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INTRODUC TION

Hereditary spastic paraplegia (HSP) is a genetic motoneuron disease 
characterized by lower limb spasticity resulting from slowly pro-
gressive degeneration of long corticospinal axons [1]. Thus far, more 
than 85 distinct spastic paraplegia genes (SPG) have been identified. 

Proteins encoded by the SPG genes have diverse functions in several 
interrelated cellular pathways, such as microtubule (MT) dynam-
ics, intracellular trafficking, mitochondrial functions, fatty acid and 
phospholipid metabolism, endoplasmic reticulum shaping and stress 
response, and autophagy [2]. Mutations in the SPG4/SPAST gene ac-
count for 40%–60% of autosomal dominant HSPs with about 86% 
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Abstract
Background and purpose: Microtubule defects are a common feature in several 
neurodegenerative disorders, including hereditary spastic paraplegia. The most frequent 
form of hereditary spastic paraplegia is caused by mutations in the SPG4/SPAST gene, 
encoding the microtubule severing enzyme spastin. To date, there is no effective therapy 
available but spastin-enhancing therapeutic approaches are emerging; thus prognostic 
and predictive biomarkers are urgently required.
Methods: An automated, simple, fast and non-invasive cell imaging-based method was 
developed to quantify microtubule cytoskeleton organization changes in lymphoblastoid 
cells and peripheral blood mononuclear cells.
Results: It was observed that lymphoblastoid cells and peripheral blood mononuclear 
cells from individuals affected by SPG4-hereditary spastic paraplegia show a polarized 
microtubule cytoskeleton organization. In a pilot study on freshly isolated peripheral 
blood mononuclear cells, our method discriminates SPG4-hereditary spastic paraplegia 
from healthy donors and other hereditary spastic paraplegia subtypes. In addition, it is 
shown that our method can detect the effects of spastin protein level changes.
Conclusions: These findings open the possibility of a rapid, non-invasive, inexpensive test 
useful to recognize SPG4-hereditary spastic paraplegia subtype and evaluate the effects 
of spastin-enhancing drug in non-neuronal cells.
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penetrance and 20% of sporadic patients [3]. Spastin is an MT sever-
ing enzyme encoded by the SPG4 gene, which produces two spastin 
isoforms called M1 (68 kDa) and M87 (60 kDa) by two different initia-
tion codons. M87 is the predominant form in all tissues, whereas M1 is 
only detectable in neuronal tissues [4]. M1 and M87 have alternative 
splicing variants, lacking the exon 4 [4]. More than 250 mutations of 
the SPG4 gene have been reported, which can be subdivided into mis-
sense mutations (inactivating mutations clustering mainly in the cata-
lytic domain and other mutations whose functional outcome is largely 
unknown) and into truncating mutations (frameshift, nonsense and 
insertions/deletions, commonly associated with a reduced amount of 
spastin protein as a result of mRNA nonsense-mediated decay) [5]. 
Therefore, SPG4-HSP is mostly thought to be mediated by haploin-
sufficiency and insufficient MT severing activity [1]. For a given vari-
ant, age at onset, clinical severity and course of progression are highly 
variable and unpredictable, even in the same family [3,5-7]. To pre-
dict the probability of fast disease progression, fluid biomarkers are 
emerging. The concentration of neurofilament light in cerebrospinal 
fluid or in serum appears a promising prognostic tool in the prodromal 
phase of SPG4-HSP and in young SPG4-HSP patients [8–11].

To date, no effective disease-modifying therapies are currently 
available, but approaches based on drugs counteracting dysfunc-
tional mechanisms or spastin-enhancing treatments are emerging 
[7]. A gene-dosage rescue of neurite defects has been reported in 
neurons from SPG4-HSP patients, showing that restoring physiolog-
ical spastin levels might halt pathological phenotypes [12].

Recently, it was demonstrated that spastin stability is regulated 
by the ubiquitin-proteasome system in a neddylation-dependent 
manner and it was shown that the inhibition of its poly-ubiquitylation, 
using the neddylation inhibitor MLN4924, increases spastin protein 
levels and rescues neurite defects in spastin-deficient models [13]. 
No predictive biomarker able to determine which patients are likely 
to respond to therapy is available.

