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C h a p t e r 4

Effect of G4C2 Repeat
Expansions on the Motion of

Lysosomes Inside Neurites

The G4C2 hexanucleotide repeat expansion (HRE) in the c9orf72 locus is a
mutation associated with amyotrophic lateral sclerosis, and recent evidence
suggests a link with disrupted axonal trafficking in neurons. Here, using a
neuron-like cell line without, or transfected with, G4C2 repeats, we characterize
the motion of lysosomes inside neurites which were either aligned or oriented
randomly on the substrate, implementing time-resolved (local) mean squared
displacement (l)MSD analysis and differentiation among sub-diffusive, diffusive,
and super-diffusive trajectory parts. Our results suggest that in the presence of
the G4C2 repeats, lysosome motility is hampered, exhibiting overall decreased
MSD and speed, more prominently inside aligned neurites. Moreover, a more
prominent effect in the super-diffusive drift velocity and diffusive motion diffu-
sion coefficient was evident when the motion occurred inside aligned neurites.
Trajectories which included super-diffusive motion, exhibited a varied ratio of
anterograde/retrograde/neutral for both neurite geometries in the presence of
G4C2 repeats but a similar instantaneous velocity decrease for both directions
in each neurite geometry. Our findings support the hypothesis that impaired
axonal trafficking emerges in the presence of the G4C2 HRE, and demonstrate
that this effect is more prominent when the neurites are aligned.

This chapter is based on: Mytiliniou M., Wondergem A.J., Feliksik M., Schmidt T.
& Heinrich D.M. "Effect of G4C2 Repeat Expansions on the Motion of Lysosomes Inside
Neurites", Submitted
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4.1 Introduction

Intracellular homeostasis is intricately regulated and disruptions can contribute
to the pathology of various diseases. One critical process for the maintenance of
cellular homeostasis is intracellular trafficking, and particularly deficits in axonal
transport in neuron cells have been associated with neurodegenerative diseases
[1, 2]. The autophagy pathway, a process responsible for the degradation of
intracellular components such as aggregated proteins and foreign bodies, entails
the fine tuning of a plethora of associated mechanisms, among which, lysosome
transport [3]. Both the autophagy pathway in general [4] and the lysosome
trafficking specifically [5], have been linked with neurodegenerative diseases
pathogenesis.

Amyotrophic lateral sclerosis (ALS) is a devastating, terminal neurodegener-
ative disease with diverse genetic causes, a multitude of which share a common
connection with the autophagy pathway [6]. A mutation in chromosome 9, open
reading frame 72 (c9orf72) associated with ALS has been drawing significant at-
tention as it accounts for more ALS cases than any other known ALS-associated
mutation [7–9]. The malfunction is caused by a G4C2 hexanucleotide repeat
expansion (HRE) in a non-coding region of the c9orf72 locus. Non-affected,
healthy individuals have n=2-19 (G4C2)n units, whereas ALS patients have
from n=24-38 (G4C2)n repeat units up to hundreds, or even thousands [10–16].
The (G4C2)n expansion is transcribed into RNA, in all six reading frames of the
sense and anti-sense direction, forming stable G-quadruplexes or hairpins, which
aggregate to RNA foci [16–19]. In addition, all RNA products are translated,
via non-ATG initiated (RAN) translation, into non-functional dipeptide-repeat
(DPR) proteins: glycine-alanine (GA), glycine-arginine (GR), proline-alanine
(PA), proline-arginine (PR) and glycine-proline (GP, generated from both the
sense and anti-sense reading frames) [20–27]. Studies which focused on compre-
hending the normal function of the gene product have revealed that the c9orf72
protein is implicated, among others, with the autophagy-lysosome pathway
and with lysosome homeostasis [28, 29]. Moreover, research on the c9orf72
repeat expansion mutation and its associated RNA and DPR protein products
demonstrate evidence of disrupted vesicle trafficking [30] and autophagy [31–39],
as well as disrupted axonal trafficking of lysosomes [40] and mitochondria [41].

Axonal trafficking is interrelated with, and substantially influenced by, the
cytoskeletal organization [42–44], which in turn is affected by the extracellular
matrix (ECM). Using a neuronal cell model, we have previously demonstrated
that the dimensionality of neurites, which are precursors of dendrites and
axons in immature neurons [45], has a distinct effect on lysosome transport,
with faster lysosomal motility arising within neurites that are aligned along a
line. It was also found that disruption of intracellular homeostasis via sucrose
accumulation and induced lysosomal swelling, not only affected each motion
mode (sub-diffusive, diffusive or super-diffusive) of these organelles differently,
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but was also dependent on the configuration of the neurites within which the
motion occurred [46, 47].

Here, we expand upon that previous work, to explore the interplay be-
tween organelle transport and the same two neurite geometries with a disease-
associated homeostasis disruption. Specifically we investigate whether solely the
presence of (G4C2) repeat expansions in the intracellular environment gives rise
to defect lysosomal trafficking inside neurites, and the interplay with the neurite
dimensionality. To this end, PC12 cells were transfected with plasmids carrying
(G4C2)20 or (G4C2)39, preceded by a start codon aligned such as to result in
the production of (GR)20 or (GA)39, respectively. The presence of repeats-
carrying transcribed RNA was verified via fluorescence signal quantification of
single molecule fluorescence in situ hybridization (smFISH). Lysosomes inside
neurites of cells carrying the G4C2 repeats demonstrated an overall decrease
in the mean-squared displacement (MSD) and instantaneous velocity, which
was more eminent when the neurites were aligned. This was consistent for
all three transport modes, super-diffusive, diffusive, and sub-diffusive, which
were analyzed in more detail via local MSD (lMSD). Interestingly, the MSD
decline for all transport modes of lysosomes inside aligned neurites was similar
for both repeats expansions and more distinct in comparison to randomly
oriented neurites, especially for super- and diffusive motion states along with
their respective drift velocities and diffusion coefficients. Lastly, for trajecto-
ries exhibiting super-diffusive motion, we observed an effect on the ratio of
anterograde/retrograde/neutral lysosomal trajectories in the presence of the
HRE, which varied for the two neurite geometries, while the repeats-associated
decrease of the instantaneous velocity was similar for both directions in each
neurite geometry.
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4.2 Results

4.2.1 Neuron-like model system carrying (G4C2) repeats and
dynamic analysis of lysosomal trajectories inside neurites
of varying geometry

