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Abstract
Background/Aims: Chorein is a protein expressed in various cell types. Loss of function 
mutations of the chorein encoding gene VPS13A lead to chorea-acanthocytosis, an autosomal 
recessive genetic disease characterized by movement disorder and behavioral abnormalities. 
Recent observations revealed that chorein is a powerful regulator of actin cytoskeleton in 
erythrocytes, platelets, K562 and endothelial HUVEC cells. Methods: In the present study we 
have used Western blotting to study actin polymerization dynamics, laser scanning microscopy 
to evaluate in detail the role of chorein in microfilaments, microtubules and intermediate 
filaments cytoskeleton architecture and RT-PCR to assess  gene transcription of the cytoskeletal 
proteins. Results: We report here powerful depolymerization of actin microfilaments both, 
in erythrocytes and fibroblasts isolated from chorea-acanthocytosis patients. Along those 
lines, morphological analysis of fibroblasts from chorea-acanthocytosis patients showed 
disarranged microtubular network, when compared to fibroblasts from healthy donors. 
Similarly, the intermediate filament networks of desmin and cytokeratins showed significantly 
disordered organization with clearly diminished staining in patient’s fibroblasts. In line with 
this, RT-PCR analysis revealed significant downregulation of desmin and cytokeratin gene 
transcripts. Conclusion: Our results provide for the first time evidence that defective chorein 
is accompanied by significant structural disorganization of all cytoskeletal structures in human 
fibroblasts from chorea-acanthocytosis patients.
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Introduction

Chorein is expressed in a wide variety of cells [1-5]. The protein is encoded by the 
VPS13A (vacuolar protein sorting 13 homolog A) gene [6]. Loss of function mutations [4] 
of VPS13A [7-10] lead to chorea-acanthocytosis (ChAc), an autosomal recessive genetic 
disease characterized by movement disorder and behavioral abnormalities [4, 7, 11]. The 
disease becomes apparent in adulthood and slowly progresses eventually leading to severe 
neuromuscular dysfunction with several clinical features, such as tongue- and lip-biting, 
self-mutilations, and seizures [12-15].

In erythrocytes from ChAc patients the lack of chorein leads to almost complete 
disappearance of the cortical actin filaments network and thus to the spectacular erythrocyte 
shape change of acanthocytosis [1, 16]. Chorein is further expressed in K562 cells [1], blood 
platelets [17], human umbilical vein endothelial cells (HUVECs) [18] and some tumor cells [5]. 
Down-regulation of chorein expression was shown to drastically modify actin cytoskeleton 
architecture and polymerization dynamics in those cells [1]. In addition, chorein silencing 
inhibited specific actin signaling regulators, including Rac1 GTPase and PAK1 [1]. Moreover, 
proteomic analysis of erythrocytes membranes from ChAc-patients revealed markedly 
decreased beta-actin protein levels, while co-IP assays showed interactions of chorein with 
beta-actin [19]. These observations established a crucial role of chorein in actin cytoskeleton 
organization and function. However, the possible impact of this protein on the integrity of 
the additional cytoskeletal structures, including microtubules and intermediate filaments 
has not been addressed so far.

Organization of cytoskeletal structures is crucial for cellular physiology and function 
[20-23]. Impaired cytoskeletal dynamics and disarranged structural organization underlie 
several human diseases, including muscular dystrophy [24-26], cardiac disorders [27], 
liver diseases [28] and malignancies [29-32]. Since ChAc is a genetic disease affecting 
multiple organs including brain and blood, but also muscle and liver cells [4, 7], disarranged 
cytoskeletal structures may not be limited to actin microfilaments. In the present study 
we thus explored the impact of chorein on the structural profile of actin microfilaments, 
microtubules, and intermediate filaments. The analysis was performed in cells isolated from 
chorea-acanthocytosis patients expressing defective chorein levels. The cell types chosen 
were erythrocytes, which are known to virtually lack cortical actin and are highly deformed 
[1, 16], and fibroblasts, which could be cultured ex vivo following isolation from patients and 
healthy volunteers and are considered a particularly appropriate cell type for the detailed 
study of cytoskeletal reorganization and signaling [33-35]. Our findings provide evidence 
that chorein deficiency influences the organization of all three cytoskeletal structures, 
implying a role of this protein in the maintenance of cytoskeleton integrity.