Spastin regulates cytoskeleton rearrangement associated with 
membrane and MT remodelling and dynamics [14, 15]. MTs play a 
key role in maintaining cell morphology and motility. In neurons, 
MT dynamics promote axon growth, maintenance and trafficking. 
Spastin is a critical player in cytokinesis and nuclear envelope reseal-
ing during cell division, in intracellular traffic of different cell types 
and in axonal transport of neurons [16]. Recently, during studies on 
spastin regulatory pathways, a polarized MT cytoskeleton organiza-
tion in lymphoblastoid cells (LCLs) deriving from SPG4-HSP patients 
was observed. Based on these observations, a non-invasive, cell 
imaging-based method was developed able to discriminate SPG4-
HSP from healthy donors and other HSP subtypes and to monitor 
the effects of spastin-enhancing drugs.

METHODS AND MATERIAL S

Ethics statement and genotype of the HSP cells

The ethics committee of Asl Roma 2, Rome, Italy, approved this study 
on patient derived cells (0074975/2020). Written informed consent 

was obtained and data analysis was performed anonymously. The 
HSP genotypes of the patients are reported in Table 1.

Cells and treatments

Mouse motor neuronal NSC-34 cells (a gift of M. Cozzolino) were 
cultured in Dulbecco's modified Eagle's medium Nutrient Mixture 
F12 (DMEM-F12) 1:1, supplemented with 10% heat-inactivated 
foetal bovine serum (FBS). SPG4 LCLs and healthy donor (HD) LCLs 
were established by Epstein–Barr virus infection. The LCLs from 
patients with ataxia-telangiectasia (AT) or Werner syndrome (WS) 
used in this study have been described previously [17]. Peripheral 
blood mononuclear cells (PBMCs) were isolated from blood samples 
in an ethylenediaminetetraacetic acid (EDTA) tube by Lympholyte-H 
(Cedarlane) density gradient centrifugation, as in Prodosmo et al. 
[17]. PBMCs and LCLs were cultured in RPMI GlutaMAX (Gibco) 
supplemented with 10% FBS and were routinely tested for myco-
plasma contamination. To perform our analyses on proliferating 
cells, freshly isolated PBMCs were induced to enter the cell cycle 
by incubation with 5  μg/ml phytohaemagglutinin (Thermofisher, 
10576015) for 60 h.

The following chemicals were used: MLN4924 0.1  μM for 
16 h (Cayman Chemical 15217), spastazoline 10  μM for 16 h 
(HY-111548, MedChemExpress), valproic acid (VPA) 1 mM for 
24 h (Cayman Chemical 13033) and dimethyl sulfoxide (DMSO) 
(Sigma-Aldrich).

RNA interference (RNAi)

Spastin RNAi was obtained by using specific short interfering RNAs 
(siRNAs) selected amongst targeting sequences common to all spas-
tin isoforms, as in Pisciottani et al. [18]. siRNAs were transfected 
using Amaxa Nucleofector 4D according to the manufacturer's 
instructions.

Western blot (WB)

Total cell extracts were prepared in RIPA buffer (50 mM Tris–HCl 
pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium do-
decyl sulfate [SDS], 1% NP40 and 1 mM EDTA) supplemented with 
protease and phosphatase inhibitors (Roche). Proteins were resolved 
by SDS polyacrylamide gel electrophoresis using Bolt Novex Bis-
Tris Gels 4%–12% gradient (Life Technologies). Immunoreactivity 
was determined using ECL Prime (Amersham); image acquisition 
and densitometry analysis was performed with Image Lab software 
(Bio-Rad). The following antibodies (Abs) were employed: anti-
GAPDH #sc-32233 (1:1000; Santa Cruz Technologies), anti-spastin 
sp3G11/1 #sc-53443 (1:200; Santa Cruz Technologies), anti-Nedd8 
#ab81264 (1:500 Abcam), anti-acetyl-α-tubulin #T7451 (1:1000; 
Sigma-Aldrich), anti-mouse-HRP #7076 and anti-rabbit-HRP #7074 
(Cell Signaling Technology).