To characterize the motion of lysosomes in the presence of a disease-associated
intracellular homeostasis disruption, namely the (G4C2)n repeat expansion, we
transfected PC12 cells with plasmids carrying (G4C2)20 or (G4C2)39, preceded
by a start codon aligned such as to result in the production of (GR)20 or (GA)39,
respectively. Studies have shown that poly-GA is the most abundant of the
five DPR protein species in patients [48, 49], and cells [26, 50, 51]. In addition,
this DPR protein is very aggregation-prone and has been shown to trigger
pathological phenotypes in a zebrafish model [52]. Likewise, arginine-rich DPR
proteins, such as the poly-GR, have shown higher expression than other DPR
protein species [26] and correlation with pathological phenotypes in patient
cells [53], fly model [54], chick embryo [55], C.elegans [56], and zebrafish [57]

The presence of repeats-carrying transcribed RNA in the transfected cells
was confirmed by quantifying the smFISH fluorescent signal (Fig. S.1). A
five-fold increase was observed in the signal of cells transfected with (G4C2)20,
as compared with the control case (the auto-fluorescence of the cells), and less
than two-fold increase in comparison with the non-specific binding signal of the
FISH probes. The increase of the FISH fluorescence intensity in cells transfected
with (G4C2)39 was less than with (G4C2)20, as compared to both respective
controls, which could be attributed to the RNA being more aggregation-prone,
thus hindering binding of the FISH probes.

Cell shape can influence intracellular processes, such as the transport of
organelles, vesicles and molecules. We have previously shown that the neurite
geometry affects lysosomal motility and a sucrose-induced perturbation in the
intracellular environment has evident and distinct impact on the motion of
lysosomes in the different neurite geometries. Similarly, here, we analyzed the
motion of lysosomes inside neurites, which adopted either of two distinct geome-
tries, of PC12 cells without or transfected with plasmids carrying (G4C2)20 or
(G4C2)39. As described in detail previously [46], the neurites were either guided
to stretch along chemically-patterned lines, or allowed to grow in a random
orientation and geometry on the two-dimensional surface. One-dimensional neu-
rite alignment was achieved via microscale plasma-initiated patterning (µPIP)
of laminin on lines with 2 µm width [46, 47] (see also Materials and Methods).
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Figure 4.1
Neurites configurations and time-resolved motility of lysosomes. (A) Volume-view
image of a differentiated PC12 cell with its neurite aligning along the 2µm-wide patterned line.
The white dashed line indicates the underlying protein pattern. Green color corresponds to
alpha-tubulin and blue to the cell nucleus. Inset (a) shows the fluorescently-labeled patterned
substrate, used to promote one-dimensional neurite guidance. Scale bar 50µm. (B) Volume-
view image of a differentiated PC12 cell with the neurites adopting random orientation on
the flat substrate. Green color corresponds to alpha-tubulin and blue to the cell nucleus. (C)
Bright-field image of a differentiated PC12 cell, overlayed with lysosomes trajectories (black
lines). Scale bar 10µm. (D) Close-up of the area indicated by the black square in (C). (E)
Schematic of the three lysosome transport modes considered here, sub-diffusion (black dashed
line), diffusion (blue dashed line) and super-diffusion, including active transport (green dashed
line). (F) Displacement along the x- and y- axis of a lysosome trajectory, color-coded for the
three transport modes: sub-diffusion (black), diffusion (blue) and super-diffusion (green). The
motion mode of each trajectory data point was determined based on the α exponent value,
after fitting each lMSD with the power law (MSD(τ) = Aτα) for lag times 0-555 msec (see
also Materials and Methods). We considered α < 0.9 corresponds to sub-diffusive motion,
0.9 ≤ α ≤ 1.1 corresponds to diffusive motion and α > 1.1 to super-diffusive motion. (G) and
(H) Displacement along the x- and y- axis respectively, as a function of time, of the trajectory
shown in (F).

Representative volume-view images of two differentiated PC12 cells and
their neurites adopting the respective geometries are shown in Fig. 4.1.A and B.
The pattern used to promote neurite guidance is demonstrated in the fluorescent
image of inset Fig. 4.1.a, and indicated by the dashed white lines in Fig. 4.1.A.
The thick side-stripe of the ladder-shape pattern allowed attachment of the cell
body, and the dissecting 2µm-wide lines guided the neurite outgrowth.

Trajectories of lysosomes inside neurites were monitored with fluorescence
microscopy and their coordinates as a function of time were recorded. The
number of cells, trajectories and data points per experimental condition are
summarized in Table S.1. Fig. 4.1.C and D (close-up of the indicated area)
show an example bright-field image of a differentiated cell, overlayed with
recorded trajectories of lysosomes. To quantify the lysosomal dynamics, local
mean-squared displacement (lMSD) analysis was implemented [46, 47, 58] (see
also Materials and Methods). We considered a window of ∼ 1sec before and
after each data point to calculate the lMSD, which we subsequently fitted with
the power law (MSD(τ) = Aτα) for lag times τ = 0 − 555msec [46]. Based on
the resulting α exponents, a time-resolved categorization of each trajectory data
point was performed, into sub-diffusive (α < 0.9), diffusive (0.9 ≤ α ≤ 1.1) or
super-diffusive (α > 1.1). The sketch in Fig. 4.1.E illustrates the three motion
modes, and a lysosomal trajectory exhibiting all three modes is plotted in Fig.
4.1.F. Super-diffusive motion corresponds to large displacements in short time,
with high directionality, as can be seen in Fig. 4.1.G and H. Diffusive and
sub-diffusive motion result in smaller net displacements and a high degree of
randomness.

Usually, diffusive or sub-diffusive states are intersected by rapid, super-
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diffusive translocation, part of which potentially entails motor-mediated trans-
port (for which α ≈ 2) and other portions (α > 1.1) might be the result of
thrust from the fibrilar network or from cytoplasmic flow. It is very common
also that no active transport is observed within a trajectory, and the lysosome is
undergoing only passive (sub-) diffusion. In fact, for all experimental conditions
studied here, lysosomes spent a high fraction of their motion in the sub-diffusive
mode as is evident by the probability distribution function of the α exponent
values show in Supplemental Figure S.2.

4.2.2 Mean squared displacement and instantaneous velocity
of lysosomes in cells with G4C2 repeats decrease notably
inside aligned neurites.

To gain a comprehensive quantitative insight on the effect of the presence of
the G4C2 products on lysosomal motion, we first calculated the overall mean
squared displacement (MSD) and the instantaneous velocity, averaged over all
trajectories for each experimental condition.

As shown also previously [46], the MSD was higher for lysosomes inside
aligned neurites in comparison to randomly oriented neurites for cells without the
G4C2 repeats (Fig. 4.2.A and B black, control). Concurrently, the instantaneous
velocity was slightly increased for lysosomes inside aligned neurites (1D) of cells
without the G4C2 repeats, as shown in Fig. 4.2.C (black bars).

