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Abstract
Background: Spastic paraplegia type 55 (SPG55) is an autosomal recessive complicated hereditary
spastic paraplegia. Here we report an SPG55 case with typical neurological phenotypes including optic
atrophy, lower extremity spasticity and peripheral neuropathy.

Methods: The present study involved one patient in a Chinese family. Neurological examination including
the ophthalmology related examinations as well as nerve conduction velocity and a sural nerve biopsy
were performed for the patient. We performed a genetic analysis of genes associated with peripheral
neuropathy and spastic paraplegia using a multigene next-generation sequencing(NGS) panel and sanger
sequencing. Furthermore, we cultured patient’s primary skin �broblasts, then we examined the
cytoplasmic LC3B immuno�uorescence in the patient’s primary �broblast and after two drugs
(butylphthalide sodium chloride and idebenone) were used to the target the mitochondria function of the
�broblast.

Results: Here we reported an SPG55 case with typical neurological phenotypes including optic atrophy,
lower extremity spasticity and peripheral neuropathy. We identi�ed a homozygous C12orf65 nonsense
mutation (c.394C>T, p. R132*) in the affected patient. The mutation was associated with active
autophagosome formation with increased LC3B puncta in the patient’s �broblasts compared with an age-
matched healthy individual, while the latter phenotype was normalized by Dl-3-N-butylphthalide
treatment.

Conclusions: This is the �rst pilot study to characterize the SPG55 mutation in the Chinese population; it
will contribute to further research revealing the role of C12orf65 mutations in regulation of mitochondria
function and autophagy.

Background
Hereditary spastic paraplegia is a clinically and genetically heterogeneous group of inherited
neurodegenerative disorders in which the main neurological symptoms comprise progressive spasticity
and weakness of the lower limbs [1, 2]. So far, 79 genes have been linked to spastic paraplegia (SPG1-
SPG79, in the order of discovery) with X-linked, autosomal dominant or recessive inheritance, with or
without maternal imprinting [3]. Spastic paraplegia type 55 (SPG55) is an autosomal recessive pathology
caused by homozygous mutation in the Chromosome 12 open reading frame 65 (C12orf65) gene
mapped to chromosome 12q24.31[4]. SPG55 varies in disease phenotypes including early onset slowly
progressive spastic paraplegia, progressive visual loss with optic atrophy, distal axonal motor and
sensory neuropathy, delayed psychomotor development with mental retardation, pes equinovarus, and
arthrogryposis. Neuroimaging studies demonstrated hypoplastic corpus callosum in some patients [2, 5].

C12orf65 is a nuclear gene encoding a mitochondrial matrix protein which is critical for the release of
newly synthesized proteins from mitochondrial ribosomes [6]. Shimazak et al. identi�ed a homozygous
truncating mutation in C12orf65 causing reduced synthesis of most mitochondrial proteins and reduced
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activities of some respiratory complex enzymes [2]. These �ndings indicated that defects in
mitochondrial translation may be a mechanism underlying degeneration of the corticospinal tracts and
spastic paraplegia.

Importantly, reduced ATP levels due to decreased activity of ATP synthase may cause autophagy through
the Amp-activated protein kinase (AMPK) pathway [7]. AMPK is a major metabolic energy sensor that
regulates energy homeostasis by controlling several homeostatic mechanisms, including autophagy [8,
9]. AMPK serves as a positive regulator of autophagy mainly via inhibiting the mammalian target of
rapamycin (mTOR) complex and phosphorylating unc-51-like kinase 1 (ULK1, the ortholog of Atg1 in
mammals) [10, 11]. Furthermore, the defective mitochondrial function in patients with hereditary spastic
paraplegia might cause PINK1 (PTEN-induced putative kinase 1) and the E3 ligase Parkin1-dependent
activation of mitophagy, a variant of autophagy associated with mitochondria recycling [12–14]. Indeed,
Chang et al. identi�ed a depletion of free lysosomes and an accumulation of autolysosomes due to an
impaired lysosome formation upon the loss of function of SPG11/15 [15].

The precise pathogenesis mechanism of SPG55 is still unclear. In the current work, we present a patient
with a unique combination of early onset optic atrophy, progressive distal lower extremity spasticity and
sensorimotor peripheral neuropathy. We demonstrate that a nonsense mutation in C12orf65 is associated
with an increased number of microtubule-associated proteins 1A/1B LC3B-positive puncta detected in
�broblasts from SPG55 patient.