 14681331, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15756 by U

niversity O
f Sheffield, W

iley O
nline L

ibrary on [12/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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Immunofluorescence (IF) and automated 
image analysis

Cells were seeded onto poly-l-lysine coated coverslips as in 
Prodosmo et al. [17], fixed in 2% formaldehyde, permeabilized in 
0.25% Triton X-100 in phosphate-buffered saline (PBS) for 10 min, 
and then blocked in 5% bovine serum albumin in PBS before the 
primary Ab was applied. The following Abs were employed: anti-
α-tubulin-FITC #F2168, anti-β-tubulin-cy3 #C4585, anti-acetyl-
α-tubulin #T7451 (Sigma-Aldrich). Secondary mouse TRITC Abs 
#A11005 (Alexa-fluor, Life Technologies) were used. DNA was 
marked with Hoechst (Sigma-Aldrich). Cells were examined under 
an inverted microscope (Eclipse Ti, Nikon) using a Clara camera 
(Andor technology). Images for each sample were taken in parallel 
using an identical microscope by NIS-Elements H.C. 5.11 using the 
JOBS module for automated acquisitions. Analysis was performed 
using customized image analysis pipelines in CellProfiler. Briefly, 
the intensity of β-tubulin is calculated as the average pixel intensity 
within a selected region of interest (ROI), the ‘form factor’ is calcu-
lated as 4π × area/perimeter2 of a ROI set to the tubulin staining, and 

the ‘dcnc’ is calculated as the length of the line segment joining two 
points (i.e., the nucleus and cell centroids, set to the Hoechst and 
tubulin ROIs respectively).

Flow cytometry analysis

To analyse the cell-cycle phase distribution, LCLs were collected by 
centrifugation, washed with PBS and fixed with 50% methanol over-
night at 4°C. Cell-cycle phase distribution was analysed after incuba-
tion for 30 min in the dark with propidium iodide (0.03 mg/ml) and 
RNAse A (0.2 mg/ml) using a flow cytofluorimeter Epics XL apparatus 
(Beckman Coulter). Cell aggregates were gated out on a bi-parametric 
graph FL-3 in ratio as described by Ferrara et al. [19]. Cell samples 
were analysed in a Coulter Epics XL cytofluorometer (Beckman 
Coulter) equipped with EXPO 32 ADC software. At least 10,000 cells 
per sample were acquired. The percentage of cells in the different 
phases of the cell cycle was calculated using Flowing Software 2.5. 
For the analysis of the forward scatter (FSC) and side scatter (SSC), 
LCLs were collected and freshly analysed without fixation.

HD Patients

LCLs PBMCs HSP genomic mutation LCLs PBMCs

(1) × SPG4 (1) C75insA × ×

(2) × SPG4 (2) C1215-1219DTATAA9 × ×

(3) × SPG4 (3) C1215-1219DTATAA9 × ×

(4) × SPG4 (4) C910-914DCCTACTinTAG ×

(5) × SPG4 (5) C1536G-C ×

(6) × SPG4 (6) c.1280 T > C (p.Phe427Ser) ×

(7) × SPG4 (7) c.1130G > A (p.Gly377Glu) ×

(8) × SPG4 (8) c.1636G > C(p.Gly564Arg) ×

(9) × SPG7 (1) c.1807G > A (p.Ala603Thr); 
c.862-3C > T [r?; splicing]

×

SPG7 (2) c.273_274delCT/p.
Trp92Alafs*; c.679C > T/p.
Arg227*

×

SPG7 (3) c.1529C > T (p.Ala510Val); 
c.1053delC

×

SPG11 (1) c.4307_4308delAA; 
c.662 G > A (p.Trp221*)

×

SPG11 (2) c.4307_4308delAA; 
c.4307_4308delAA

×

SPG30 (1) c.32G > G (p.R11P) ×

SPG30 
(2)

c.1038G > C (p.R346S) ×

SPG30 (3) c.761G > A (p.R254Q) ×

SPG3a (1) c.1688insA ×

SPG3a (2) c.1308 T > A (p.N436K) ×

Abbreviations: HD, healthy donor; HSP, hereditary spastic paraplegia; LCLs, lymphoblastoid cells; 
PBMCs, peripheral blood mononuclear cells.