In the case where the cells carried the (G4C2)20 or (G4C2)39 repeats, lyso-
somes moving inside aligned neurites exhibited similar decrease in their MSD
(Fig. 4.2.A) and average instantaneous velocity (Fig. 4.2.C), as compared to the
control. Conversely, when the neurites were randomly oriented (2D), the lysoso-
mal MSD exhibited a marginal decrease for cells transfected with (G4C2)20, and
was increased for cells with the (G4C2)39 repeats (Fig. 4.2.B). Consistent with
the drop observed for aligned neurites, the instantaneous velocity of lysosomes
inside randomly oriented neurites exhibited also a decrease, although smaller in
comparison to the respective control.

Taken together, these results indicate that 1D neurite alignment not only
gives rise to larger MSD but also slightly increased instantaneous velocity for
lysosomes inside unperturbed cells, alongside with more distinct and consistent
decrease of the respective values when the cells carry the (G4C2)20 or (G4C2)39
repeats. This consistency in the distinction of the repeats-associated perturba-
tions in the MSD is not manifested in the case where lysosomal motion occurs in
randomly oriented neurites. This is congruous with our previous results, where
more efficient transport was observed for lysosomes inside aligned neurites,
alongside with a more pronounced effect when a sucrose-induced perturbation
was introduced inside the cellular environment [46].
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Figure 4.2
Mean squared displacement (MSD) and average instantaneous velocity of lysoso-
mal trajectories. MSD of lysosomes inside (A) aligned (1D) and (B) randomly oriented (2D)
neurites. (C) Average instantaneous velocity (the respective probability distributions of the
instantaneous velocities for all conditions are shown in Supplemental Figure S.3 ). Values were
calculated per trajectory and averaged over all lysosomal trajectories for each experimental
condition (inside aligned (1D) or randomly oriented (2D) neurites, of differentiated PC12 cells
without (control, black) or transfected with the G4C2 repeat expansion ((G4C2)20, blue, and
(G4C2)39, red, respectively)). * indicates significant difference (p ≤ 0.05), as determined using
the Wilcoxon ranksum test. Error bars indicate the standard error of the mean.

4.2.3 Lysosomal maximum displacement and instantaneous ve-
locity are decreased for all transport modes in the pres-
ence of the G4C2 repeats

The results presented in the previous subsection were considering whole-
trajectory statistics. To gain a deeper insight into the lysosomal dynamics, we
dissected every single trajectory into parts of each transport mode, namely
super-diffusive, diffusive and sub-diffusive, as determined by the α exponent
value resulting from the lMSD analysis. Then, all the trajectory parts for each
experimental condition and transport mode were collectively analyzed.

Figure 4.3 displays the maximum Euclidean displacement for super-diffusive
(Fig. 4.3.A), diffusive (Fig. 4.3.B) and sub-diffusive (Fig. 4.3.C) motion modes
for each experimental condition. The mean values and percentage decrease
as compared to the respective controls are summarized in Table S.3. The
maximum Euclidean displacement was the larger ∆r(t) calculated using eq.4.2
that was observed in the specific trajectory mode.

The results suggest that, in the control case, the mean value of the calculated
maximum lysosomal displacement per transport mode exhibited negligible dif-
ference between the two neurite dimensionalities, whereas a consistent decrease
is observed in the maximum Euclidean displacements for cells carrying the
G4C2 repeat expansions, for all lysosomal motion modes. Comparing the two
neurite geometries, the decrease manifested in the super-diffusive and diffusive
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lysosomal modes was stronger for aligned neurites, especially for the case of
the (G4C2)39 repeats, while the opposite holds for the sub-diffusive modes.
Interestingly, the percentage decrease in the aligned neurites case appeared to
be increasing with higher repeats number (Table S.3).

The Euclidean maximum displacement is a metric that can be affected by
the duration of the trajectory mode as, for instance, longer trajectory parts
might exhibit larger maximum displacements in comparison to shorter ones.
Therefore, we next quantified the average instantaneous velocity per condition,
whereby the displacement is normalized to the respective time step. The average
instantaneous velocities for the different experimental conditions are presented
in Figure 4.4 for super-diffusive (Fig. 4.4.A), diffusive (Fig. 4.4.B) and sub-
diffusive (Fig. 4.4.C) motion modes. The mean values and percentage decrease
as compared to the respective controls are summarized in Table S.4.

Conversely to the maximum displacement, neurite alignment appeared to
slightly enhance lysosomal instantaneous velocity in the control condition (black,
see also Table S.4). Moreover, a statistically significant decrease was observed
for all transport modes, in both neurite dimensionalities in the presence of
either repeats length, as compared to the respective values for cells without
the G4C2 repeats. Interestingly, when neurites were aligned the instantaneous
velocity decrease per mode was similar for both HRE lengths, contrary to the
case of randomly oriented neurites where the corresponding decrease was similar
for super-diffusive modes, but differed for diffusive and sub-diffusive lysosomal
transport modes, with the stronger decrease observed for sub-diffusive and
diffusive motion states in the presence of (G4C2)20 repeats.

Collectively these results suggest that neurite dimensionality does not sub-
stantially affect the maximum Euclidean displacement of lysosomal trajectory
modes in the control condition, but the average instantaneous velocity is slightly
increased for all transport modes when the neurites are aligned, consistent with
the overall instantaneous velocity shown in Fig. 4.2.C. However, when the
disease-associated perturbation is introduced in the cells, a consistently larger
decrease in the average instantaneous velocity is observed for the case where the
neurites are aligned, especially in the super- and sub- diffusive motion modes.
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Figure 4.3
Maximum displacement of trajectory modes. Boxplots of the maximum Euclidean
displacement observed during (A) super-diffusive, (B) diffusive and (C) sub-diffusive trajectory
modes, for all respective trajectory parts of lysosomes for each condition (aligned (1D) and
randomly oriented (2D) neurites, of differentiated PC12 cells without (control, black) and
with the G4C2 repeat expansion ((G4C2)20, blue and (G4C2)39, red)). Boxplots indicate the
median, whereas the mean values are displayed in Table S.3. * indicates significant difference
(p ≤ 0.05), as determined using the Wilcoxon ranksum test.

Control
20x
39x

BA C

Figure 4.4
Average instantaneous velocity of trajectory modes. Boxplots of the average instanta-
neous velocity during (A) sub-diffusive, (B) diffusive and (C) super-diffusive trajectory modes,
for all respective trajectory parts of lysosomes for each condition (aligned (1D) and randomly
oriented (2D) neurites, of differentiated PC12 cells without (control, black) and with the G4C2
repeat expansion ((G4C2)20, blue and (G4C2)39, red)). Boxplots indicate the median, whereas
the mean values are displayed in Table S.4. * indicates significant difference (p ≤ 0.05), as
determined using the Wilcoxon ranksum test.
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4.2.4 Fitting parameters of transport modes MSD curves con-
firm the effect of the G4C2 repeat expansion.