Methods

Human subjects
The proband was a patient observed in Department of Neurology, Shanghai Ninth People’s Hospital,
School of Medicine, Shanghai Jiao Tong University, Shanghai, China. Peripheral venous blood from the
patient and his family members was collected for genetic analyses. Primary �broblasts were isolated
from skin biopsy samples of the patient and an age-matched healthy volunteer. Informed consent was
obtained from all subjects involved according to the Helsinki Declaration. The study was approved by the
Ethics Committee of Shanghai Ninth People’s Hospital, School of Medicine, Shanghai Jiao Tong
University.

Next-generation Sequencing Analysis And Sanger
Sequencing
Genomic DNA was extracted using QIAamp DNA extraction kit (QIAGEN), and the concentration was
measured. DNA was then fragmented by DNase and puri�ed by magnetic bead method, followed by PCR
ampli�cation and ligation of the adapter sequences. Further, it was captured and puri�ed twice by a
custom Panel probe (Illumina Inc, USA), and then ampli�ed by PCR. The �nal library obtained after
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puri�cation was used to sequence exon regions of Panel-related genes on a NextSeq500 sequencer
(Illumina Inc, USA). All data were compared to the reference sequence (UCSC hg19) using the BWA
algorithm with the instrument’s default settings [16] and data reporting methods for annotation [17]. By
implementing clinical data and the prediction results of bioinformatics software including PolyPhen2,
LRT, Mutation Taster, the functional, mutation and genetic patterns of each gene were screened to obtain
the list of candidate mutations. PCR primers were designed for the sites of candidate mutations in the
patient’s parents for ampli�cation and Sanger sequencing veri�cation.

Primary Fibroblast Culture
Brie�y, after local sterilization and anesthesia, full-thickness skin biopsies (∼ 5 mm3) were taken from the
patient and a 25-year-old healthy volunteer. The isolates were placed into 50-ml conical tubes �lled with
biopsy culture medium containing 400 ml minimum essential medium, 100 ml fetal bovine serum, 5 ml
penicillin/streptomycin solution (10,000 U/ml penicillin G and 10,000 µg/ml streptomycin) and stored in
culture medium for 12 hours at 4 °C before dissection for primary culture. After removing the biopsy
culture medium, the biopsy samples were washed three times with 10 ml DPBS without calcium and
magnesium. Further, they were placed to a sterile 6-cm tissue culture dish containing ∼ 7 ml primary
culture medium containing 400 ml minimum essential medium, 100 ml fetal bovine serum, 5 ml
penicillin/streptomycin/Fungizone solution (10,000 U/ml penicillin G, 10,000 µg/ml streptomycin,
25 µg/ml amphotericin B) and anti-mycoplasma reagent. The biopsies were �rst cut into small pieces,
then re�ned to pieces with the size of a pinhead. Further, we placed each 10 pinhead-sized explants into
one 25-cm2 tissue culture–treated �ask (Nunc™ EasYFlask™ 156340), waited for 20 minutes for the
explants to adhere and added 12 ml primary culture medium. The �asks were placed into a dedicated
37 °C, 5% CO2 incubator for 5 days, followed by replacement of the medium by fresh primary culture
medium. The �broblast cultures were further maintained, checked daily for growth, con�uence and
contamination, with medium replacements every 3–5 days according to Villegas et al [18]. When the
con�uence was ~ 95%, the passage 2 �broblasts from patient and healthy volunteer were seeded into two
96-well plates with the densities 3–9 × 103 cells/ml. Drug treatment was started when the con�uence
reached 60%~70%. Two drugs were used to target the mitochondria function of the �broblasts.
Butylphthalide sodium chloride (further referred to as butylphthalide, EnBiPu, CSPC NMP pharmaceutical
company, H20100041) was diluted from the 25 mg/100 ml 0.9% sodium chloride stock solution in DMEM
and used in �nal concentrations 10 µM and 26.28 µM. 70 mM idebenone stock solution was made by
dissolving 30 mg tablets (Qilu Pharmaceutical Co., H10970137) in 0.2% DMSO, followed by dilution in
DMEM to get a 5 µM �nal concentration. After addition of the drugs, the �broblasts were incubated 48
hours in a 37 °C, 5% CO2 humidi�ed incubator followed by immuno�uorescent analysis. The cells were
incubated for one hour with 1:20000 MitoTracker Orange (Molecular probes M7510) in a 37 °C, 5% CO2