TA B L E  1  HD and patient cells
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    | 1737NEW CELL IMAGING METHOD FOR SPG4 HSP

F I G U R E  1  MT cytoskeleton organization in LCLs. (a) The indicated cells were analysed by IF. Cells were stained with anti-β-tubulin Ab 
and counterstained with Hoechst for nucleus labelling. Representative images are shown. (b) The indicated LCLs were analysed by WB. 
Unless otherwise indicated, here and in all the figures, a representative WB of three independent experiments is shown and molecular 
weight markers are reported in kilodaltons. The quantification of the WB is shown in the right panel; the intensity of the spastin bands was 
quantified, normalized and reported as mean ± standard deviation (SD) for the indicated cells. **p < 0.001, t test. au, arbitrary units. (c), (d) 
HD LCLs were transfected using 40 nM spastin-specific (siSpastin) or negative control (siCtr) stealth siRNAs and analysed by WB and IF 48 h 
post transfection. (c) Representative WB showing the decrease of spastin protein levels in the left panel and quantification of WB results 
as mean ± SD from three independent experiments in the right panel. ***p < 0.0001; t test. (d) Cells were stained with anti-α-tubulin Ab and 
counterstained with Hoechst for nucleus labelling; representative images are shown. Scale bars 10 μM.
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1738  |    SARDINA et al.

Statistical analysis

Unless otherwise indicated, data from at least three experi-
ments were statistically analysed using GraphPad Prism soft-
ware 6. Normal distribution of parameters was assessed by using 

the Shapiro–Wilk test. For measurements of continuous vari-
ables the unpaired Student's t test or ordinary one-way ANOVA 
Bonferroni's multiple comparison tests were used. When samples 
were not normally distributed Mann–Whitney tests were used 
instead of the unpaired Student's t test. Pearson correlation was 
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    | 1739NEW CELL IMAGING METHOD FOR SPG4 HSP

used to measure relationships between pairs of continuous vari-
ables. Statistical significance was set at p < 0.01 and was reported 
by asterisks according to the following scheme: ***p < 0.0001, 
**p < 0.001.

RESULTS

Spastin haploinsufficient SPG4 LCLs show a polarized 
MT cytoskeleton organization

In the process of studying spastin-enhancing treatments, it was 
observed that LCLs from patients carrying heterozygous haploin-
sufficient SPG4 truncating mutations show a polarized MT cytoskel-
eton organization compared to LCLs derived from HDs or patients 
with other genetic disorders unrelated to SPG4, such as AT or WS 
(Figures  1a–c, S1a–c and Table  1). Anti-β-tubulin or anti-α-tubulin 
or anti-acetyl-α-tubulin Abs were used to mark MTs in combination 
with Hoechst to counterstain nuclei (Figures 1 and S1). Differently 
from HD, AT and WS LCLs that are rounded with a central nucleus 
surrounded by a thin layer of MT cytoskeleton, SPG4 LCLs appear 
with an eccentric nucleus and polarized MT cytoskeleton organiza-
tion (Figures 1a and S1a–c).

To evaluate whether this SPG4 LCL phenotype might be induced 
by spastin level reduction, spastin protein levels were first verified 
in our SPG4 LCLs. According to the type of SPG4 truncating muta-
tions (Table 1) and literature evidence [20, 21], WB analyses showed 
a significant reduction of approximately 50% of spastin protein lev-
els in the SPG4 LCLs compared to HD LCLs, whilst, as expected, 
the spastin truncated forms and M1 isoforms were undetectable 
(Figures 1b and S1d,e). Next, a reduction of spastin protein levels 
was induced like those of haploinsufficient SPG4-HSP patients' cells 
in the HD LCLs. As shown in Figure  1c,d, it was observed that a 
reduction of spastin levels obtained by RNAi induces an MT cyto-
skeleton organization similar to those of SPG4 LCLs, supporting the 
hypothesis that the MT cytoskeleton is affected by reduced spastin 
levels. Comparable results were obtained by treating HD LCLs with 
the ATP-competitive inhibitor spastazoline that blocks the cata-
lytic activity of spastin [22] (Figure S1f), suggesting that the polar-
ized MT cytoskeleton organization can also be induced by spastin 
inactivation.

