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Circ-Hdgfrp3 shuttles along neurites
and is trapped in aggregates
formed by ALS-associated mutant FUS

Eleonora D'Ambra,'?° Tiziana Santini,’-?°> Erika Vitiello,'-* Sara D'Uva," Valentina Silenzi,’?

Mariangela Morlando,** and Irene Bozzoni'?3:4*

SUMMARY

CircRNAs belong to a family of RNA molecules which are conserved in evolution,
have tissue-specific expression, and are abundant in neuronal cells. Here, we define
several features of circ-Hdgfrp3 and describe interesting alterations occurring in
motor neurons (MNs) carrying ALS-associated FUS mutations. Through a highly sen-
sitive in situ approach we describe that circ-Hdgfrp3 traffics along neurites, while
upon oxidative stress it is retained in the perinuclear region. While in wild-type
stressed MNs, circ-Hdgfrp3 localizes in stress granules (SGs), in MNs carrying
mutant FUS, a higher proportion of circ-Hdgfrp3 was trapped into cytoplasmic ag-
gregates. Upon stress removal, circ-Hdgfrp3 was easily freed from SGs whereas it
was less efficiently released from FUS-aggregates. We found that the human circ-
Hdgfrp3 counterpart was also similarly associated to mutant FUS-aggregates in
stressed neuronal cells. Overall, the alteration of circ-Hdgfrp3 trafficking adds a
further layer of complexity to the role of FUS-aggregates in ALS disease.

INTRODUCTION

CircRNAs belong to a class of covalently closed circular RNA molecules arising from a non-canonical
splicing event in which a downstream 5 splice site (SS) is joined to an upstream 3’ SS. Such a reaction pro-
duces a novel splice junction, named back-splicing junction (BSJ) (Wilusz, 2018), which represents a distinc-
tive feature of circRNAs and allows them to be discriminated from their corresponding linear counterparts
(Salzmanetal., 2012; Memczak et al., 2013). Indeed, high-throughput RNA sequencing methodologies that
recognize reads mapping on the back-splicing junction (BSJ) (Mortazavi et al., 2008) have enabled the iden-
tification of a prominent number of circRNAs differentially expressed in tissues, during development and in
different pathological conditions (Salzman et al., 2012, Memczak et al., 2013; Rybak-Wolf et al., 2014; Veno
etal., 2015; Chenetal., 2019; Mahmoudi and Cairns, 2019; Salvatori et al., 2020). CircRNAs also show a high
degree of conservation among species (Jeck et al., 2013; Wang et al., 2014; Westholm et al., 2014). Different
functional roles have been assigned to circRNAs (D'Ambra et al., 2019): the majority of them have the ability
to bind microRNAs, thus acting as regulators of their activity on target messenger RNAs (mRNAs) (Hansen
etal., 2013; Piwecka et al., 2017). CircRNAs can also regulate protein levels and activity (Ashwal-Fluss et al.,
2014; Liuetal.,, 2019; Rossi et al., 2019), they can be substrates for translation (Legnini et al., 2017; Pamudurti
et al.,, 2017) and can also regulate transcription of their host gene (Li et al., 2015). Notably, circRNAs have
been shown to be highly enriched in the brain, where they are also capable of reaching the synapses (Ry-
bak-Wolf et al., 2014; Ashwal-Fluss et al., 2014; You et al., 2015), be embedded in extracellular vesicles
(Lasda and Parker, 2016), including exosomes (Fanale et al., 2018), and be secreted in cerebrospinal fluid
(Hosaka etal., 2019). The relevance of circRNAs in the neuronal system is further supported by experimental
evidence demonstrating that these molecules are altered in neurological conditions (Lukiw, 2013; Errichelli
etal., 2017; Wang et al., 2018), and that their expression and trafficking through synapses can be modulated
by neuronal stimuli (You et al., 2015). In a previous work, we demonstrated that a set of circRNAs expressed
in murine motoneurons (MNs) are affected by the depletion of FUS (Errichelli et al., 2017), which is an ubig-
uitous RNA binding protein involved in different steps of DNA/RNA metabolism, particularly in splicing (La-
gier-Tourenne et al., 2010).

Mutations of the FUS gene are related to the familial form of Amyotrophic Lateral Sclerosis (fALS) (Kwiat-
kowski et al., 2009; Vance et al., 2009), a neurodegenerative disease characterized by the degeneration of
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upper and lower MNs leading to muscular weakness and atrophy, and death due to respiratory failure, 3-5
years post symptom onset (Taylor et al., 2016). Notably, although a small percentage of patients with fALS
carry FUS mutations (Kwiatkowski et al., 2009; Vance et al., 2009), this protein together with TDP-43 links
ALS to Frontotemporal Lobar Degeneration because in both pathologies these proteins have been found
to form insoluble cytosolic inclusions (Neumann et al., 2009; Dormann and Haass, 2011). The FUS protein is
mainly nuclear; instead different mutant derivatives delocalize to the cytoplasm where, upon different in-
sults, they form insoluble aggregates which sequester several types of RNAs and proteins (Dormann et al.,
2010; Bosco et al.,, 2010; Lenzi et al., 2015). Moreover, axonal transport abnormalities have also been re-
ported in in vitro-derived FUS mutant MNs and in ALS animal models (Williamson and Cleveland, 1999;
Baldwin et al., 2016; Guo et al., 2017; Sama et al., 2017). This might affect the transport from the cell
body to the axon periphery of organelles, vesicles, proteins, mRNPs (messenger RiboNucleoProteins),
and lipids that are normally required for correct synaptic function (De Vos and Hafezparast., 2017). As
several circRNAs also show synaptic localization (You et al., 2015), in particular during synaptic plasticity,
we investigated circRNA localization in murine MNs carrying the FUS-P517L mutation, corresponding to
the human FUS-P525L, which is linked to one of the most severe and juvenile forms of fALS (Chio et al.,
2009; Conte et al., 2012).

Among the circRNAs previously identified as expressed in MNs and modulated by the FUS protein, we
selected circ-Hdgfrp3 (previously named ¢-31 in Errichelli et al., 2017), a multi-exonic circRNA that arises
from the Hdgfrp3 gene. This choice was mainly dictated by the fact that circ-Hdgfrp3 is strongly upregu-
lated during in vitro MN differentiation of mouse embryonic stem cells (mESCs), accumulates at high levels
in mature MNs, and is conserved in humans (Errichelli et al., 2017). Moreover, its host gene has been
described as a neurotrophic and neuroprotective factor, as well as being involved in neuritogenesis (El-Ta-
hir et al., 2009; Abouzied et al., 2010).

In this study, using a new sensitive single-molecule FISH technology (Basescope), we found that both in wild
type (WT) and mutant FUS MNss, a considerable fraction of circ-Hdgfrp3 localizes in neurites. Upon oxida-
tive stress, the circRNA became retained in SGs and in FUS-aggregates, lacking almost completely at the
cell periphery. Neurite localization of circ-Hdgfrp3 was recovered after stress removal, even if in FUS-P517L
aggregates the release of the circRNA was slightly slower compared to its release from SGs. Association to
FUS-aggregates was also found in neuronal cells carrying the corresponding highly pathogenic human mu-
tation FUS-P525L. In conclusion, our work identifies a novel type of non-coding RNA which is sequestered
within FUS-aggregates and, as a consequence of this, becomes mislocalized.