humidi�ed incubator). Further, we incubated with 1:20000 Hoechst 33342 (Invitrogen, #H3570) in 1 × PBS
for 5 minutes at room temperature. Then the cells were �xed in 4% PFA (Aladdin, C104188) for 20
minutes, washed twice with 1 × PBS, permeabilized with 0.2% Triton X-100 for 15 minutes, blocked by
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0.2% Triton X-100, 5% normal goat serum (Biotopped, SU3757) in PBS for 1 hour at room temperature.
1:1000 anti-LC3B primary antibody (Thermo Fisher, PA5-30598) diluted in 1 × PBS with 0.2% Triton X-100,
5% serum, was incubated overnight at 4 °C followed by washing and incubation for 1 hour at room
temperature in 2 µg/ml of anti-rabbit IgG (H + L) highly cross absorbed secondary antibody conjugate
with Alexa Fluor Plus 647 (Thermo A-21245), diluted in 1 × PBS with 0.2% Triton X-100. LC3B and
MitoTracker signal was visualized under an Olympus IX73 microscope after immunocytochemistry
staining. COOLLED PE300 were used as the illumination sources. Fluorescence emission was collected
by 60 × objective, passed through EM 680/40 and EM 617/73 emission �lters for LC3B and MitoTracker,
respectively. All the images were acquired and processed by Micro-Manager software. The same
conditions were applied to all samples. Fluorescence intensity was quanti�ed by calculating the average
cytoplasmic LC3B signal normalized to the number of cells by using MCID and Prism (GraphPad)
software.

Statistical analysis
For the in vitro experiment’s analyses, we used ordinary two-way ANOVA followed by Holm-Sidak’s
multiple comparisons test vs. each healthy individual’s �broblasts in every treatment group and ordinary
one-way ANOVA followed by Holm-Sidak’s multiple comparisons test at all treated patient groups vs. the
untreated patient group. The levels of signi�cance were set at *P < 0.05 and **P < 0.001. Values were
presented as mean ± standard error of mean (SEM).

Results

Clinical details
The proband was a 30-year-old man, who visited our hospital because of decreased visual acuity and
slowly progressive weakness of the lower extremities. His delivery was normal, with normal motor and
mental development in infancy. Retrospectively, the patient’s progressive loss of visual acuity at the age
of nine was the �rst reported symptom. One year later, he developed muscle atrophy and fatigue of both
lower limbs, foot drop leading to a steppage gait and slowly developing weakness of the lower
extremities. No history of learning di�culties or seizures had been detected.

Neurological examination on admission at the age of 30 revealed loss of visual acuity with bilateral optic
atrophy (Fig. 1A): the naked eye vision was scored as 0.2/1.0 and 0.05/1.0 (left and right eyes,
respectively) without any macular morphology abnormalities on both sides, as revealed by in vivo optical
coherence tomography (Fig. 1B).

The muscle strength was normal in the upper limbs, however the lower limbs were scored as 4/5 in foot
�exion (Medical Research Council Scale, Grade 0–5) [19]and 2/5 in foot dorsi�exion. Marked distal
symmetrical wasting affected the bilateral lower limbs (Fig. 1. C). The feet appeared to have a pes cavus
deformity, with a �exion contracture of the toes. In addition to the brisk re�exes of all extremities, there
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were no other pyramidal signs. Minor asymmetric postural tremor was observed in this patient without
cerebellar ataxia. Sensitivity to pinprick, touch, temperature, positioning and vibration was normal in all
the limbs.

Nerve conduction velocity studies revealed a demyelinating and axonal sensory and motor peripheral
neuropathy. The compound muscle action potential of bilateral tibialis and common peroneal nerves was
not elicited. Decreases in the sensory conduction velocity (SCV) and in the sensory nerve action potential
(SNAP) amplitude were observed in ulnar and peroneal nerves on both sides (left ulnar sensory: SCV
38.5 m/s with SNAP amplitude 17 mV; left peroneal sensory: 35.3 m/s with 6.2 mV; right peroneal
sensory: 27.4 m/s with 0.1 mV). Needle electromyography showed positive shape waves and high motor
unit potential in most muscles of lower and upper extremities, indicating both chronic and active loss of
innervations in these muscles.

A sural nerve biopsy demonstrated a predominantly chronic demyelinating neuropathy (Fig. 1D-G).
Electron microscopy imaging revealed a slight loss of myelinated �bers and multiple �bers with extremely
thin myelin sheaths, indicating a defective myelination. Schwann cell degeneration was apparent in the
patient as demonstrated by increased perinuclear π particles in Schwann cells, and shingled Schwann
cell processes around the unmyelinated �bers.