Spastin-enhancing drugs rescue the MT 
cytoskeleton organization in SPG4 LCLs

Since it has been demonstrated previously that MLN4924 treat-
ment can increase spastin protein levels in SPG4 LCLs [13], it was 
evaluated whether MLN4924 treatment is able to rescue the MT cy-
toskeleton organization in SPG4 LCLs. Thus, SPG4 LCLs were treated 
with MLN4924 or its solvent, DMSO as in Sardina et al. [13], and 
analysed by WB to verify the efficacy of the treatment in restor-
ing spastin protein levels and by IF to evaluate the MT cytoskeleton 
organization. It was observed that the increase of spastin levels as-
sociates with a significant rescue of MT cytoskeleton organization in 
SPG4 LCLs (Figure 2a–c).

To exclude cell-cycle-dependent effects of MLN4924 treatment 
on MT cytoskeleton organization, flow cytometry analysis was per-
formed using propidium iodide DNA staining. The analyses did not 
reveal any change in the cell-cycle distribution of SPG4 and HD LCLs 
(Figure S2a,b).

Recently, VPA has been shown to restore spastin protein levels 
in the cortical neurons of a mouse model of autosomal recessive spi-
nocerebellar ataxia 20 (SCAR20), characterized by spastin destabi-
lization [23]. Thus, as a further approach, VPA was employed. First, 
it was assessed whether VPA treatment restores spastin levels also 
in SPG4 LCLs and then its effects on the MT cytoskeleton were an-
alysed. As shown in Figure 2d–f, VPA increases spastin levels and 
rescues MT cytoskeleton organization in SPG4 LCLs.

Taken together, these results indicate that the polarized MT cy-
toskeleton organization of SPG4 LCLs is reversible and can be res-
cued by restoring spastin levels.

SPG4 and spastin-deficient LCLs show an 
increase of the distance between cell and 
nucleus centroids

Based on the above observations, the possibility of quantifying 
the morphological features of SPG4 LCLs detected by MT stain-
ing was evaluated. This was begun by building a customized pipe-
line for automated image analysis using the open-source software 
CellProfiler [24], Using this pipeline, the SPG4 and HD LCLs were 
analysed by measuring different parameters, that is, the intensity 

F I G U R E  2  Spastin-enhancing treatments in LCLs. (a)–(c) The indicated cells were treated with MLN4924 or its solvent DMSO and 
analysed by WB or IF 16 h post treatment. (a) Representative WB with indicated Abs; cullin deneddylation is shown as MLN4924 positive 
control. The intensity of the spastin bands was quantified, normalized and reported relative to solvent treatment as mean ± SD from four 
independent experiments in the right panels. ***p < 0.0001; ns, not statistically significant; t test. (b) Representative images of indicated 
cells stained as in Figure 1(a). (c) Histogram showing the percentage of cells characterized by a polarized organization of MT cytoskeleton 
is reported as mean ± SD from three independent experiments, in which >200 cells were manually analysed (cells showing an eccentric 
nucleus and an elongated tubulin staining/total cells). ***p < 0.0001; one-way ANOVA Bonferroni's multiple comparison test. (d)–(f) Indicated 
cells were treated with VPA or its solvent DMSO and analysed as in (a)–(c) 24 h post treatment. (d) Representative WB with indicated Abs; 
an increase of acetyl-α-tubulin is shown as VPA positive control. (e) Representative images of indicated cells stained as in (a). (f) Histogram 
obtained as in (d). ***p < 0.0001; one-way ANOVA Bonferroni's multiple comparison test. Scale bars 10 μM. Data from SPG4 LCL1 and HD 
LCL1 are shown. Similar data were obtained by analysing SPG4 LCL2 and HD LCL2.
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1740  |    SARDINA et al.