RESULTS

In situ analysis of circ-Hdgfrp3

This study focuses on circ-Hdgfrp3, a conserved multi-exonic circRNA arising from exons 2-5 of the Hdgfrp3
gene (Figure 1A). This circRNA resulted strongly upregulated during in vitro MN differentiation of mESCs
and accumulated at high levels in mature MNs (Errichelli et al., 2017). In order to gain insight about circ-
Hdgfrp3 function, we decided to investigate its subcellular localization through an imaging approach. A
new single-molecule FISH technology called Basescope was applied to MNs derived from mESCs induced
to differentiate toward the MN-specific fate, according to Wichterle and Peljto (2008). Following this pro-
tocol, embryoid bodies (EBs) are formed after 6 days of differentiation. EBs are then dissociated and plated
as a mixed cell population in the presence of BDNF, GDNF, and CNTF to induce MN maturation and axon
elongation (Wu et al., 2012) (Figure STA). The mixed population contains approximately =50% of bona fide
MNs, as indicated by the expression of the GFP reporter gene under the control of the MN-specific Hb9
promoter and by the parallel onset of the MN-specific marker ISLET (Figures S1B-S1D). Owing to this
enrichment, the mixed neuronal population, without discriminating for GFP positive or negative cells,
was used for all the analyses. The Basescope technology is based on the use of two Z-probes that allow
the formation of a signal amplification “tree” only when bound to adjacent sequences. This technology, pre-
viously used to successfully identify splice variants (Erben et al., 2018; Guo et al., 2018), was applied to circ-
Hdgfrp3 by designing two Z-probes complementary to the sequences flanking the BSJ, thus avoiding cross
hybridization with the linear mRNA counterpart (Figure 1B). Two days after EBs dissociation, the cells were
fixed with 4% paraformaldehyde and analyzed through the Basescope procedure in combination with ISLET
immunofluorescence to identify the MN-specific cell population (Figure S1B). Clear hybridization signals
were obtained with circ-Hdgfrp3-specific probes (Figures 1C and STE), which were almost exclusively pre-
sentin MN cells, expressing both GFP and ISLET, whereas a small percentage was present in non-MN cells,
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Figure 1. In situ detection of circ-Hdgfrp3

(A) Schematic representation of Hdgfrp3 pre-mRNA, mRNA, and circ-Hdgfrp3. Canonical and back-splicing events are
also indicated. Exonic and intronic regions are depicted by boxes (gray boxes for 5'- and -3”- UTR and black boxes for the
coding region) and lines respectively.

(B) Schematic representation of Basescope-FISH technology used for circ-Hdgfrp3 detection (left). Two Z-probes
targeting the single BSJ, absent in Hdgfrp3 mRNA (right), together with the amplification “tree” are shown.

(C) Basescope-FISH for circ-Hdgfrp3 (left panel) and for the bacterial RNA DapB (NEG ctrl, right panel) performed on MNs
at day 2 after dissociation (20X magnification).

(D) Basescope-FISH for circ-Hdgfrp3 performed on N2a cells transfected with siRNAs scramble (si-SCR; left panel) and
siRNAs against the BSJ of circ-Hdgfrp3 (si-CIRC; right panel) (40x magnification).

(E) Graph showing the quantification of circ-Hdgfrp3 dots (shown in panels “d") in N2a cells upon si-SCR and si-CIRC
treatments. Error bars represent SEM (N = 3); approximately a total of 1000 cells have been considered for each replicate

on images acquired with 10X magnification.
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Figure 1. Continued

(F) Graph showing the RT-gPCR relative quantity of circ-Hdgfrp3 (CIRC) and of its linear counterpart (LIN) in N2a cells
upon si-SCR and si-CIRC treatments (panels in “d"). Values were normalized against ATP50 and expressed as relative
quantities with respect to si-SCR set to a value of 1. Error bars represent +SEM (N = 3). *p < 0.05 and ns (not significant; p
> 0.05) correspond to an unpaired two-tailed Student'’s t test. All scale bars correspond to 10 um.

negative for both MN markers (Figures S1B, S1C, and S1F). The specificity of the circ-Hdgfrp3 hybridization
was assessed using two Z-probes designed for the bacterial RNA DapB as a negative control, which did not
reveal any signal (Figures 1C and STE, NEG ctrl). A further control for the specificity of the FISH approach
was made in murine N2a cells that are easily transfectable even if expressing circ-Hdgfrp3 at lower levels
(Figure S1G). These cells were treated with siRNAs against the circ-Hdgfrp3 BSJ producing a strong and
significant reduction of circ-Hdgfrp3 positive cells (Figures 1D and 1E). Under these conditions, we
observed a specific downregulation of the circRNA, while the levels of the linear counterpart remained un-
affected (Figure 1F). Altogether, these results indicate that the Basescope methodology provides an effec-
tive and specific method for circRNA detection. We also noticed that this methodology produces dots of
different sizes; this could be due to either the presence of a different number of circRNA molecules in
the same district or to an intrinsic limitation of the technology that, being based on exponential probe
amplification, does not allow refined quantifications.

In order to study the subcellular distribution of circ-Hdgfrp3, we combined the Basescope procedure with
immunofluorescence for TUBB3. Figures 2A and S2A show that circ-Hdgfrp3 is localized in cell bodies and
in neurites of MNs suggesting that this molecule can reach the cellular periphery.

We then tested whether circ-Hdgfrp3 localization in neurites paralleled MN maturation. We performed
Basescope-FISH assays for circ-Hdgfrp3 at different time points (Figure 2A). Notably, we observed a sig-
nificant increase in the number of circ-Hdgfrp3 signals in neuronal processes during maturation, paralleling
the formation of a dense network of neurites (Figures 2B and S2B). These results indicate that the establish-
ment of neuronal connections and the increased branching correlate well with the localization of circ-
Hgfrp3 in neurites, suggesting a possible role of this molecule at the periphery of MNs.

Circ-Hdgfrp3 localization is altered in stress conditions

Circ-Hdgfrp3 biogenesis was previously shown to be affected by FUS depletion (Errichelli et al., 2017),
while it is not altered in MNs carrying the P517L knockin FUS mutation in homozygosity (Capauto
et al., 2018). The FUS-P517L mutation corresponds to the human FUS-P525L, which is linked to a severe
and juvenile form of fALS (Chio et al., 2009; Conte et al., 2012). Because this mutation is known to cause a
strong cytoplasmic delocalization of FUS (Lenzi et al., 2015), we asked whether this might influence circ-
Hdgfrp3 localization.

In order to test this hypothesis, we performed Basescope-FISH for circ-Hdgfrp3 combined with immuno-
fluorescence for TUBB3 and FUS in WT and FUS-P517L MNs. In mutant MNs, we did not observe any
change in circ-Hdgfrp3 localization with respect to the WT condition: the circRNA was still present both
in the soma and in neurites (Figure 3A upper panels). This result indicates that the FUS mutation does
not affect circ-Hdgfrp3 localization.

