells reached 
a confluence of 80–90% they were subcultured at dilutions 
of 1:2 and 1:20, respectively. All cultures were incubated at 37° 
C with a 5% CO2 atmosphere.

Molecular cloning

The PsiCHECK-2 plasmids used in the luciferase assays were 
prepared as follows. Puc57 plasmids containing either the full- 
length WT or G/A mutant 5ʹUTR G4 sequences of VPS35, 
LRRK2, SNCA and PRKN were purchased from Biobasics (see 
Table S1 for the full sequences). The 5ʹUTR sequences were 
codigested with SpeI and SalI, and were then ligated upstream 
of the Renilla luciferase in a modified version of the 
PsiCHECK-2 plasmid (Fig. S2) that had previously been 
digested with the same restriction enzymes. The insertion 
was then confirmed by PCR, and the plasmids were 
sequenced at the Plateforme de Séquençage of Université 
Laval.

The PsiCHECK-2 plasmids prepared previously were used 
as templates in PCR reactions in order to generate G4 regions 
containing EcoR1 and BamH1 restriction sites located in 5ʹ 
and 3ʹ, respectively. The resulting DNA templates were codi-
gested with EcoRI and BamHI and ligated into pMA-RQ 
plasmid containing the 4xS1m aptamer [43]. The insertion 
was confirmed by PCR, and all constructs were sequenced at 
the Plateforme de Séquençage of Université Laval.

Luciferase assay

SH-SY5Y and HEK293 cells were subcultured at densities of 
80 000 and 22 500 cells per cm2 24 h, respectively, before 
transfection. They were then transfected in triplicate with 
Lipofectamine 2000 as described by the manufacturer 
(Thermo Fisher Scientific) using 500 ng of pUC19 and 50 
ng of PsiCHECK-2 in each well of 24 well plates. A day later, 
the medium was removed and the cells were washed once 
with PBS. The cells were then dislodged and suspended by 
scraping in the presence of 500 µL of PBS. Four hundred 
microlitres of the resulting suspension were then used to 
extract proteins, while the remaining 100 µL were used to 
extract total RNA. Both fractions were centrifuged at 4°C for 
10 min at 2400 x g and the supernatants removed. The cell 
pellets for RNA isolation were frozen at −80°C until treated, 
while 100 µL of protein lysis buffer (Dual-luciferase reporter 
assay system, Promega) was added to the cell pellets destined 
for protein extraction. In order to lyse the cells, the solutions 

were then incubated for 15 min at room temperature. Only 
a fraction (5 µL) of the resulting solution was then used for 
the luciferase assays as suggested by the manufacturer’s pro-
tocol. Luminescence was then monitored on a Glomax 20/20 
luminometer with an integration time of 5 sec. The ratios of 
the Renilla/Firefly luciferases were then calculated and pre-
sented as the means and standard deviation of 3 experiments.

RNAs were extracted with Trizol according to the manufac-
turer’s protocol (Thermo Fisher Scientific). When required, the 
RNAs were quantified by digital RT-PCR at the Laboratoire de 
Génomique Fonctionnel de Université de Sherbrooke.

G4 ligands

SH-SY5Y cells at a confluence of 70% were incubated for 24 h 
with either 10 µM of BRACO19 or 5 µM of Phen-DC3. 
Ultrapure water was used as negative control for BRACO19 
and DMSO for Phen-DC3. After the 24 h were complete, the 
cells were washed once with 1X PBS and were then harvested 
by centrifugation for 5 min at 600 x g. The resulting super-
natants were discarded and the cells were incubated with 
20 µL of KCl-lysis buffer (50 mM Tris-HCl (pH 7.5), 
100 mM KCl, 50 mM NaCl, 1 mM DTT, 0,1% Triton 
X-100, 10% glycerol and 1 mM MgCl2) for 30 min at 4°C. 
The cellular lysates were then centrifuged at 17 000 x g for 
20 min at 4°C, and the resulting supernatants were kept. The 
protein concentrations were determined by the method of 
Bradford (BIO-RAD). Western blots were then performed as 
described previously [11] in order to monitor the expression 
of VPS35 and PRKN. Anti-PRKN (ab77924; Abcam), anti- 
VPS35 (ab226180; Abcam) and anti-β-Actin (A5441; Sigma- 
Aldrich) were used as primary antibodies, and both anti- 
Mouse (A-21057; Thermo Fisher Scientific) and anti-Rabbit 
(926-32213; Licor) were used as secondary antibodies. The 
densities of the resulting bands were determined using the 
Image Studio Lite software (Licor). Both the PRKN and 
VPS35 protein levels were adjusted with the β-Actin protein 
levels. RNAs were extracted with Trizol according to the 
manufacturer’s protocol (Thermo Fisher Scientific). The 
RNAs were quantified by digital RT-PCR at the Laboratoire 
de Génomique Fonctionnel de Université de Sherbrooke and 
normalized to β-Actin mRNA. Proteins relative levels were 
then normalized to mRNA relative levels.