of β-tubulin staining, the ‘form factor’ and the distance between 
nucleus and cell centroid (dcnc) for each single cell under consid-
eration. The measurements of the first two parameters did not 
distinguish the MT cytoskeleton organization of SPG4 LCLs com-
pared to controls. The intensity of the β-tubulin staining increased 
in SPG4 LCLs 1 and 3 and decreased in SPG4 LCL 2 compared to 
control HD LCLs; similar data were also obtained by measuring 
the intensity of the acetyl-α-tubulin staining (Figure  S3a,b). The 
‘form factor’, a measure that reflects the shape of objects, did not 
detect significant changes between HD and SPG4 LCLs (Figure 3a), 
whereas a significant increase of the dcnc was sufficient to dis-
tinguish the SPG4 LCL MT organization compared to HD controls 
(Figure  3b,c). Next, the pipeline was used to automatically ana-
lyse the images relative to the experiments reported in Figures 1e 
and S1e, showing that a significant increase of the dcnc parameter 
characterizes the MT cytoskeleton organization induced by the 
reduction of spastin protein levels or the inhibition of its activ-
ity (Figure 3d,e). This suggests that an automated cellular imaging 
dcnc-based method might be used as a test to specifically recog-
nize SPG4 LCLs and to detect spastin-dependent effects in the 
organization of the LCL MT cytoskeleton.

The dcnc-based method is able to recognize the 
polarized MT cytoskeleton organization in PBMCs 
isolated from SPG4 -HSP patients

After having verified that freshly isolated SPG4 PBMCs show an 
MT cytoskeleton organization like that of SPG4 LCLs (Figure S4a), 
whether the dcnc-based method can be used to discriminate the MT 
cytoskeleton organization of PBMCs isolated from SPG4-HSP pa-
tients and HDs was investigated. PBMCs from five patients and four 
HDs (Table 1) were isolated and analysed. On performing grouped 
(Figure  4a) and individual evaluations (Figure  S4b), SPG4 PBMCs 
showed a statistically significant increase of the dcnc parameter 
compared to HD PBMCs. Comparable results were obtained by 
analysing PBMCs isolated from whole blood maintained at room 
temperature for 48 or 72 h and containing EDTA as anticoagulant, 
or PBMCs frozen in DMSO and then thawed, testing the cells under 
different experimental conditions (Figure S4c). These findings indi-
cate that the polarized MT cytoskeleton organization is not modified 
by Epstein–Barr virus mediated immortalization or cell manipulation. 
Of relevance, these characteristics allow this method to be used as 
a simple and rapid test to analyse PBMCs, obviating the need for 
laborious and time-consuming stabilization of LCLs.

To evaluate the specificity of the dcnc-based method, PBMCs 
isolated from patients carrying different SPG types of HSP (Table 1) 
due to mutations in proteins affecting MT dynamics, such as the ki-
nesin motor protein KIF1A (SPG30 [25]) and the spastin interactor 
Atlastin-1 (SPG3a [26]), or in proteins affecting MT-independent pro-
cesses, such as the mitochondrial metalloprotease paraplegin (SPG7 
[27]) or the vescicle trafficking associated protein spatacsin (SPG11 

[28]) were analysed. On using the dcnc-based method, the PBMCs 
carrying these SPG-HSP subtypes do not show any increase of dcnc 
compared to HD PBMCs and are significantly different from SPG4 
PBMCs (Figure 4b).

The dcnc-based method senses the effects of a 
spastin-enhancing drug in PBMCs

To assess whether the dcnc-based method can detect the effects 
of spastin-enhancing treatments in PBMCs, SPG4 and HD PBMCs 
were treated with MLN4924 or its solvent, DMSO. First, it was veri-
fied that, as has been observed for the SPG4 LCLs, the MLN4924 
treatment was able to increase spastin levels also in SPG4 PBMCs 
(Figure 5a). Next, the MT cytoskeleton organization of the treated 
cells was analysed, showing a significant reduction of the dcnc pa-
rameter in MLN4924 treated cells compared to solvent-treated con-
trol (Figure 5b), suggesting that this method might be used as a fast 
readout parameter for spastin recovery in non-neuronal cells.