Mutant FUS is known to form cytoplasmic aggregates in MNs and glia from postmortem tissues (Kwiatkow-
skietal., 2009; Vance et al., 2009) and this can be recapitulated in vitro by applying different types of cellular
stress (Lenzi et al., 2015). Therefore, we treated WT and mutant MNs with sodium arsenite (ARS), and we
noticed that oxidative stress compromised circ-Hdgfrp3 localization in neurites, both in WT and FUS
mutant cells. Indeed, we observed a significant retention of circ-Hdgfrp3 in the soma and perinuclear re-
gions with an almost complete absence at the periphery (Figures 3A lower panels and 3B). Notably, this
was not due to a disruption of the cytoskeleton (Zhou et al., 1999, Gardiner et al., 2013) because in our
experimental conditions the neuronal processes labeled with TUBB3 antibodies remained intact
(Figure 3A).

Circ-Hdgfrp3 associates to different types of granules

As oxidative stress induces SG formation, we hypothesized that the retention of circ-Hdgfrp3 in the peri-
nuclear region could be due to a possible recruitment of the circRNA in these granules.

4 iScience 24, 103504, December 17, 2021



iScience

MN-d1 MN-d2

B

50 ,#l

g =

3 40

| =

x=4

w30

g

¥

2 207

&

S 104

[e]

x
0 T T

| I |
& & L

P S
S & &

Figure 2. Localization of circ-Hdgfrp3 in neurites of MNs

(A) Basescope-FISH for circ-Hdgfrp3 (red) and Immunofluorescence for TUBB3 (white) in MNs at different time points of
maturation (d1, d2, d3, and d6;(20x magnification). Yellow arrows point to circ-Hdgfrp3 in neurites.

(B) Graph showing the percentage of circ-Hdgfrp3 molecules detected in neuronal processes at different time points of
MN maturation. Error bars represent £ SEM (N = 4). Approximately 150 cells have been analyzed for each replicate. *p <
0.05 and **p < 0.01 correspond to ordinary one-way Anova multiply comparison. All scale bars correspond to 10 um.

We performed circ-Hdgfrp3 Basescope-FISH in ARS-treated MNs, coupled with immunofluorescence for
FUS and TIAR (TIA-1 related protein), the latter being selected as a canonical marker of SGs (Kedersha
et al., 1999) (Figures 4A and S3).

The presence of circ-Hdgfrp3 in granules was then quantified in WT and in FUS-P517L MNs. This was
defined by 3D rendering and by the coplanarity of circ-Hdgfrp3 signals with those of FUS or TIAR along
the z axis (Figures 4B, S4A, and S4B). By applying these procedures, we observed that in WT MNs only
10% of circ-Hdgfrp3 was associated with TIAR-positive SGs. On the contrary, in FUS-P517L MNs, 16% of
circ-Hdgfrp3 was found associated with TIAR and FUS in SGs, while an additional 18% was found associated
with FUS-aggregates devoid of the SG marker TIAR (Figure 4C).

Although mutant FUS mostly colocalize with stress granule markers (Bosco et al., 2010; Lenzi et al., 2015),
we could detect some FUS assemblies that do not overlap with TIAR in our system. We will refer to
these as FUS-aggregates in order to distinguish them from granules containing both TIAR and FUS.
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Figure 3. Circ-Hdgfrp3 localization in stress conditions

(A) Basescope-FISH for circ-Hdgfrp3 (red) and Immunofluorescence for TUBB3 (white) and FUS (green) in WT and FUS-
P517L MNs untreated (NT, upper panels) and treated with arsenite 0.5 mM for 1 h (ARS, lower panels). Arrows indicate
circ-Hdgfrp3 signals localized in neuronal processes (60x magnification).

(B) Scatterplot showing the percentage of circ-Hdgfrp3 signals in neuronal processes in WT and FUS-P517L MNs treated
as in "a".Error bars represent +SD of 5 groups of 20 cells. *p < 0.05, **p < 0.01, and ns (not significant; p > 0.05)
correspond to an unpaired two-tailed Student’s t test. All scale bars correspond to 10 um.

We then focused on FUS-containing SGs and through the signal distribution analysis of TIAR and FUS
with respect to circ-Hdgfrp3, we observed that TIAR overlapped with circ-Hdgfrp3 in one-third of
them (Figures S4A and S4C), whereas FUS was found in intimate association with the circRNA in 63%
of the cases (Figure S4B upper panels and S4C). Whether these differences reflect different types of as-
semblies or dynamic processes of SG modification is difficult to assess. Instead, a tight interconnection
between circ-Hdgfrp3 and FUS seemed to be common in FUS-aggregates independent from SGs (Fig-
ure S4B lower panels).

We also tested the level of colocalization between circ-Hdgfrp3 and the cytoplasmic FUS-P517L protein in
untreated versus ARS conditions and found that a significant overlap was detectable only in stress
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Figure 4. Spatial characterization of granules colocalizing with circ-Hdgfrp3

(A) Upper panels: Basescope-FISH for circ-Hdgfrp3 (red) and Immunofluorescence for FUS (green) and TIAR (white) in WT
and FUS-P517L MNs treated with arsenite (ARS) (60x magnification). Lower panels: digital magnifications of white boxes
with FUS (left) and TIAR (right) separate channels.

(B) 3D rendering showing architecture of the granules (shown in white boxes, lower magnification of panel a) along the x,
y, and z axes and graph showing the distributions of circ-Hdgfrp3 (red), FUS (green), and TIAR (gray) fluorescence intensity
(A.U.= Arbitrary Units) along the Z axes. Left: WT granule; right: FUS-P517L granule.

(C) Graph showing the percentage of circ-Hdgfrp3 dots contained in TIAR and/or FUS granules in WT and in FUS-P517L
MNs. Error bars represent £SEM (N = 3).

(D) Immunofluorescence for p62/SQSTM1 (p62, magenta), FUS (green), and Basescope-FISH for circ-Hdgfrp3 (red) in FUS-P517L
MNs treated with arsenite (ARS) (60x magnification). White arrows show circ-Hdgfrp3 colocalizing with pé2 and FUS.

(E) Histogram shows the average of 3D-Pearson’s correlation coefficients for circ-Hdgfrp3 and FUS (CIRC/FUS), circ-
Hdgfrp3 and p62 (CIRC/p62), FUS and p62 (FUS/pé2). ns (not significant; p > 0.05) and **p < 0.01 correspond to an
unpaired two-tailed Student’s t test. (N = 18 granules). All scale bars correspond to 10 pm.
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conditions (Figures S5A and S5B, left panels). This observation was highlighted by 3D rendering and Im-
aged z axis plot profile (Figures S5A and S5B, middle and right panels) and quantified by 3D Pearson'’s cor-
relation coefficient (r-values; Figures S5C and S5D) which indicates colocalization if r>0 and non-colocali-
zation if r<0. Notably, the circ-Hdgfrp3/FUS-P517L colocalization in ARS-treated cells was significantly
higher with respect to untreated conditions (Figures S5C, r>0 average), further demonstrating the intimate
proximity of the two factors in stressed cells and reinforcing the coplanarity analysis provided on Z-stacks
(Figures S5A and S5B). In addition, the distribution of r-values for the untreated and ARS conditions showed
opposite trends, with the tendency to be lower than “0” for the former and higher than “0" for the latter
(Figure S3H).