Subsequently, we calculated the MSDs of the super-diffusive, diffusive and
sub-diffusive parts of lysosomal trajectories. The plots are displayed in Fig.
4.5.A,B,C for aligned neurites (1D) and Fig. 4.5.D,E,F for randomly oriented
neurites (2D). As shown previously, the MSD of lysosomes inside aligned (1D)
neurites was higher than of those inside randomly oriented (2D) neurites, for
all three motion modes considered, for cells that were not transfected with the
repeats expansions (Fig. 4.5 control, black) [46].

To fit the super-diffusive MSD curves we implemented the model of Brownian
motion with drift (eq. 4.6) [59]. For the diffusive MSDs, we used the Brownian
motion model (eq. 4.7), and lastly the sub-diffusive MSD curves were fitted
with a power law, commonly used to describe anomalous diffusion (eq. 4.8).
The resulting fitting values of the drift velocity for the super-diffusive trajectory
modes, diffusion coefficient of the diffusive modes, and α exponent of the
sub-diffusive modes, are summarized in Table S.5.

For the super-diffusive motion modes, the observed decrease in the MSD
was similar for aligned (1D) neurites (Fig. 4.5.A), when the cells were trans-
fected either with the (G4C2)20 (blue) or (G4C2)39 (red) repeats, and larger
as compared to the respective drop for randomly oriented (2D) neurites (Fig.
4.5.D). The decrease is also reflected in the drift velocity of the super-diffusive
trajectory parts (∼ 0.27µm/sec versus ∼ 0.54µm/sec the control value for the
aligned (1D) case and ∼ 0.39µm/sec as compared to the control ∼ 0.46µm/sec
in the 2D case, summarized in Table S.5).

The MSD of the diffusive and sub-diffusive motion modes (Fig. 4.5.B
and C), exhibited also similar decrease for lysosomes inside aligned neurites
(1D) of cells transfected with the (G4C2) repeats, and consistently stronger
in comparison to randomly oriented (2D) neurites. The diffusion coefficient
of the diffusive lysosomal transport modes was reduced to almost half the
respective control value for aligned neurites (1D), in the presence of both
(G4C2)20 or (G4C2)39 repeats (∼ 0.0033µm2/sec versus ∼ 0.0065µm2/sec the
control value, summarized in Table S.5). Interestingly, for lysosomes inside
randomly oriented neurites (2D) the MSD of diffusive and sub-diffusive motion
modes was decreased more in the presence of the (G4C2)20 repeats (Fig. 4.5.E
and F). Similarly, a decrease in the diffusion coefficient was only observed for
the cells transfected with the (G4C2)20 repeats (∼ 0.0024µm2/sec), whereas it
remained the same as the control value (∼ 0.0047µm2/sec) in the presence of
(G4C2)39 repeats (∼ 0.0046µm2/sec).

The α exponent of the sub-diffusive motion for cells transfected with
(G4C2)20 or (G4C2)39, was decreased as compared to the control, more promi-
nently when the neurites adopted a random geometry, contrary to the aligned
case where it was unaffected for the (G4C2)20 repeats and slightly decreased
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Figure 4.5
MSD plots of motion modes. MSD plots and respective fits of (A), (D) super-diffusive, (B),
(E) diffusive and (C), (F) sub-diffusive trajectory modes for aligned (1D, A-C) and randomly
oriented (2D, D-F) neurites, respectively. The MSDs were calculated by averaging over all
the respective trajectory parts of lysosomes for each condition: without (control, black) or
transfected with the G4C2 repeat expansion ((G4C2)20, blue and (G4C2)39, red, respectively).
The MSD curves were fitted using eq. 4.6-4.8 and the resulting values of the fitting parameters
are summarized in Table S.5.
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for the (G4C2)39 repeats (Table S.5).
Taken all together, these results suggest that upon introducing the disease-

associated perturbation, the decline in the MSD for all transport modes of
lysosomes inside aligned neurites is similar for both repeats expansions and
more distinct in comparison to randomly oriented neurites, especially for super-
and diffusive motion states and their respective drift velocities and diffusion
coefficients. However, for the sub-diffusive motion states, the α exponent of
lysosomes inside randomly oriented (2D) neurites is more sharply decreased,
perhaps suggesting a more pronounced crowding effect resulting from the
presence of the (G4C2) repeats in this geometry.

4.2.5 The ratio of anterograde/retrograte/neutral super-diffusive
lysosomal trajectories varies for the two neurite geome-
tries but exhibits similar instantaneous velocity differ-
ences.

Lastly, we investigated whether the presence of the G4C2 repeat expansion in
the cells had a different effect on lysosomal motion towards (retrograde) or
away from (anterograde) the cell body. To this end, we categorized accordingly
all trajectories that included a portion of super-diffusive motion, based on their
net displacement (end point versus start point). In occasions where the net
displacement was zero or perpendicular to the axis pointing towards or away
from the cell body, the trajectory was labeled as neutral.

The proportion of each type of net trajectory directionality for every exper-
imental condition is summarized in Fig. 4.6.A. In the control case for randomly
oriented neurites the portion of anterograde/retrograde/neutral trajectories
appears to be equally distributed, whereas in the aligned scenario lysosomes
exhibit less neutral net displacement and more anterograde motion. Moreover,
it appears that inside aligned neurites, more trajectories exhibited a neutral net
displacement and less lysosomes moved away from the cell body when the cells
carried the repeat expansion, as compared to the control case. Surprisingly, the
exact opposite was observed for lysosomes inside neurites of a random geometry:
less trajectories appear to have a neutral net displacement and more lysosomes
moved away from the cell body when the cells carried the repeat expansion.

In addition, the mean instantaneous velocities of both super-diffusive (α >
1.1, Fig. 4.6.B) and (sub-)diffusive (α ≤ 1.1, Fig. 4.6.C) data points of
these trajectories exhibited similar decrease regardless the direction of motion
(anterograde or retrograde) or the size of the repeats, for lysosomes inside
aligned neurites. The same trend was maintained for lysosomes inside randomly
oriented neurites, but with a smaller decrease compared to the aligned scenario,
and almost negligible for data points with α ≤ 1.1. Interestingly, for this
subset of trajectories, the average instantaneous velocity was similar for both
geometries in the control case (∼ 0.4µm/sec for α > 1.1 and ∼ 0.2µm/sec for
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α ≤ 1.1.).
To summarize, these results indicate that the ratio of anterograde/retrograde/neutral

trajectories varies between the two neurite geometries and changes differently
in the presence of the (G4C2) repeats. On the contrary, the decrease observed
in the instantaneous velocity when the cells carry the repeats, is similar for
anterograde/retrograde motion in each respective neurite geometry, with the
exception for data points with α ≤ 1.1 inside randomly oriented neurites.