Pull-down assays and mass spectrometry

Proteins able to bind PRKN and VPS35 G4 were isolated 
using a previously described strategy [43,58]. Briefly, cellular 
protein extracts were prepared from 4 confluent 15 cm dishes 
of untransfected SH-SY5Y cells. The cell culture dishes were 
placed on ice and washed once with ice-cold PBS (10 mL). 
The cells were then lysed in ice-cold KCl-lysis buffer (5 mL; 
50 mM Tris-HCl (pH 7.5), 100 mM KCl, 50 mM NaCl, 1 mM 
DTT, 0,1% Triton X-100, 10% glycerol, 2 mM MgCl2, 
Ribonucleoside Vanadyl complex RNase inhibitors (New 
England Biolabs) and Mini Complete Protease inhibitors 
(Roche)) for 30 min at 4°C. The lysate was then clarified by 
centrifugation at 17 000 x g for 20 min at 4°C. The super-
natant was then recovered, divided into 2 fractions and 
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concentrated using Amicon Ultra-4 MWCO 3 000 centrifuge 
tubes (EMD Millipore) at 1 600 x g until the final volumes 
reached 0.5–1 mL. The protein concentrations of the cellular 
extracts were then determined using the method of Bradford 
(BIO-RAD). The extracts were then pre-cleared by the addi-
tion of 50 µL of a 50% slurry of Streptavidin Sepharose High 
Performance beads (GE Healthcare) and incubated for 16 h at 
4°C. At this point, the beads were discarded. Next, either the 
in vitro transcribed 4xS1m WT or 4xS1m G/A mutant G4 
RNA (30 µg) was dissolved in 140 µL of KCl-lysis buffer 
without MgCl2 or RNase inhibitors and then heated to 70°C 
prior to cooling over a period of 1 h until it reached room 
temperature. Subsequently, the solution was supplemented to 
a final concentrations of 1 mM MgCl2 and 120 U of RNase 
inhibitors were added (Protein purification platform from 
Université de Sherbrooke). The RNA solutions were then 
mixed with 100 µL of a pre-washed (with KCl-lysis buffer) 
Streptavidin Sepharose bead slurry and incubated for 2 h at 4° 
C. After this incubation, the beads were centrifuged at 20 x g 
for 1 min and the supernatant was discarded. The beads were 
then washed once with ice-cold KCl-lysis buffer. Next, the 
pre-cleared lysate (e.g. the one incubated 16 h at 4°C) was 
supplemented with 1.5 µL of RNase inhibitor (Protein purifi-
cation platform from Université de Sherbrooke), added to the 
prepared RNA-coupled Streptavidin Sepharose beads and 
incubated for 3 h at 4°C. Lastly, the beads were washed five 
times with 1 mL of KCl-wash buffer (50 mM Tris-HCl (pH 
7.5), 100 mM KCl, 200 mM NaCl, 1 mM DTT, 0,1% Triton 
X-100, 10% glycerol, 5 mM MgCl2, Ribonucleoside Vanadyl 
complex RNase inhibitors (NEB) and Mini Complete Protease 
inhibitors (Roche)).

Samples were then prepared for mass spectrometry, follow-
ing on-beads digestion and analysed by mass spectrometry, as 
previously described [66,67]. The Xcalibur software was used 
to acquire the data (Thermo Fisher Scientific). Quantification 
was performed using the MaxQuant version 1.5.2.8 software, 
and the Uniprot human database (10/04/2018, 74,811 entries) 
as described previously [67,68]. Proteins with a coverage >5% 
and a score of >15 were conserved for analysis. PRKN was 
analysed with the triplicate pull-downs, while VPS35 was 
analysed with 2 of the triplicate pull-downs because of the 
lower amount of protein present. The MS/MS counts were 
then analysed using SAINT (a probabilistic scoring of affinity 
purification) in order to compare the WT G4 and G/A mutant 
G4 conditions [45]. Proteins with a score higher than 0.9 and 
with a 10-fold or more enrichment were kept.

In order to confirm the proteins enrichment of GNL1 by 
western blot, 5% of the protein input was removed from the 
cellular lysate, dosed with DC reagent (BIO-RAD) and mixed 
with Laemmli buffer in order to obtain a final concentration 
of 50 mM Tris-HCl (pH 6.8), 1% SDS, 10% glycerol, 0.002% 
bromophenol blue and 2.5% β-mercaptoethanol. After the 
fives washes of the proteins bound to the RNA-bead com-
plexes, 50 µl of Laemmli buffer (50 mM Tris-HCl (pH 6.8), 
1% SDS, 10% glycerol, 0.002% bromophenol blue and 2.5% β- 
mercaptoethanol)were added to the beads to dissolve the 
proteins. An SDS-PAGE was then performed on 30 μg of 
the protein input and 50% of each pull-down. Western blots 

were performed using anti-GNL1 as primary antibody 
(ab245634; Abcam) and anti-rabbit as secondary antibody 
(926-32213; Licor).