We also tested the presence of two different aggregate markers, p62/SQSTM1 and ubiquitin (Lagier-Tour-
enne et al., 2010), in FUS-aggregates containing circ-Hdgfrp3 (Figures 4D and Sé upper panel). We
observed that p62 signals colocalized with FUS-aggregates with or without circ-Hdgfrp3. We more accu-
rately analyzed the colocalization of circ-Hdgfrp3 signals with FUS or p62 through 3D Pearson'’s correlation;
the data show a positive correlation coefficient in both cases (r>0; Figure 4E). Through the same analysis,
we found that the overlap between FUS and pé2 had an even higher correlation coefficient (Figure 4E). In
the case of ubiquitin, antibodies specific for both the free and conjugated forms revealed that upon stress it
is present in assemblies that do not overlap with FUS-aggregates (Figure Sé). This result is in line with pre-
vious observations, showing that FUS-aggregates analyzed in vitro do not always colocalize with ubiquitin
(Farrawell et al., 2015).

Finally, we performed a staining for TDP-43, an RNA binding protein sharing many common features with
FUS (Lagier-Tourenne et al., 2010), in order to verify whether it colocalizes with FUS-aggregates containing
circ-Hdgfrp3. In the brain and spinal cord of patients with ALS, FUS-aggregates have been shown to lack
TDP-43 (Lagier-Tourenne et al., 2010; Blair et al., 2010). Indeed, we did not observe any colocalization of
TDP-43 with cytoplasmic FUS-aggregates, regardless of whether these contained circ-Hdgfrp3 (Figure S6
lower panel).

We then evaluated the re-localization of circ-Hdgfrp3 in neurites upon stress removal and tested the ability
of SGs and FUS-positive granules to dissolve and release circ-Hdgfrp3 (Figures 5A-5D). We found that after
240 min, WT MNs recovered almost 64% of circ-Hdgfrp3 localization in neurites, whereas mutant MNs
showed a slightly lower (51%), although significant, release at the periphery (Figure 5B). Moreover, with
respect to the SGs formed in the WT condition, cytoplasmic assemblies in mutant MNs displayed a signif-
icantly higher retention of the circRNA upon stress removal (Figures 5C and 5D).

Altogether, these results indicate that mutant FUS exacerbates the effect of oxidative stress in seques-
tering circ-Hdgfrp3 in cytoplasmic assemblies. Because SGs can be dissolved more efficiently than FUS-
containing aggregates upon stress removal, it can be hypothesized that the long-lasting trapping of
circ-Hdgfrp3inside FUS inclusions in ALS-related conditions might interfere with its trafficking and possibly
with its functional activity.

Circ-Hdgfrp3 associates to FUS-aggregates in human neuronal cells

We then analyzed the localization of circ-Hdgfrp3 in SK-N-BE cells expressing circ-Hdgfrp3 together with
either the WT FUS or the FUS-P525L mutant. The results indicate that also in these cells, circ-Hdgfrp3 is
localized in the neurites in untreated conditions (Figure 6A); whereas, upon ARS treatment, it associates
with SGs in WT cells (17%) and even more with mutant FUS-positive aggregates (45%), indicating that
this feature is conserved between mouse and human (Figures 6B-6D). As a control, upon stress induction
the more ubiquitous circ-ZNF609 (Legnini et al., 2017) did not show any change in the association with SGs
or FUS-aggregates in WT vs mutant condition (Figures S7A and S7B).

DISCUSSION

CircRNA detection methods are quite challenging because these molecules share their sequences with the
corresponding linear mRNA apart from the single region where the back-splicing reaction occurs. There-
fore, methods that use multiple probes, while on one hand reach high levels of sensitivity, on the other they
do not allow the distinction between the circular molecule and its linear counterpart (Orjalo and Johansson,
2016; Kocks et al., 2018). To overcome this limit, we applied a new FISH technology, Basescope, which
makes use of two Z-probes to target the region spanning across the BSJ, which are then amplified by a
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Figure 5. Upon stress removal circ-Hdgfrp3 partially recovers its neurites localization and shows higher
persistence in FUS-aggregates with respect to SGs

(A) Basescope-FISH for circ-Hdgfrp3 (red) and Immunofluorescence for FUS (green) and TIAR (white) in WT and FUS-
P517L MNs upon stress removal (240 min of recovery: 240’ rec). Arrows indicate circ-Hdgfrp3 in neurites (20%
magnification).

(B) Graph showing the fraction of circ-Hdgfrp3 in neurites in arsenite (ARS) condition and after 240 min of stress removal
(240'), expressed as relative fold change respect to non-treated condition (NT) set to a value of 1. Error bars

represent £SEM (N = 3), approximately 200 circ-Hdgfrp3 spots have been counted for each replicate.

(C) Basescope-FISH for circ-Hdgfrp3 (red) and Immunofluorescence for FUS (green) and TIAR (white) in WT and FUS-
P517L MNs treated with arsenite and upon stress removal (240’ rec). Arrows indicate circ-Hdgfrp3 in TIAR and/or FUS
positive granules. Acquisitions with 100X magnification.

(D) Graph showing the fraction of circ-Hdgfrp3 retained in granules (TIAR and/or FUS positive), in WT and FUS-P517L
MNs, after 240 min of stress removal (240’), expressed as relative fold change respect to arsenite condition (ARS) set to a
value of 1. Error bars represent +SEM (N = 4). Approximately 60 circ-Hdgfrp3 spots have been analyzed for each
condition.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns (not significant; p > 0.05) correspond to one-way ANOVA test
(graph b) and an unpaired two-tailed Student’s t test (graph d). All scale bars correspond to 10 um.
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Figure 6. Circ-Hdgfrp3 localization in human neuronal cells

(A) Human circ-Hdgfrp3 spots (red) by Basescope-FISH in neuronal processes viewed by Immunofluorescence for TIAR
(white signal) in human SK-N-BE cells expressing WT and FUS-P525L at day 6 of differentiation.

(B) Basescope-FISH for human circ-Hdgfrp3 (red) and Immunofluorescence for FUS (green) and TIAR (white) in SK-N-BE
cells. Digital magnifications of the granules are shown at the side of each panel.

(C) Graphs showing the distributions of human circ-Hdgfrp3 (red), TIAR (gray), and FUS (green) fluorescence intensity
(A.U.= Arbitrary Units) along the X (or Y) and Z axes.

(D) Graph showing the percentage of circ-Hdgfrp3 dots included in TIAR and/or FUS granules in SK-N-BE cells. ***p <
0.01 corresponds to an unpaired two-tailed Student’s t test. Error bars represent £SEM (N = 3). All scale bars correspond
to 10 pm.

specific overlapping probe. In such conditions, amplification can occur only on the circRNA, thus avoiding
any amplification of the linear counterpart.