BA C

Control
20x
39x

Figure 4.6
Statistics on anterograde and retrograde trajectories entailing super-diffusive mo-
tion. (A) Percentage of lysosomal trajectories exhibiting super-diffusive motion, distinguished
according to their net displacement either towards (retrograde) or away from (anterograde)
the cell body for each condition: inside aligned (1D) and randomly oriented (2D) neurites, of
differentiated PC12 cells without (control) and with the G4C2 repeat expansion ((G4C2)20 and
(G4C2)39, respectively). In all cases, trajectories categorized as neutral didn’t exhibit a net
displacement towards either direction. (B) Average instantaneous velocity of data points with
α > 1.1 and (C) average instantaneous velocity of data points with α ≤ 1.1, from lysosomal
trajectories with super-diffusive motion, exhibiting anterograde (A) or retrograde (R) net
displacement inside aligned (1D) and randomly oriented (2D) neurites of differentiated PC12
cells. The mean values of the distributions were compared using the Wilcoxon ranksum test
and they exhibited significant difference (p ≤ 0.05), unless indicated otherwise. The values of
the average instantaneous velocities are summarized in Table S.6.
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4.3 Discussion

The protein encoded by the c9orf72 locus is implicated with the autophagy-
lysosome pathway [29, 34, 60–69], and lysosome homeostasis [60, 70], while
recent reports suggest the associated G4C2 repeat expansion mutation causes
deficient axonal transport of mitochondria [40] and lysosomes [41] in neurons.
Here, we set our focus on quantifying lysosomal motility inside neurites of
differentiated PC12 cells without or transfected with plasmids containing either
(G4C2)20 or (G4C2)39. For both repeat lengths used in this study, patient cases
have been identified and experimental models have been reported to recapitulate
pathological hallmarks [10–15].

Cell shape, greatly affected by the ECM, can influence intracellular traf-
ficking among other processes [71–73]. In the experiments presented here, in
addition to quantitatively investigating the effect of the G4C2 repeat expansion
on lysosomal trafficking inside neurites, we were in parallel looking into how the
neurite dimensionality interferes with the motion. Thereby, using our previously
established experimental setup [46], the neurites were either guided to grow
along chemically-patterned lines, or allowed to adopt a random orientation on
the two-dimensional surface, thus enabling observation of lysosomal motility
inside neurites of two distinct geometries. Braun et al. have reported that neu-
rite orientation influences the severity of mechanically-induced tau pathology,
and found that neurons with neurites aligned parallel to stretch orientation
showed significantly greater tau mislocalization than those aligned perpendicu-
lar to stretch or with no alignment when exposed to high-strain-rate strains,
in an in vitro tauopathy model of traumatic brain injury (TBI) [74]. We have
previously found that neurite alignment gives rise to faster lysosomal motility,
and that a sucrose-induced perturbation in the intracellular environment ham-
pers lysosomal motion variably for the aligned or randomly oriented neurites
[46]. The current findings support the notion that neurite alignment results in
more efficient transport, via yielding slightly increased lysosomal instantaneous
velocity in addition to larger MSD for all transport modes in the control condi-
tion. Moreover, when the cells were transfected with the (G4C2)20 or (G4C2)39
repeats, the aligned neurite geometry associated with greater decrease in both
the overall lysosomal instantaneous velocity and MSD, as compared to neurites
that were randomly oriented, also consistently suggesting a stronger effect in
response to the perturbation in the cellular environment when the neurites were
aligned.

Our results suggested that lysosomal motility was largely sub-diffusive
regardless the neurite geometry or the presence of the HRE. Nonetheless, after
analyzing separately each lysosomal motion state, a consistent decrease in both
the average instantaneous velocity and MSD of all motion modes was evident
upon introducing the HRE perturbation. The drop was consistently larger when
the neurites were aligned, particularly in the average instantaneous velocity
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of the super- and sub- diffusive motion modes, and the MSD of all transport
modes.

Arginine-rich DPR proteins such as the poly-GR have been known for their
high expression, as compared to other DPR proteins, and their correlation
with pathological phenotypes [26, 53, 54, 56, 57]. Fumagalli et al. recently
offered more insights on the connection between this DPR proteins species and
axonal transport, and suggested a model where arginine-rich DPR proteins bind
microtubules and concentrate in microtubule-associated foci, thereby disrupting
the binding of motor proteins and subsequently efficient intracellular trafficking
[41]. Notably, the drift velocity and diffusion coefficient values we obtained from
the MSD for lysosomes inside cells transfected with (G4C2)20 and (G4C2)39, are
similar in the case where the neurites were aligned. This suggests that (G4C2)20
producing arginine-rich DPR proteins, affects super-diffusive and diffusive
lysosomal motion equally as the double repeats length (G4C2)39 producing
alanine-rich DPR proteins for this neurite geometry. However, for the randomly
oriented neurites, the diffusion coefficient remained unchanged in the presence of
the (G4C2)39 repeats whereas the super-diffusive drift velocity slightly decreased
with increasing repeats length. These findings do not consistently support the
hypothesis of repeats length-dependent toxicity or disease onset [13, 75–80],
but this could be attributed to the similar size of the HRE used in the present
experiments. Additionally, a potential crowding effect was only evident via
the decrease in the sub-diffusive α exponent in the presence of the (G4C2)39
repeats for lysosomes inside both neurites geometries.

Moreover, Abo-Rady et al. also reported decreased lysosomal displacement
inside axons of patient-derived motor neurons, but no significant alterations in
the directionality of lysosomal trafficking [40]. Our maximum Euclidean dis-
placement and MSD results are in agreement with those findings. Interestingly,
we observed lysosomal motility directionality alterations in cells transfected
with the repeats, which varied with the neurite geometry, accompanied by
relatively consistent decrease in the instantaneous velocity for both repeat sizes
and geometries.