Identi�cation of a C12orf65 mutation

The C12orf65 gene (c.394C > T) [NM_152269.4] homozygous point mutation in the spastic paraplegia
patient was identi�ed using next-generation sequencing (Fig. 2A). The variant causes an arginine 132
substitution by a stop codon (p.R132*) in the release factor-1 (RF-1) domain (Fig. 2B). Next, we
sequenced this locus in every volunteer in this pedigree revealing an asymptomatic carriers of the
heterozygous c.394C > T mutation indicated in Fig. 2C as IV2, IV6, IV7, IV10 and V4.

Increased LC3B signal in primary �broblasts from the SPG55 patient

Consistent with other studies [2, 20], we discovered no morphological changes in mitochondria such as
increased fragmentation, �ssion or fusion in the SPG55 patient primary �broblasts (Fig. 3A). In order to
study whether the defective mitochondrial translation in SPG55 could trigger reactive autophagy, we
examined the abundance of cytoplasmic puncta positive for LC3B, a common marker for autophagic
structures. Indeed, we detected a signi�cant increase in cytoplasmic LC3B immuno�uorescence (Fig. 3B)
in primary �broblast cultures from the SPG55 patient compared to an age-matched healthy individual.
Butylphthalide and idebenone are promising candidate drugs for mitochondrial protection. Butylphthalide
has been reported to restore mitochondrial membrane potential and prevent reactive oxygen species
(ROS) generation [21]. Idebenone is a potent antioxidant and inhibitor of lipid peroxidation, interacting
with the mitochondrial electron transport chain and facilitating mitochondrial electron �ux in bypassing
complex [22]. As such, we sought to explore whether these drugs could normalize the autophagy-related
phenotype detected in SPG55 primary �broblasts. Indeed, we observed a tendency towards attenuation of
the patient �broblasts' LC3B signal upon idebenone or butylphthalide treatment (with the latter reaching a
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statistical signi�cance at the concentration of 26 µM), supporting a key role of mitochondrial defects in
the observed autophagy induction (Fig. 3).

Discussion
In previous studies, all clinically relevant C12orf65 mutations were truncating, including nonsense
mutations (p.L94*, p.V116*, p.R132* and p.R139*) and frameshift mutations (p.T2Rfs*54, p.P34Ifs*25,
p.V83Gfs*2, p.G72Afs*13 and p.K138Rfs*17) (Fig. 2A, B) with the mutation sites located in the release
factor-1 (RF-1) domain, with the exception of p.K138Rfs*17 [2, 26, 23, 24]. Disease severity has been
previously reported to depend on the residual length of the truncated C12orf65 protein. Indeed, patients
with truncating mutations close to the N-terminal demonstrate severe phenotypes, including neonatal
death, optical atrophy and severe cognitive dysfunction in addition to the main symptoms. In contrast,
patients with truncations close to the C-terminus showed only mild intellectual disability associated with
the main symptoms [25]. In the current study, homozygous p.R132* mutation close to the C-terminus
resulted in an optic atrophy with reduced visual acuity, lower limb spasticity with peripheral neuropathy.
Recently, a Japanese group has reported the same mutation site resulting in almost the same clinical
manifestations as in our patient (Shimazaki, Takiyama et al. 2012). They detected that the c.394C > T
mutation was associated with optic atrophy and peripheral neuropathy in addition to the main symptoms
[2]. Thus, it can be inferred that the above three signs may be characteristic for this nonsense mutation.

Consistent with the critical role of C12orf65 in releasing newly synthesized mitochondrial proteins, SPG55
cases were found to be associated with decreases in respiration, in ATP synthase activity and in
mitochondrial membrane potential [26]. As mentined above, Shimazaki et al. described an SPG55 patient
with the identical c.394C > T mutation [2]. In that study, patient-derived �broblasts were found to have a
decrease in expression of most mitochondrial proteins and reduced activities of respiratory complex
enzymes including complexes I, III and IV indicating a profound mitochondrial defect associated with this
mutation [2]. Balanced mitochondrial biogenesis and mitochondrial quality control helps remain
mitochondria function in neurons [27]. In our study, we sought to analyze the morphology of
mitochondria and autophagosomes in patient-derived primary �broblasts. There, we detected a
prominent enrichment of cytoplasmic LC3B-positive puncta compared to an age-matched healthy
individual (Fig. 3A). These data suggest a reactive over-activation of autophagosome formation in
response to the mitochondria impairment, as previously described [28]. The mechanism of selective
tagging of damaged mitochondria by such control mechanism has been largely attributed to the
coordinated action of PTEN-induced putative kinase (PINK1) and Parkin [29]. As such, defective
mitochondria normally trigger PINK1/Parkin-dependent activation of mitophagy [30]. Furthermore,
mutations in autophagy-related genes have been reported in spastic paraplegia patients [31, 32].
Interestingly, tectonin beta-propeller repeat-containing protein 2 (TECPR2), the causative gene in SPG 49,
has been previously found to interact with autophagy-related 8 orthologues [31, 33]. Moreover, since the
activity of ATP synthase has been reported to be reduced in patients with C12orf65 inactivation (see
above) [26], reduced ATP levels could trigger the AMPK-mediated mTOR pathway inhibition and ULK1
phosphorylation and thus induction of autophagy [34, 35]. Indeed, our study showed that application of
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butylphthalide can attenuate the LC3B phenotype in the SPG55 patient-derived �broblasts. Therefore, this
autophagy induction could represent a compensatory reaction on the accumulation of defective
mitochondria. Butylphthalide is a synthetic compound that had been approved by the State Food and
Drug Administration of China for the treatment of ischemic stroke in 2002. Interestingly, previous in vivo
and in vitro studies have reported that this drug can attenuate neuronal autophagy [36, 37]. Although the
positive effects of butylphthalide on brain vascular and neurodegenerative diseases has been veri�ed in
many experiments, its effects on SPG-related pathologies remain to be addressed in detail.