Although circRNAs have been extensively studied in the brain (D'Ambra et al., 2019), there are still only a
few studies focusing on their specific subcellular localization in neuronal cells (Piwecka et al., 2017), and
whether this changes in response to specific stimuli or pathological conditions (You et al., 2015).

In this work, we show that the MN-specific circ-Hdgfrp3 is present in neuronal processes, and that this local-
ization increases with MN maturation when cells establish a dense neurite network.

Oxidative stress strongly affected such localization and caused circ-Hdgfrp3 retention at the perinuclear
region. In control MNs, circ-Hdgfrp3 was found in assemblies related to SGs, while in MNs carrying the
FUS-P517L mutation it was also associated to FUS-aggregates not related to SGs.

Even though mutant FUS-positive granules generally colocalize with SG markers (Bosco et al., 2010; Lenzi

et al.,, 2015), our results are in line with other previous studies showing FUS-aggregates lacking or weakly
associated with SG markers such as TIAR or G3BP (Kino et al., 2011; Shelkovnikova et al., 2014).

10 iScience 24, 103504, December 17, 2021

iScience



iScience

Moreover, 3D rendering and post-acquisition analyses showed an intimate connection of circ-Hdgfrp3
and mutant FUS that was not observed with TIAR. FUS-aggregates containing circ-Hdgfrp3 also asso-
ciate with the p62/SQSTM1 protein, suggesting that these granules might eventually undergo degrada-
tion through autophagy. Interestingly, p62/SQSTM1 has been found associated to FUS inclusions in the
brain and spinal cord of patients suffering from ALS and FTLD (Neumann et al., 2009; Lagier-Tourenne
et al., 2010).

On the contrary, in our experimental conditions, ubiquitin was not detected in FUS-aggregates contain-
ing circ-Hdgfrp3 even though pathological FUS inclusions have been described to be immunoreactive
for ubiquitin (Lagier-Tourenne et al., 2010). This can be explained by the timing and strength of the arse-
nite treatment applied in this study that cannot faithfully reproduce the conditions occurring in ALS
patients.

TDP-43 was also not detected in FUS-aggregates. Although TDP-43 was detected in mutant FUS-aggre-
gates when both proteins were overexpressed (Farrawell et al., 2015), it is generally absent in pathological
FUS inclusions, in line with what we have observed.

Upon stress removal, circ-Hdgfrp3 only partially recovered its neurite localization from FUS mutant ag-
gregates, suggesting that in ALS-associated conditions the long-lasting persistence of FUS-aggregates
may have an impact on circRNA localization and function. Owing to the peculiar localization of circ-
Hdgfrp3 in neurites, it is possible to envisage a function in the control of intracellular trafficking. While
organelles such as mitochondria and endosomes utilize the microtubule-based motors kinesin and
dynein for long-range transport, how membrane-less RNP granules are transported still remains a largely
unexplored field. Recent work demonstrated that RNP particles can shuttle along neurites by hitchhiking
to different types of organelles, such as lysosomes (Liao et al., 2019) or endosomes conjugated to mito-
chondria (Cioni et al., 2019); moreover, oxidative stress was shown to compromise anterograde transport
of mitochondria and Golgi-related vesicles (Fang et al., 2012; Liao et al., 2017). These aspects are quite
relevant in neuronal homeostasis because mutations in RNA binding proteins, molecular motors, and
microtubule components have all been previously associated with neurodegeneration, underlining the
important role of RNA transport to ensure long-standing neuronal function and integrity (Baird and Ben-
nett, 2013).

Pathological aggregation in ALS and in other neurodegenerative diseases is a very well-studied phenom-
enon, which is driven by the propensity of several proteins involved in RNA metabolism and containing low
complexity domains to form aggregates. However, recent studies indicate that the increase in concentra-
tion or the occurrence of specific mutations in these proteins are not the sole triggers of aggregate forma-
tion, but that RNA can also contribute toward the control of the phase transition of RNA-protein assemblies
both in physiological (Van Treeck and Parker, 2018) and pathological conditions (Yin et al., 2009, Maharana
et al., 2018; Kovachev et al., 2019).

Previous RNA sequencing analyses of SGs formed upon oxidative stress have shown that many different
families of ncRNAs are recruited into this type of granule (Khong et al., 2017; Namkoong et al., 2018); how-
ever, the presence of circRNAs has not been described so far, even if some recent studies have shown circR-
NAs interacting with proteins involved in SG formation (Fischer et al., 2020). Here, we are able to show for
the first time that circRNAs can also be present in such granules and that their localization can vary in
response to a specific stress. Moreover, we found that this association is not a general feature of all circR-
NAs and is conserved between murine and human cells carrying a FUS mutation linked to a severe form of
ALS.

Future work focused on the identification of circ-Hdgfrp3 interactors, could establish whether the circRNA
moves as an autonomous RNP or whether specific organelles can mediate its transport; moreover, it could
reveal how its trafficking contributes to MN activity and whether its alteration in stress conditions contrib-
utes to neurodegeneration.

Limitations of the study

In this study, we describe a powerful FISH approach, the Basescope, for the study of circRNA subcellular
localization. This technology holds high specificity and allows the detection of transcripts expressed at
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low levels even at single molecule. However, we could highlight a limitation of this approach: for a
specific circRNA molecule we observed spots of different sizes. This could be due to either the presence
of a variable number of circRNA molecules within each different spot or indeed to a limit of the
technology. Because the Basescope is based on exponential probe amplification, this can result in the
heterogeneous distribution of the probes giving rise to spots of different sizes. Finally, determining
the physiological role of circ-Hdgfrp3 could have added more information about the possible correlation
with the ALS pathology, indeed, this is currently under investigation and will be the focus of further
studies.
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Rabbit polyclonal anti-TLS/FUS Abcam cat#ab84078; RRID:AB_2105201

Mouse monoclonal anti-TIAR

Mouse monoclonal anti-ISLET 1/2
Mouse monoclonal anti-B TUBIII
Rabbit polyclonal anti-TDP43

Rabbit polyclonal anti-p62/SQSTM1
Rabbit polyclonal anti-ubiquitin DAKO

Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488
Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 647

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 647

BD Transduction Laboratories
DSHB

Sigma-Aldrich

Proteintech

Santa Cruz Biotechnology
Labome

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

cat#610352; RRID:AB_397742
cat#39.4D5; RRID:AB_2314683
cat#T2200; RRID:AB_262133
cat#10782-2-AP

cat#D-3 sc-28359

cat#70458

cat#A11001; RRID:AB_2534069

cat#A11008; RRID:AB_143165

cat#A32787; RRID:AB_2762830

cat#A32795; RRID:AB_2762835

Bacterial and virus strains

HIT-DH5alpha JUMBO 107 BioAspect cat#BA-RH617-J
Chemicals, peptides, and recombinant proteins