In summary, the results presented here support the hypothesis that the
HRE affects organelle trafficking, and reveal an interplay with the geometry of
the neurite: although neurite alignment results in faster lysosomal motility with
larger MSD, when the HRE are present, the homeostasis disruption is more
evident as compared with the randomly oriented neurites. Our work presents a
preliminary approach and the experimental system and analysis used provide
a phenomenological description and entails a number of limitations. First of
all, we only quantified the transfected HRE RNA levels via FISH. In future
work, protein levels should be analyzed, alongside with correlations with the
RNA levels, and protein degradation rates, to investigate if the two residue
repeat peptides contribute to, or are the underlying cause of, the observed
changes, and gain a deeper insight into the respective associated mechanisms.
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Secondly, here we used plasmids carrying (G4C2)20 or (G4C2)39, preceded by a
start codon aligned such as to result in the production of (GR)20 or (GA)39,
respectively. The differences in both repeat number and translation frame
poses a difficulty in the interpretation of the results and direct correlation with
the two HREs. Future work should not only include an additional control
group with (G4C2)2−19, as observed in healthy individuals, but also explore
same and longer repeats numbers coding for same dipeptide repeat proteins, to
distinguish the associations between organelle motility with repeats length and
protein products. Lastly, the neurite geometries need to be further explored
and characterized, to elucidate potential interplay with the polarity of the
microtubule network, neurite size, diameter and branching. We hope this
work will set the basis for further experimental exploration to obtain deeper
biophysical, mechanistic, and physiological insights on the effect of the G4C2
repeat expansion on axonal trafficking.
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4.4 Materials and Methods

4.4.1 Laminin µPIP

Plasma-initiated patterning of the substrate was performed as described previ-
ously [46]. Briefly, a mold was fabricated with a Nanoscribe Photonic profes-
sional GT 3D laser printer (Nanoscribe, Germany), with two-photon polymer-
ization (2PP) of IP-S photoresist [81].

Poly dimethyl-siloxane (PDMS, Sylgard 184, Dow Corning, USA) was
prepared by mixing the cross-linking agent with the elastomer base at a ratio
of 1:10. The mixture was pipetted on the silicon mold and allowed to cross-link
for 1 hour at 120oC. Subsequently, the hardened PDMS bearing the structure
was peeled from the wafer.

The PDMS mask was placed on an ibidi dish (ibidi GMBH, µ-Dish, 35 mm
high, polymer coverslip bottom), with the structure-bearing side adherent to
the bottom of the dish and was exposed to air plasma for 6 min 20 sec at 100
Watts (Diener Electronic Femto Plasma system).

Subsequently, the PDMS mask was removed and the substrate was flooded
with 0.1% Pluronic F127 (Sigma-Aldrich) diluted in Phosphate Buffer Saline
(PBS) for 45 minutes at room temperature. The dish was then washed 3 times
with PBS and once with RPMI (GibcoTM) and subsequently incubated with
25µg/ml Laminin (Sigma-Aldrich) diluted in RPMI, for 1 hour at 37oC. Prior
to seeding cells, the substrate was washed 3 times with RPMI.

4.4.2 Cell Culture

PC12 cells (CH3 BioSystems) were cultured in dishes coated with rat-tail
Collagen (CH3 BioSystems), in RPMI-1640 with Glutamax (GibcoTM), sup-
plemented with 10% heat-inactivated Horse Serum (HS) (Sigma-Aldrich), 5%
Fetal Calf Serum Heat Inactivated (FCS HI, Thermo Scientific) and 200µg/mL
pennicilin/streptomycin (PS). Media were refreshed three times per week, and
the cells were split once per week at ratio 1:3-1:6. The cells were kept at 37oC
and 5% CO2 in humidified atmosphere.

To induce differentiation, PC12 cells were seeded in ibidi uncoated dishes
(ibidi GMBH, µ-Dish, 35 mm high) coated with Laminin (Sigma-Aldrich). Cells
were seeded at a density of 30.000 cells/cm2in full media and after they had
adhered, they were washed once with PBS and then the media were replaced
with differentiation media consisting of Opti-MEMTM Reduced Serum Medium
(GibcoTM) supplemented with 0.5% Fetal Bovine Serum (GibcoTM) and Nerve
Growth Factor (NGF-2.5S Sigma-Aldrich) at final concentration of 100ng/ml.
The differentiation media were refreshed three times per week.

Prior to imaging, the cells were incubated with 50-150nM Lysotracker
(InvitrogenTM) in RPMI for 30minutes.
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Two plasmids, containing either 20 or 39 times the G4C2 sequence were
created (GenScript) and amplified using NEB®Stable Competent E.coli bacteria
(High Efficiency, New England BioLabs Inc.), according to the protocol for
cloning DNA containing repeat elements (C3040, New England BioLabs Inc.).
In both plasmids, the G4C2 repeat expansion was preceded by a start codon
(ATG) and the reading frames were aligned such that the (G4C2)20 resulted in
(GR)20 and the (G4C2)39 resulted in (GA)39 DPR proteins.

For transfection, ∼ 5.7x105 PC12 cells were seeded in each well of a Collagen-
coated 6-well plate, and the next day they were transfected, using Lipofectamine
LTX PLUS (Thermo-Fisher Scientific), with 2µg of the (G4C2)20 or (G4C2)39
expression constructs per well. After a three-day incubation, Geneticin (G418,
Thermo-Fisher Scientific) was added for selection of the transfected cells. After
several days of selection, the cells were sparsely re-seeded on Collagen-coated
10-cm dishes to create single-cell clones, which were subsequently transferred
to a Collagen-coated 96-well plate.

Successfully transfected clones were verified using single-molecule Fluo-
rescent in situ Hybridization (smFISH). Briefly, the cells were fixed for 15
minutes with 4% PFA at room temperature and permeabilized overnight in 70%
EtOH. Next, the custom-designed smFISH probes (LGC Biosearch Technologies,
targeting 5’ GGCCCC GGCCCC GGCCCC GGCCCC 3’) were added at a
concentration of 1:100 in hybridization buffer (100 mg/mL dextran sulfate, 25%
formamide, 2X SSC, 1 mg/mL E.coli tRNA, 1 mM vanadyl ribonucleoside
complex, 0.25 mg/mL BSA) and allowed to incubate for 16 hours at 30oC.
Thereafter, the cells were washed twice with washing buffer (25% formamide,
2X SSC) containing DAPI (1 mg/mL, Sigma Aldrich), for 30 minutes at 30oC.
All solutions were prepared using RNAse-free water. Lastly, the cells were
mounted with Prolong Gold (Thermo-Fisher Scientific) and imaged two days
later.

For immunofluorescence, differentiated PC12 cells were fixed with 4% PFA
for 15 minutes at room temperature, permeabilized with 0.1% TritonX for 10
minutes and blocked with 2% BSA in PBS for 60 minutes. Subsequently the
cells were incubated with the α-tubulin antibody (Alexa Fluor®488 anti-alpha
Tubulin antibody, abcam) 1:150 in 0.1% BSA in PBS at 4oC for 18 hours. Lastly,
the cells were incubated for 30 minutes at room temperature with Hoechst
(Invitrogen) diluted to 1µg/ml in 1% BSA in PBS and stored in PBS at 4oC
until imaging.