Protein purification

In order to produce recombinant protein, the GNL1 sequence 
was fused to an N-terminal glutathione-S-transferase (GST) 
gene in the plasmid pcDNA3.1 (-) and the resulting plasmid 
wasthen was transfected into ten 15-cm dishes of 60% con-
fluent SH-SY5Y cells. Two days post transfection, the cells 
were washed once with PBS and then were scraped in PBS. 
The cells were then harvested by centrifugation at 1 600 x g 
for 10 min, and the resulting supernatant discarded. The cell 
pellet was resuspended in 20 mL of lysis buffer (1X PBS, 
1 mM EDTA, 250 mM NaCl, 10% glycerol, 1 mM DTT and 
1 tablet of Mini Complete Protease inhibitors (Roche)). Triton 
X-100 (210 µL) was then added and the solution was soni-
cated at 20% power for 20 cycles of 5 sec ON – 5 sec OFF 
using a Branson Digital Sonifier 450. The resulting solution 
was then incubated for 30 min at 4°C prior to being centri-
fuged at 17 000 x g for 10 min at 4°C. The supernatant was 
then carefully transferred into a new tube. In parallel, of 
glutathione Sepharose 4B beads (250 µL, GE healthcare) 
were washed three times with lysis buffer. The beads were 
then added to the cellular lysate and the sample incubated for 
3 h at 4°C. The sample was then centrifuged at 225 x g for 
2 min at 4°C and the supernatant discarded. The beads were 
then washed twice with lysis buffer containing 1% Triton 
X-100), twice with cold PBS and once with wash buffer 
(50 mM Tris-HCl pH 8.0, 250 mM of NaCl and 0.1% Triton 
X-100). The GST-GNL1 was then eluted by incubating for 
15 min with 250 µL of elution buffer (10 mM reduced glu-
tathione, 50 mM Tris-HCl pH 8,0, 250 mM NaCl, 10% 
Glycerol and 0.1% Triton X-100). The elution step was 
repeated four times. The different fractions were then com-
bined and dialysed for 16 h using a 3 mL Slide-A-Lyzer 
Dialysis Cassette (10 K MWCO; Thermo Fisher) with dialyse 
buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 2 mM DTT 
and 10% glycerol). Finally, the protein concentration was 
estimated using the DC protein assay (BIO-RAD), and the 
purity was evaluated by SDS-PAGE.

Electrophoretic mobility shift assay (EMSA)

In order to confirm the binding of GST-GNL1 to the G4 
structures of both the PRKN and the VPS35 5ʹUTRs, EMSA 
were performed with the same 5ʹ-labelled transcripts as were 
used in the in-line probing experiments. For each assay, 500 
CPM of labelled RNA were mixed with 1 nM of unlabelled 
transcript in folding buffer (20 mM Tris-HCL pH 8.0 and 
100 mM KCl), and the samples were then incubated for 5 min 
at 70°C prior to slow cooling at room temperature over 
a period of 1 h. Next, for every 7,5 µL of RNA solution of, 
11.25 µL of binding buffer (200 mM Tris-HCl pH 8.0, 
900 mM KCl, 10 mM MgCl2 and 50% glycerol), 0.94 µL of 
RNase inhibitor (40 U/µL), 7.5 µL of BSA (3 mg/ul), 7.5 µL of 
yeast total RNA (2 ug/µL) and 6,5 µL of water were added. 
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The recombinant protein was then added at concentrations 
ranging from 0 to 1816 nM. The samples were then incubated 
for 20 min at room temperature and then electrophoresed 
through a 5% native polyacrylamide gel in TBE buffer at 20 V/ 
cm for 1 h at 4°C. The shift percentages were evaluated using 
the formula «Shift/(Shift + No shift RNA)». The dissociation 
constants (Kd) were calculated with the GraphPad software 
(Prism) using the ‘specific binding with hill slope nonlinear 
regression function’.

Statistical analysis

Statistical analyses were performed using the GraphPad soft-
ware (Prism). Depending on the experiments, either the One- 
sample Kolmogorov-Smirnov test or the Two-way ANOVA 
test was used (see the figure legends for a description). 
A p-value of less than 0.05 was considered statically signifi-
cant. Proteins statistically enriched in the pull-down experi-
ments were identified with SAINT [45]. * represented 
a p-value < 0.05, ** a p-value < 0.01, *** a P-value < 0.001 
and **** a p-value < 0.0001.
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