Sodium Arsenite Sigma-Aldrich cat#S7400
Doxycycline hyclate Sigma-Aldrich cat#D9891
Paraformaldehyde Electron Microscopy Sciences, Hatfield, PA cat#15710
Papain Worthington Biochemical Corporation cat#LK003176
Ovomucoid inhibitor-Albumin Worthington Biochemical Corporation cat#LK003182
Sterile Earle’s Balanced Salt Solution (EBSS) Sigma-Aldrich cat#E7510
Poly-L-ornithine Sigma-Aldrich cat#P-3655
Murine Laminin Sigma-Aldrich cat#L2020
Collagen Type | rat tail Ibidi cat#50201
2-mercaptoethanol for ES cells Sigma-Aldrich cat#ES-007-E
Embryonic stem-cell FBS, qualified, US origin ThermoFisher Scientific cat#16141079
EmbryoMax DMEM Sigma-Aldrich cat#SLM-220-B
EmbryoMax 100X nucleosides for ES cells Sigma-Aldrich cat#ES-008-D
EmbryoMax non-essential a.a. Sigma-Aldrich cat#TMS-001-C
ESGRO® Recombinant Mouse LIF Protein Chemicon cat#ESG11107
PD173074 Sigma-Aldrich cat# P2499
GSK-3 Inhibitor XVI Sigma-Aldrich cat#361559
Advanced DMEM/F12 Gibco cat#12634010
Neurobasal™ Medium Gibco cat#21103049
Dulbecco’s Modified Eagle's ThermoFisher Scientific cat#D6421

Medium/Nutrient Mixture F-12 Ham
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D-(+)-Glucose solution Sigma-Aldrich cat#G8769
Horse serum ThermoFisher Scientific cat#16050122
Deoxyribonuclease | from bovine pancreas Sigma-Aldrich cat#DN25
N-2 supplement Gibco cat#17502-001
GlutaMAX™Supplement ThermoFisher Scientific cat#35050061
B-27™Supplement (50X), serum free ThermoFisher Scientific cat#17504001
Smoothened agonist, SAG Sigma-Aldrich cat#566660
Retinoic Acid Sigma-Aldrich cat#R2625
KnockOut™ Serum Replacement ThermoFisher Scientific cat#10828028
L-ascorbic acid Sigma-Aldrich cat#TMS-001-C
Trypan blue solution ThermoFisher Scientific cat#15250061
L-glutamine Sigma-Aldrich cat#G7513
Recombinant Human GDNF Peprotech cat#450-44
Recombinant Human CNTF Peprotech cat#AF-450-13
Recombinant Human/Murine/Rat BDNF Peprotech cat#450-02
Y-27632 dihydrochloride Sigma-Aldrich cat#Y0503
Penicillin/Streptomycin Sigma-Aldrich cat#P0781
FBS Sigma-Aldrich cat#F7524
DMEM- High glucose Sigma-Aldrich cat#D6546
Opti-MEM™ Reduced Serum Medium Thermo Fisher Scientific cat#31985070
Lipofectamine™ 2000 Transfection Reagent Thermo Fisher Scientific cat#11668019
Lipofectamine™ RNAIMAX Thermo Fisher Scientific cat#13778075
Transfection Reagent
RPMI-1640 Sigma-Aldrich cat#R8758
Sodium Pyruvate Thermo Fisher Scientific cat#11360070
Fetal Bovine Serum, qualified, USA Gibco cat# L.S26140079
all-trans-Retinoic Acid Sigma-Aldrich cat#554720
PBS Sigma-Aldrich N/A
Bovin Serum Albumin Sigma-Aldrich cat#A9418
Triton X-100 Sigma-Aldrich cat#9002-93-1
CloneAmp™ HiFi PCR Premix Clontech cat#639298
PrimeScript RT Master Mix TakaraBio cat#RR036b
PowerUp SYBR-Green MasterMix Thermo Fisher Scientific cat#4385612
Goat serum Sigma-Aldrich cat#G9023
Donkey serum Sigma-Aldrich cat#D9663
Protease IlI ACD cat#322381
RNAscope Wash Buffer Reagents ACD cat#310091
DAPI solution Sigma-Aldrich cat#D9542

ProLong Diamond Antifade Mountant
Critical commercial assays

In-Fusion® HD Cloning Kit

Direct-Zol RNA MiniPrep Kit
BaseScope™ Detection Reagent Kit v2

RNAscope pretreatment reagents

Thermo Fisher Scientific

TakaraBio
Zymo Research
ACD

ACD

cat#P-36961

cat#102518
cat#R2050

cat#323910
cat#322381
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Experimental models: Cell lines

Mouse: HBG3 ES cell line carrying Provided by Prof. Niel A. N/A

an Hb9-GFP transgene Shneider (Columbia University).

Mouse: mESCs carrying FUS P517L Provided by Prof. Niel A. N/A

mutation in homozygosity
Mouse: Neuro-2a (N2a)

Human: SK-N-BE cell lines expressing of
the transgenes WT FUS and FUS-P525L

Oligonucleotides

DNA oligonucleotides for gPCR experiments
used in this work, see Table S1

siRNAs for cell transfection used in this work:
Dharmacon ON-TARGETplus targeting the
circ-Hdgfrp3 BSJ (Sense sequence: 5'-CGG
UGAAGGGAUUGAUGAAUU-3', Antisense
sequence: 5'-UUCAUCAAUCCCUUCAC
CGUU-3); scramble RNA (Non-targeting
Pool #D-001810-10-20)

DNA oligonucleotides used to clone

human circ-Hdgfrp3 into p-circ-3xF
expression vector, see Table 52

Custom DNA circ-Hdgfrp3-specific

probe for BaseScope™

Negative control probe DapB for BaseScope™
Custom DNA circ-ZNF609-specific

probe for BaseScope™

Shneider (Columbia University)
ATCC
(Morlando et al., 2012)

This paper

This paper

This paper

This paper

(Rossi et al., 2019)
(Rossi et al., 2019)

cat#CCL-131™
N/A

N/A

N/A

N/A

cat#703021

cat#701021
cat#708461

Recombinant DNA

p-circ-3xF used for cloning human
circ-Hdgfrp3 expression vector

p-circ-Hdgfrp3 vector used for the
expression of human circ-Hdgfrp3

(Legnini et al., 2017)

This paper

N/A

N/A

Software and algorithms

SDS Applied Biosystem 7500 Fast
Real-Time PCR system software

ImageJ software

MetaMorph® Microscopy Automation
and Image Analysis Software

ImageJ Plot “Z-axis profiler” plugin

ImageJ “3D viewer” plugin

ImageJ “JACoP (Just Another

Colocalization Plugin)” plugin

ThermoFisher Scientific

(Schneider et al., 2012)

Molecular Devices

DimiterProdanov;ZAxis_Profiler.java

Benjamin Schmid;lmageJ_3D_Viewer.jar

Fabrice P. Cordelieres, Institut Curie, Orsay
(France)(Bolte and Cordeliéres., 2006)

N/A

https://imagej.nih.gov/ij/download.html
RRID:SCR_002368; https://www.
moleculardevices.com/products/cellular-
imaging-systems/acquisition-and-analysis-
software/metamorph-microscopy#gref
https://imagej.nih.gov/ij/plugins/
dynamic-profiler/index.html
https://imagej.nih.gov/ij/plugins/3d-viewer/
https://imagej.nih.gov/ij/plugins/
track/jacop.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Irene Bozzoni (irene.bozzoni@uniroma.it).
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Materials availability

All unique/stable reagents generated in this study are available from the lead contact upon request.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell cultures and differentiation

All cell lines used in this study were grown at 37°C, 5% CO,. All cell lines were tested for mycoplasma
contamination.