4.4.3 Optical Microscopy

Optical microscopy images were acquired with a Nikon Ti Eclipse inverted
microscope (NIKON corporation, Japan) equipped with a Yokogawa CSU-X1
spinning disc unit (10,000rpm, Andor Technology Ltd., United Kingdom). The
samples were imaged with a 100x objective (Nikon CFI Plan Apo Lamda, NA
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1.45). Excitation at 405nm, 488nm and 647nm was achieved via an Agilent
MLC400 monolithic laser combiner (Agilent Technologies, Netherlands). The
excitation light was filtered by a custom-made Semrock quad-band dichroic
mirror for excitation wavelengths 400-410, 486-491, 460-570, and 633-647nm.
The emitted light was filtered using a Semrock quad-band fluorescence filter
(TR-F440-521-607-700), which has specific transmission bands at 440±40nm,
521±21nm, 607±34nm and 700±45nm and by Semrock Brightline single band
fluorescence filters at 447±60nm (TR-F447-060) and 525±60nm (TR-F525-030).
Images were captured with an Andor iXon Ultra 897 High-speed EM-CCD
camera. Image acquisition was automated using NisElements software (LIM,
Czech Republic). Time-lapse images were acquired every 18 ms, for up to 30
seconds. During data acquisition, the cells were kept in a humidified atmosphere
at 37oC and supplied with 5% CO2 via the use of a Tokai Hit stage incubator.

4.4.4 Data Analysis

FISH signal quantification was performed with FIJI [82]. The integrated
fluorescent intensity per cell nucleus was measured, after maximum intensity
projection of the volume-view acquired images, and the values were averaged
for a number of cells, N, per condition.

For each experimental condition, at least 3 technical replicates were used.
The number of cells, trajectories and data points per experimental condition
are summarized in Table S.1. The control condition data are the same as
those presented in [46]. Fluorescently labelled lysosomes trajectories were
tracked using the FIJI plugin, TrackMate [83], which returned the x− and
y−coordinates of the center of the lysosomes, with a sub-pixel localization.

Further processing was performed using home-made Matlab algorithms.
The x− and y− coordinates as a function of time for each trajectory were
represented by a series of vectors at each time point t:

r(t) = x(t) + y(t) (4.1)

and the displacement ∆r at time t was calculated as follows:

∆r(t) = r(t + ∆t) − r(t) (4.2)

where ∆t is the inverse frame rate.
The instantaneous velocity v(t) was calculated using:

v(t) = |∆r(t)|
∆t

(4.3)

for ∆t = 314.5msec (17 frames).
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The Mean Squared Displacement (MSD) for lag time τ = k∆t was calculated
according to:

MSD(τ) =
〈
∆r2(τ)

〉
= 1

N − k

N−k∑
i=1

(r(ti + τ) − r(ti))2 (4.4)

where N the number of data points in the trajectory and k = 1, 2, ..., N − 1.
The average MSD per condition is the average of the squared displacements of
all lysosome trajectories for each lag time τ .

The local Mean Squared Displacement (lMSD) was calculated for each
trajectory as described previously [46]. Briefly, the MSD was calculated for
each data point of the entire trajectory using a rolling window of 2.22 seconds
(N=120, in eq. 4.4) and fitted for the interval 0-555ms (k=30 in eq. 4.4) with a
power law:

MSD(τ) = Aτα (4.5)
The alpha exponent as a function of time was subsequently used to partition
the transport states as sub-diffusive for α < 0.9, diffusive for 0.9 ≤ α ≤ 1.1, or
super-diffusive for α > 1.1.

In order to characterize more closely each type of motion, we analyzed
collectively the respective trajectory parts, for each experimental condition
(lysosomes inside neurites that were aligned or randomly oriented, of differenti-
ated PC12 cells without the repeat expansion (control) or with 20x and 39x
the G4C2 repeats). The respective statistics are summarized in Table S.2.

The average MSD curve for each motion mode was calculated again according
to eq. 4.4.
The super-diffusive trajectory modes MSD was fitted using the model of Brow-
nian motion with drift [59].

MSD(τ) = 2dDeff τ + V 2τ2 + 2dσ2 (4.6)

where Vdrift, the constant drift parameter models the velocity of the molecular
motors. The MSD curve was fitted for lag times 1 to 55 (τ between 0.0185 and
1 sec).
The diffusive trajectory modes MSD was fitted using the equation describing
Brownian motion

MSD(τ) = 2dDτ + 2dσ2 (4.7)
thus extracting the experimental value of the diffusion coefficient D. The MSD
curve was fitted for lag times 1 to 10 (τ between 18.5 and 185 ms).
The sub-diffusive trajectory modes MSD was fitted with the power law describing
anomalous diffusion

MSD(τ) = Aτα + 2dσ2 (4.8)
thereby obtaining the value of the anomalous α exponent (A is a constant).
The MSD curve was fitted for all lag times (τ up to 30 sec).
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In equations 4.6, 4.7 and 4.8 σ is the localization precision, τ the lag time
and the parameter d refers to the dimensionality. d was set equal to 1 for the
fit of the MSD along the x- or y- axis, and equal to 2 for the fit of the 2D- MSD
curve.
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4.5 Appendix

# Cells # Trajectories # Data Points
1D

Control 19 167 188542
20x 15 194 265191
39x 21 167 247946
2D

Control 16 178 230196
20x 14 219 304326
39x 13 204 298387

Table S.1
Number of cells imaged, number of total lysosomal trajectories tracked and number of total
data points per experimental condition (differentiated PC12 cells without (control) or with
the G4C2 repeats (20x and 39x), with their neurites aligned or randomly oriented, denoted by
1D and 2D, respectively).

Super-diffusive Diffusive Sub-diffusive
# Modes # Data

Points
# Modes # Data

Points
# Modes # Data

Points
1D

Control 135 8254 334 5484 352 154732
20x 117 8379 275 4649 340 228792
39x 204 11833 497 8751 446 207195

2D
Control 117 8029 257 4504 307 196326
20x 210 13378 451 7889 451 256722
39x 185 27366 912 15205 681 231289

Table S.2
Number of lysosomal trajectories parts (modes) and number of total data points per mode,
for each experimental condition (differentiated PC12 cells without (control) or with the G4C2
repeats (20x and 39x), with their neurites aligned or randomly oriented, denoted by 1D and
2D, respectively).
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Super-diffusive Diffusive Sub-diffusive
1D

Control 0.251 ± 0.025 0.078 ± 0.003 0.200 ± 0.008
20x 0.182 ± 0.021 27% 0.055 ± 0.004 29% 0.170 ± 0.008 15%
39x 0.140 ± 0.013 44% 0.049 ± 0.002 37% 0.139 ± 0.005 30%
2D

Control 0.265 ± 0.030 0.074 ± 0.004 0.210 ± 0.010
20x 0.223 ± 0.025 16% 0.054 ± 0.002 27% 0.130 ± 0.005 38%
39x 0.203 ± 0.018 23% 0.056 ± 0.002 24% 0.136 ± 0.005 35%

Table S.3
Mean values of the maximum Euclidean displacement observed during super-diffusive, diffusive
and sub-diffusive trajectory modes (in µm). The values were averaged over all the respective
trajectory parts of lysosomes for each condition (inside aligned (1D) and randomly oriented (2D)
neurites, of differentiated PC12 cells without (control) and with the G4C2 repeat expansion
((G4C2)20 or (G4C2)39)). Errors were calculated using the standard error of the mean. The
distributions of the values for each condition are displayed in Fig. 4.3. The percentages next
to the 20x and 39x values indicate the decrease as compared to the respective control.