Conclusions
In summary, in the present study we described a typical case of complicated hereditary spastic
paraplegia manifesting an early onset of optic atrophy, progressive lower extremity spasticity, and distal
peripheral neuropathy, resulting from a nonsense c.394C > T, p.R132* mutation in C12orf65. Active
autophagosome formation with increased LC3B puncta was found in the patient’s �broblasts, and its
level was normalized when treated by Dl-3-N-butylphthalide. Thus our study deepens the clinical and
molecular characterization of SPG55 and suggests a potential therapeutic approach to treat spastic
paraplegia.
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Figure 1

Clinical and morphological characterization of the spastic paraplegia type 55 case. A, Fundus
photography of the left and right eyes from the patient revealed the pale optic nipples, indicating the optic
atrophy. B, Optical coherence tomography of patient depicted a normal retina morphology. C, Muscle
atrophy of the distal lower extremities. The right gastrocnemius atrophy is more pronounced. D-G,
Ultrastructured electron microscopy images of a sural nerve biopsy samples reveal chronic defective
myelination, Schwann cells degeneration, multiple �bers with extremely thin myelin sheaths, perinuclear π
particles in Schwann cells, shingled Schwann cell processes around unmyelinated �bers. Scale bars: D,
2.5µm, E, 1 µm; F, 10 µm and G, 10µm.

Figure 2

Genetic characterization of SPG55. A, Sequencing data showing the homozygous mutation c.394C>T in
the patient. Upper panel: next-generation sequencing data for the c. 394C>T mutation in C12orf65. Lower
panel: next-generation sequencing data for the normal C12orf65 from a healthy individual. The aligned
reads viewed through the Integrative Genomics Viewer (http://www.broadinstitute.org/igv/). A coverage
histogram per base is shown above the reads. Amino acid and nucleotide reference sequences are
represented on the bottom: green, A; orange, G; red, T; blue, C. B, Scheme demonstrating human C12orf65
gene and protein structure and truncated proteins as a result of previously reported mutations. C,
Pedigree of the family from the current study. The proband (whose DNA was a subject to NGS) is
indicated with an arrow. Crossed out gray shapes indicate those who have died. The remaining gray
shapes are not involved in DNA testing for various reasons. White-colored shapes indicate normal genetic
testing. Half black and white shapes represent heterozygous mutation carriers. Pure black shapes
represent homozygous mutation carriers. Circles indicate females while squares indicate males.
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Figure 3

Increased number of LC3B puncta in the primary �broblasts from the C12orf65-de�cient patient. A.B,
Representative �uorescent images of primary �broblasts from a patient and a healthy individual (A) and
quanti�cation of the cytoplasmic LC3B immuno�uorescence signal with and without treatment with the
indicated concentrations of idebenone and Dl-3-N-butylphthalide (NBP, butylphthalide) (B). Insets indicate
the zoomed out �elds with highest number of the LC3B puncta. LC3B signal was normalized to the cell
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number in two independent plates with 7-9 wells used for each treatment point and 5 images analyzed
per well. The error bars represent S.E.M. *, P < 0.05 as determined by ordinary two-way ANOVA followed
by Holm-Sidak’s multiple comparisons test vs. each healthy individual’s �broblasts in every treatment
group. **, P < 0.01 as determined by ordinary one-way ANOVA followed by Holm-Sidak’s multiple
comparisons test at all treated patient groups vs. the untreated patient group. Arrows indicate LC3B
puncta. Scale bar, 30 µm.