DISCUSSION

The identification of non-invasive biomarkers, such as blood 
cell imaging-based markers, is an emerging challenge for neuro-
degenerative disorders (NDs). A polarized MT cytoskeleton or-
ganization in the blood mononuclear cells isolated from patients 
affected by SPG4-HSP was observed that led us to the devel-
opment of an automated dcnc-based method, which can detect 
and quantify changes in the MT cytoskeleton organization of 
PBMCs from patient samples. Interestingly, the polarized MT 
organization is not permanent and can be reverted by restoring 
para-physiological spastin levels in SPG4 cells or induced in HD 
LCLs by lowering the levels of spastin or inhibiting its activity. 
These observations indicate that the polarized MT cytoskeleton 
organization is a phenotype strongly dependent on spastin dos-
age and functionality. Amongst the imaging parameters that were 
sought to describe this phenotype, the focus was mainly on those 
relative to cell morphology, such as the ‘form factor’ and the 
dcnc. It was found that the dcnc-based method senses spastin 
level changes and distinguishes LCLs and PBMCs carrying SPG4 
truncating mutations from HD controls. In addition, dcnc senses 
MT organization changes induced by spastin inactivation by an 
ATP-competitive inhibitor. Thus, to begin evaluating whether the 
dcnc-based method can also discriminate SPG4 missense muta-
tions, LCLs were analysed from three patients carrying three 
different missense mutations in the catalytic domain (Table 1,5). 
Consistent with the effect of the spastin inhibitor, dcnc was able 
to discriminate the missense SPG4-carrying LCLs from those of 
the HDs (Figure  S5). By analysing LCLs from patients carrying 
other types of HSP mutations, such as those in proteins involved 
in MT-dependent or MT-independent functions, evidence was 
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obtained supporting the specificity of the dcnc-based method for 
SPG4-HSP. However, it cannot be excluded that an MT cytoskel-
eton organization resembling those of SPG4 cells might be pre-
sent in other MT-associated HSP subtypes that we have not yet 
analysed (e.g., SPG31, SPG58, SPG72).

Altogether, these results support the dcnc-based method as a 
suitable potential biomarker responding to changes in spastin levels 
and function in non-neuronal cells. A large-scale study will be neces-
sary to define whether the dcnc-based method could be a biomarker 
for SPG4-HSP alone or in combination with other parameters.

F I G U R E  3  SPG4 and spastin-deficient LCLs show an increase of the dcnc compared to control LCLs. (a)–(c) The indicated cells were 
stained as in Figure 1(a); automated image analyses were performed by using a customized CellProfiler pipeline and different parameters 
were calculated for each cell; at least 100 cells were analysed per condition, in three independent experiments. (a) Box plots to compare 
the ‘form factor’ parameter in SPG4 and HD LCLs are reported; the Mann–Whitney test relative to control is not statistically significant. (b) 
Schematic representation of the dcnc parameter. (c) Dot plots to compare the dcnc in SPG4 and HD LCLs are reported. Each dot represents 
a single cell; the horizontal black lines indicate the mean ± standard error of the mean (SEM) and the Mann–Whitney test is relative to HD 
LCLs. ***p < 0.0001. (d), (e) The images relative to the experiments shown in the Figure 1(e) and Figure S1(e) were automatically analysed and 
reported as in (c). **p < 0.001, ***p < 0.0001; t test.
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The establishment of a multiparametric readout could imple-
ment our analysis. The correlation between dcnc/form factor, dcnc/
tubulin intensity and form factor/tubulin intensity was analysed. As 
shown in Figure S6a, there is no significant correlation between the 
indicated parameters. However, it would be interesting to perform 
future investigations aimed at combining dcnc with parameters rela-
tive to other organelles known to be affected by spastin dysfunction 
(e.g., size/distribution/number of lipid droplets, peroxisomes, lyso-
somes, mitochondria).