Murine HBG3 ES cells (embryonic stem cells derived from HB9::GFP transgenic mice) were cultured and
differentiated into spinal motor neurons (MNs) as described in Wichterle and Peljto, 2008 and Capauto
et al., 2018. Briefly, cells were maintained in culture with mESC medium, composed by EmbryoMax
DMEM, 15% Embryonic stem-cell FBS (ThermoFisher Scientific), 1% EmbryoMax 100X nucleosides
(Sigma-Aldrich), 1% EmbryoMax non-essential amino acids (Sigma-Aldrich), 2-mercaptoethanol for ES cells
(Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 1% penicillin-streptomycin (Sigma-Aldrich), sup-
plied with ESGRO Recombinant Mouse LIF Protein (Chemicon) and 2i (PD173074 from Sigma-Aldrich
and GSK-3 Inhibitor XVI from Sigma-Aldrich). For motoneuronal differentiation, HBG3 ES cell-derived
EBs (embryoid bodies) obtained after 6 days of MN differentiation in ADNFK medium (Capauto et al.,
2018).

Generation of embryoid bodies (EBs) was obtained by culturing mESCs in ADNFK medium (1:1) Advanced
DMEM/F12 (Gibco):Neurobasal medium (Gibco), 10% Knock Out Serum Replacement (Gibco), 1% Gluta-
MAX, 1% 2-mercaptoethanol, 1% Pen/Strep). On day 2, ADNFK medium was supplemented with 2% B27
Supplement (Gibco), TuM RA (Sigma Aldrich) and 0.5 pM SAG (Merck Millipore). On day 5, ADNFK medium
was supplemented with 2% B27 Supplement and 5 ng/mL GDNF (Peprotech). On day 6, EBs were dissoci-
ated following the manufacturer’s instructions: incubated with 20U/ml Papain (Worthington Biochemical
Corporation), agitated for 5 minutes by hand and then blocked with 10 mg/ml ovomucoid inhibitor (Wor-
thington Biochemical Corporation) for 5 min. After cells precipitated into a pellet by gravity, supernatant
was removed and cells were resuspended and triturated in PBS supplemented with 0.4% Glucose (Sigma)
2.5% horse serum (Thermofisher scientific), 2% B27, 3mM MgCl,, Deoxyribonuclease | (Sigma-Aldrich,
25pg/ml). Single cells were then plated on 0.01% poly-L-ornithine (Sigma-Aldrich), Murine Laminin
20 pg/mL (Sigma) and maintained in culture with N2B27 medium (50 % DMEM/F-12 Ham, 50 % Neurobasal
Medium, 1% GlutaMAX Supplement, 1% 2-mercaptoethanol, 1% non-essential amino acids, 0.5 % peni-
cillin-streptomycin) supplemented with 2% N-2 supplement (Gibco), 1% B-27 supplement serum free (Ther-
moFisher Scientific), 200 ng/mL L-ascorbic acid (Sigma-Aldrich), 20 ng/mL BDNF (Peprotech), 10 ng/mL
GDNF (Peprotech) and 10 ng/mL CNTF (Peprotech) and 10 mM ROCK inhibitor (Y-27632 dihydrochloride;
Sigma-Aldrich).

Murine Neuro-2a cells (ATCC, Cat. No. CCL-131) were cultured in DMEM high-glucose medium (Sigma-Al-
drich) supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich), L-glutamine (Sigma-Aldrich), 1% peni-
cillin-streptomycin (Sigma-Aldrich). When subjected to cell fixation and imaging analyses, N2a cells were
plated on pre-coated glass coverslips (22.5 ng/ml Collagen Type | rat tail, Ibidi).

Human SK-N-BE cells expressing WT FUS and FUS-P525L transgenes (Morlando et al., 2012) were cultured
in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% FBS, 1% sodium pyruvate, 1% glutamax and
1% penicillin-streptomycin. SK-N-BE cells were differentiated for 6 days with medium containing 10 uM all-
trans-retinoic acid (Sigma-Aldrich) and 2.5% heat inactivated Foetal Bovine Serum, qualified, USA (Gibco).
The expression of the different forms of FUS protein was induced by adding doxycycline (0.2 pg/ml) to the
culture medium 24 hours prior harvesting.
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METHOD DETAILS

Plasmid construction

p-circ-Hdgfrp3 plasmid, used for the expression of human circ-Hdgfrp3, was obtained using p-circ-3xF
(Legnini et al., 2017) as backbone. Circ-Hdgfrp3 DNA sequence (exons 2-3-4-5) was PCR-amplified from
SK-N-BE cDNA using CloneAmp HiFi PCR Premix (Clontech) while the p-circ-3xF was linearized by inverted
PCR using CloneAmp HiFi PCR Premix (Clontech). The oligonucleotides used for cloning are listed in Table
S1. The final plasmid p-circ-Hdgfrp3 was obtained using the In-Fusion HD Cloning Plus kit (Takara Bio)
following manufacturer’s instructions.

Cell transfection

For N2a transfections, siRNAs (Dharmacon-ON-TARGETplus) targeting the circ-Hdgfrp3 backsplicing junction
(siRNA sense sequence: 5-CGGUGAAGGGAUUGAUGAAUU-3'; siRNA antisense sequence: 5'-UUCAUCAA
UCCCUUCACCGUU-3') or a scramble RNA (Non-targeting Pool #D-001810-10-20) were employed. 3x10° cells
plated in 3.5-cm culture dishes were transfected either with 50 nM of si-Circ or si-SCR, previously incubated
20 minutes with 3 pl Lipofectamine RNAIMAX Reagent (ThermoFisher Scientific) and 150 ul Opti-MEM. The
mixture was added to cells in 2 ml fresh medium and cells were harvested after 48 hours of transfection.

To achieve circ-Hdgfrp3 overexpression in differentiated SK-N-BE cells expressing WT or FUS P525L
mutant protein, 3 pg of p-circ-Hdgfrp3 vector were added to 150 ul Opti-MEM reduced serum medium
(ThermoFisher Scientific), and 3 ul Lipofectamine 2000 (ThermoFisher Scientific) were mixed with other
150 pl Opti-MEM, separately. The two mixtures were briefly vortexed and left 5 min at room temperature,
then they were mixed again and after another 20 min at room temperature they were added to cells in 2 ml
fresh medium. Medium was replaced the day after, and cells were harvested 48 h after transfection.