Super-diffusive Diffusive Sub-diffusive
1D

Control 0.395 ± 0.019 0.271 ± 0.007 0.208 ± 0.004
20x 0.249 ± 0.010 37% 0.186 ± 0.006 31% 0.134 ± 0.003 36%
39x 0.250 ± 0.010 37% 0.179 ± 0.004 34% 0.132 ± 0.003 36%
2D

Control 0.362 ± 0.018 0.253 ± 0.008 0.170 ± 0.004
20x 0.282 ± 0.014 22% 0.173 ± 0.004 32% 0.122 ± 0.003 28%
39x 0.276 ± 0.007 24% 0.207 ± 0.004 18% 0.153 ± 0.003 10%

Table S.4
Mean values of the instantaneous velocity during super-diffusive, diffusive and sub-diffusive
trajectory modes (in µm/sec). Values were averaged over all the respective trajectory parts of
lysosomes for each condition (inside aligned (1D) and randomly oriented (2D) neurites, of
differentiated PC12 cells without (control) and with the G4C2 repeat expansion ((G4C2)20 or
(G4C2)39)). Errors were calculated using the standard error of the mean. The distributions of
the values for each condition are displayed in Fig. 4.4. The percentages next to the 20x and
39x values indicate the decrease as compared to the respective control.
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Super-diffusive Diffusive Sub-diffusive
Vdrift (µm/sec) Deff (µm2/sec) D (µm2/sec) α- exponent

1D
Control 0.538 ± 0.008 6E − 7 ± 0.002 0.0065 ± 0.0013 0.92 ± 0.01

20x 0.278 ± 0.007 0.003 ± 0.001 0.0033 ± 0.0006 0.97 ± 0.04
39x 0.258 ± 0.009 0.006 ± 0.001 0.0033 ± 0.0005 0.74 ± 0.05
2D

Control 0.460 ± 0.010 0.005 ± 0.002 0.0047 ± 0.0015 0.90 ± 0.03
20x 0.413 ± 0.004 0.001 ± 0.001 0.0024 ± 0.0003 0.57 ± 0.64
39x 0.373 ± 0.003 0.001 ± 0.001 0.0046 ± 0.0007 0.62 ± 0.02

σ (µm) σ (µm) σ (µm)
1D

Control 0.022 ± 0.022 0.022 ± 0.012 0.030 ± 0.003
20x 0.008 ± 0.015 0.017 ± 0.008 0.021 ± 0.003
39x 0.000 ± 0.014 0.012 ± 0.007 0.018 ± 0.004
2D

Control 0.015 ± 0.023 0.020 ± 0.012 0.025 ± 0.003
20x 0.019 ± 0.014 0.014 ± 0.006 0.017 ± 0.012
39x 0.018 ± 0.011 0.012 ± 0.009 0.017 ± 0.004

Table S.5
Motion parameters resulting from fitting the super-diffusive, diffusive and sub-diffusive
trajectory parts MSD curves (demonstrated in Fig. 4.5), using eq. 4.6, 4.7 and 4.8, respectively.

Vin,sup (µm/sec) Vin (µm/sec)
Anterograde Retrograde Anterograde Retrograde

1D
Control 0.422 ± 0.004 0.398 ± 0.006 0.206 ± 0.001 0.182 ± 0.001

20x 0.251 ± 0.003 0.229 ± 0.003 0.122 ± 0.001 0.121 ± 0.001
39x 0.272 ± 0.003 0.267 ± 0.003 0.140 ± 0.001 0.123 ± 0.001
2D

Control 0.456 ± 0.008 0.360 ± 0.004 0.150 ± 0.001 0.178 ± 0.001
20x 0.336 ± 0.003 0.294 ± 0.004 0.130 ± 0.001 0.112 ± 0.001
39x 0.303 ± 0.002 0.314 ± 0.002 0.159 ± 0.001 0.146 ± 0.001

Table S.6
Average instantaneous velocity during anterograde or retrograde motion of lysosomal trajecto-
ries. Values were calculated separately for data points with α > 1.1 (indicated as "sup") or
α ≤ 1.1, from trajectories with super-diffusive motion, exhibiting anterograde or retrograde
net displacement inside aligned (1D) and randomly oriented (2D) neurites of differentiated
PC12 cells without (control) and with the G4C2 repeat expansion ((G4C2)20 and (G4C2)39,
respectively). Errors represent the standard error of the mean. The respective distributions
are shown in Fig. 4.6.B and C.
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Figure S.1
Verification of the presence of the (G4C2)20 or (G4C2)39 repeat expansion inside
PC12 cells after transfection, and antibiotic selection. Validation was performed
with FISH labeling against (G4C2)4 and subsequent quantification of the average nuclear
fluorescent intensity per cell. Bars show the mean value ± SEM per condition: non-transfected
cells, without FISH labeling (black- representing the cells’ intrinsic auto-fluorescence; N=55
for (G4C2)20 and N=64 cells for (G4C2)39 repeats validation), non-transfected cells, with
FISH labeling (yellow- quantifying the non-specific binding of the FISH probes; N=88 for
(G4C2)20 and N=145 cells for (G4C2)39 repeats validation), and cells transfected with either
(G4C2)20 or (G4C2)39, with FISH labeling (green; N=100 for (G4C2)20 and N=166 cells for
the (G4C2)39 validation). The mean values of the distributions were compared using the
Wilcoxon ranksum test. + stands for p ≤ 0.05 and * for p < 0.001.
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A B

Figure S.2
Probability distribution functions (PDF) of the α exponent value of lysosomal
trajectories. PDFs of the α exponent value of lysosomal trajectories inside (A) aligned
(1D) and (B) randomly oriented (2D) neurites of differentiated PC12 cells without (control,
black) or transfected with the G4C2 repeat expansion ((G4C2)20, blue, and (G4C2)39, red,
respectively)).

A B

Figure S.3
Probability distribution functions (PDF) of the average instantaneous velocity of
lysosomal trajectories shown in Fig. 4.2. PDFs of the instantaneous velocity of lysosomal
trajectories inside (A) aligned (1D) and (B) randomly oriented (2D) neurites of differentiated
PC12 cells without (control, black) or transfected with the G4C2 repeat expansion ((G4C2)20,
blue, and (G4C2)39, red, respectively)).
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