It is known that MT length and density play an important role in 
MT cytoskeleton organization and recent evidence supports spas-
tin as a key enzyme in shaping MT networks by promoting both MT 
disassembly and growth [29, 30]. It has been observed that neu-
ral cells and fibroblasts lacking spastin activity develop long MT 
fragments [15] and a polarized morphology, showing long protru-
sions filled with a linear array of acetylated MTs [31], a phenotype 
reminiscent of the polarized organization of the MT cytoskeleton 
observed in spastin-deficient LCLs and PBMCs. The focus of our 

attention is SPG4 PBMCs because they are easily accessible cells, 
opening the possibility of identifying a first rapid outcome mea-
sure for spastin recovery in non-neuronal cells. It will be relevant 
to verify whether this phenotype is also present in patient neuro-
nal cells.

The local concentration and the rate of the spastin severing 
activity, the MT dynamic properties in combination with MT-
associated proteins, and the fate of the severed MT tips might 
affect the spatial organization of the MT networks with conse-
quence on the selective transport of the organelles and cargos that 
are needed for proper cellular activity. Thus, it will be important 
to evaluate whether the MT organization observed in the SPG4 
PBMCs leads to defects in MT-dependent functions, such as in-
tracellular trafficking and directional cell migration. By affecting 
the cytoskeleton organization, spastin might also influence the MT 
array maintenance and orientation during neural development and 
tissue morphogenesis, whose implications in HSP pathogenesis still 
need to be explored.

Drugs acting on MT dynamics have been shown to rescue some 
SPG4-HSP defects in several models [32]. Recently, the effects of 
noscapine have been assessed in SPG4-HSP patient-derived fibro-
blasts by using cell morphology profiling [33]. An evaluation of the 
effects of MT drugs (such as noscapine, vinblastine, nocodazole 
and epothilone B) on the MT cytoskeleton organization of SPG4 
LCLs and PBMCs could now be performed by using the dcnc-based 
method.

To date, there is no unambiguous genotype–phenotype correla-
tion for SPG4-HSP patients [3]. Thus, from a clinical point of view, it 
will be interesting to extend our analyses to a large cohort of SPG4-
HSP patients, with different mutations and disease severity, and to 
investigate the relationship between the observed phenotype and 
the clinical characteristics by performing cross-sectional and longi-
tudinal studies.

Altered MT dynamics is a common feature of sporadic NDs, such 
as Alzheimer's disease, Amyotrophic Lateral Sclerosis, Parkinson's 
disease and Huntington's disease [34, 35]. Our SPG4-HSP studies 
might represent a model by tracing the way for identifying useful 
biomarkers for sporadic NDs.

Additionally, the MT cytoskeleton organization of SPG4 LCLs 
is distinguishable also by flow cytometry analysis. As shown in 
Figure S6b,c, a reproducible and consistent slight increase of the 
FSC and a statistically significant increase of the SSC in SPG4 
LCLs were observed compared with HD LCLs. An increase of 
these two parameters (indicating the size of the cells and the 
complexity/granularity of the cells, respectively) may be in agree-
ment with the phenotypes observed by IF, but deserves further 
investigations.

Overall, our findings support the MT cytoskeleton organization 
of PBMCs as an easily accessible potential biomarker for SPG4-HSP 
and reveal new non-invasive tools for SPG4-HSP diagnosis, monitor-
ing, prognosis and predictivity.

F I G U R E  4  Dcnc analyses in PBMCs from different HSP patients. 
(a) The indicated cells were analysed in duplicate after staining as 
in Figure 1(a), using a customized CellProfiler pipeline. Grouped 
analysis of the dcnc in PBMCs from SPG4-HSP patients compared 
to PBMCs from HDs is shown. The horizontal black lines indicate 
the mean ± SEM. ***p < 0.0001, t test. (b) Cells were stained and 
automatically analysed as in (a). Grouped analysis of the dcnc 
in PBMCs from indicated HSP patients compared to HD. The 
horizontal black lines indicate the mean ± SEM; ***p < 0.0001, one-
way ANOVA Bonferroni's multiple comparison test.
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