Sodium arsenite cell treatment

To apply oxidative stress on single cell-plated ES-derived MNs (MN-d2; day 2 after EB dissociation), 0.5 mM
sodium arsenite (ARS; Sigma-Aldrich, S7400) was added to the cell media for 60 minutes at 37°C. For re-
covery experiments, media containing ARS was replaced with fresh media lacking ARS. Cells were fixed af-
ter 240 minutes of recovery.

In SK-N-BE cells, oxidative stress was applied by using 0.5 mM ARS for 90 minutes at 37°C. Untreated cells
were used to control each condition in all experiments. Detailed information about the cell fixation used in
this work are provided in the following section.

RNA fluorescence in situ hybridization and immunofluorescence

Cells cultured on pre-coated glass coverslips (0.01% poly-L-ornithine, Sigma-Aldrich, 20 pg/mL murine
Laminin, Sigma-Aldrich) were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
in PBS for 20 min at 4°C. Following the dehydration steps with the ice-cold ethanol series (50%, 70%,
100%), cells were stored at —20°C in absolute ethanol until use. Detection of circ-Hdgfrp3 was performed
via Basescope™ assay (Advanced Cell Diagnostics, Bio-Techne) as previously described in Rossi et al.
(2019), with a little modification. Briefly, fixed cells were permeabilized with Protease Ill (diluted 1:15; ref.
322381) before hybridization with the circ-Hdgfrp3-specific probes, at 40°C for 2 hours. Probes used to
detect circ-Hdgfrp3 (ref. 703021) were custom produced by Advanced Cell Diagnostics and designed to
specifically target the backsplicing junction of the circular RNA. A probe specific for the bacterial RNA
DapB was used as negative control (ref. 701021) while the circ-ZNF609-specific probe (ref. 708461) em-
ployed by Rossi et al. (2019) was used to detect a circRNA that is not regulated by FUS.

Amplification and detection steps were performed in accordance with the manufacturer’s instructions by using
Basescope™ detection reagents V2— RED (ref. 323910). After each amplification step, three washes were per-
formed with 300 ml of 1X RNAscope Wash Buffer Reagents (ref. 310091) for 5 minutes at room temperature.

When FISH staining was combined with Immunofluorescence, cells were incubated with the following pri-
mary antibodies: anti-FUS (Abcam, ab84078) diluted 1:100; Anti-TIAR (BD Transduction Laboratories,
610352) diluted 1:200, anti-ISLET 1/2 (DSHB, 39.4D5) diluted 1:25, anti-B TUBIII (Sigma, T2200) diluted
1:300, anti-TDP43 (Proteintech, 10782-2-AP) diluted 1:200, in 1% goat serum/PBS, overnight at 4°C. Anti-
p62/SQSTM1 (Santa Cruz Biotechnology, sc-28359) and anti-ubiquitin DAKO (Labome, Z0458) were gently
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provided by Serena Carra and were used 1:100 in blocking solution 3% BSA and 0.2% Triton X-100. After
extensive washing, cells were labelled with secondary antibodies: Goat anti-Mouse 488 (Invitrogen, A-
11001), Goat anti-rabbit 488 (Invitrogen, A-11008), Donkey anti-mouse 647 (Invitrogen, A32787), Donkey
anti-Rabbit 647 (Invitrogen, A32795) diluted 1:300 in 1% goat serum/1% donkey serum/ PBS for 45 minutes
at room temperature. Lastly, the nuclei were counterstained with DAPI solution (1 ng/mL/PBS; Sigma-Al-
drich, D9542) for 5 minutes at room temperature and then the coverslips were mounted using ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific, P-36961).

Confocal microscopy

Samples were imaged using an inverted confocal Olympus IX73 microscope equipped with a Crestoptics
X-LIGHT V3 spinning disk system and a Prime BSI Express Scientific CMOS camera, and using an Olympus
iX83 FluoView1200 laser scanning confocal microscope. The images were acquired using a LUCPlanFLN
20X objective (NA 0.45), a UPLANSApo 60X (NA 1.35) oil objective and a UPlanSApo 100X (NA 1.40) oil
objective and were collected with the MetaMorph software (Molecular Devices).

The Z-stack confocal microscopy images were taken automatically (200 nm Z-spacing) and merged with the
maximum intensity projection method. All images were processed with Laplacian of Gaussian filter (Ballar-
ino et al., 2018) and intensity threshold, contrast and brightness were adjusted using the imageJ software.
The co-planarity evaluation of the signals was performed combining the fluorescence distributions of each
channel, recorded in the main grayscale value (expressed as arbitrary units), along Z-planes obtained from
the imageJ Plot Z-axis profile plugin.

Imaging analyses

Colocalization signals were only considered if the profiles overlapped. The 3D-rendering of colocalized signals
was performed with the imageJ software (Schneider et al., 2012) by using the 3D viewer. For the topological
signal distribution analyses the same approach was applied: signals in co-planarity or in proximity were defined
by the signal peak overlap along the X, Y and Z axes. In order to count circ-Hdgfrp3 signals, the ImageJ tool
'Analyse particle’ was used while the specific circ-Hdgfrp3 localization in neurites was performed manually.
The amount of colocalization between circ-Hdgfrp3, FUS-P517L and p62/SQSTM1 was quantified by 3D Pear-
son'’s correlation coefficients on Z-stacks using “"JACoP” Fiji plugin (Bolte and Cordelieres, 2006). In particular,
after applying proper thresholding on whole image, a fixed ROI 3.53 x 3.45 um was outlined in order to confine
single circ-Hdgfrp3 spots surrounded with FUS-P517L signals and then JACoP plugin was launched. On the ba-
sis of classic concept, we define as “colocalized” signals with a Pearson’s coefficient r>0 (positive correlation),
and as "non-colocalized” signals with a Pearson’s coefficient r < 0 (absolute anticorrelation).

RNA extraction and analyses

Total RNA was extracted using the Direct-zol Miniprep RNA Purification Kit (Zymo Research) with a 15-min
on-column DNase treatment, according to the manufacturer’s instructions.

RNA was reverse-transcribed using the PrimeScriptTM RT Reagent Kit (Takara Bio), according to the manufac-
turer’s instructions. cDNA samples were analyzed by quantitative real time PCR using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific), according to the manufacturer’s protocol. RNA levels are relative to
ATP50 mRNA, used as a control gene. Relative RNA quantity was calculated as the fold change (2°°°Y) with
respect to the control sample set as 1, unless differently specified. Oligonucleotides used for qRT-PCR are pro-
vided in Table S2. DNA amplification was monitored with an ABI 7500 Fast gPCR instrument. Data analysis was
performed using the SDS Applied Biosystem 7500 Fast Real-Time PCR system software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The standard deviation or standard error mean of data shown in the figures of this work, the statistical tests
used to calculate significant differences, the exact value of N (number of biological replicates of the exper-
iments), and the scale bar of the images are denoted in figure legends.

Significance values were depicted in the figures using the following key legend: *: p < 0.05, **: p < 0.01,
***%: p < 0.001, ****: p < 0.0001. Error bars indicate SEM. GraphPad Prism was used for statistical test
calculation.
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