Materials and Methods

Human erythrocytes and fibroblasts
Blood from patients and healthy volunteers was used. The volunteers providing erythrocytes gave 

informed consent. The study has been approved by the Ethical Commission of the University of Tübingen 
and Dresden (EK45022009). Fibroblast from patients (n=9) and healthy volunteers (n=9) were isolated 
from human skin biopsy after receiving the approval of the Hospital Ethics Committee. Skin biopsies were 
minced using sterile techniques and washed twice in phosphate buffered saline (PBS) supplemented with 
antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin). Explants were placed into 25 cm2 flasks and 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS) 
and antibiotics, as described above. Cultures were maintained at 37o C in a humidified atmosphere of 5% CO2 
and 95% air. Once the fibroblasts were established, the fungizone was omitted from the medium. Confluent 
cells were detached by treatment with 0.25% trypsin and 0.05% EDTA for 5 min, and aliquots of separated 
cells were subcultured with the same medium. Cell cultures between the third and eighth passages were 
used in this study.
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Confocal laser scanning microscopy
Erythrocytes from healthy volunteers or patients with chorea-acanthocytosis were suspended in PBS 

at a cell density of 5 × 107 cells/ml. Ten μl of the suspension were smeared onto a glass slide that was air 
dried for 30 min and then fixed with methanol for 2 min. After four washing steps with PBS for 10 min., 
the specimen was used for actin staining. Fibroblasts from healthy volunteers or patients with chorea-
acanthocytosis were grown in 24 well plates with a coverslip inside. To determine α-tubulin, desmin, and 
cytokeratins, cells were fixed with 4% PFA for 15 min at room temperature. After washing twice with PBS 
the slides were incubated with 5% normal goat serum /1 × PBS/0.3% Triton for 1 h at room temperature. 
Then, the specimens were exposed overnight at 4o C to α-tubulin (1:50; Cell Signaling), desmin (1:100, 
Santa Cruz Biotechnology) or pan-cytokeratin (1:100, Santa Cruz Biotechnology) antibodies. The slides 
were rinsed three times with PBS and incubated for 1.5 h at room temperature with secondary FITC goat 
anti-rabbit antibody (1:500; Invitrogen). After three washing steps the nuclei were stained for 10 min at 
room temperature with DRAQ-5 dye (1:1000; Biostatus). Slides were mounted using the ProLang® Gold 
Antifade reagent (Invitrogen). Confocal microscopy was performed with a Zeiss LSM 5 EXCITER confocal 
laser-scanning module (Carl Zeiss) and images were analyzed with the software of the instrument.

Measurement of the G/total actin ratio by Triton X-100 fractionation
The Triton X-100 soluble erythrocyte or fibroblast fractions containing G-actin and F-actin were prepared 

as previously described [36]. In brief, samples were incubated in 50 ml of Triton-extraction buffer consisting of 
0.3% Triton X-100, 5 mM Tris, pH 7.4, 2 mM EGTA, 300 mM sucrose, 2 mM phalloidin, 1 mM PMSF, 10 mg/ml 
leupeptin, 20 mg/ml aprotinin, 1 mM sodium orthovanadate, and 50 mM NaF for 5 min on ice. The supernatant 
containing the soluble proteins was removed by aspiration. The Triton-insoluble pellet was scraped from the 
plate directly into 50 ml of RIPA buffer consisting of 50 mM Tris/HCl, pH 7.4, 1% Triton X-100, 1% sodium 
deoxycholate, 0.1% SDS, 0.15 M NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM sodium orthovanadate. Any remaining 
insoluble material was removed by centrifugation. Equal volumes of each fraction were subjected to SDS–PAGE 
and Western blotting using monoclonal anti-actin antibodies ( Cell Signaling). An increase of the ratio of Triton-
soluble G-actin to insoluble F-actin was considered as an indicator of actin depolymerization.

Quantitative real-time PCR
To demonstrate the transcript levels of tubulin, desmin and keratin10 total RNA was isolated from 

fibroblasts of healthy individuals and ChAc patients using the Trifast Reagent (Peqlab, Erlangen, Germany). 
Two µg RNA from each sample were reverse-transcribed using oligo(dT)12-18 primers and GoScript 
Reverse Transcriptase Kit (Promega) according to the manufacturer's protocol. Quantitative real-time PCR 
was performed with the BioRad iCycler iQTM Real-Time PCR Detection System (Bio-Rad Laboratories) using 
GoTaq Sybr Green Master Mix (Promega). The reaction was under following conditions: an initial incubation 
at 95°C for 5 min, 40 cycles at 95°C for 15 s, 59°C for 20 s and 72°C for 30s. Specificity of the PCR products 
was verified by melting curve analysis. The subsequent primers were used (5’→3’ orientation):

Desmin fw: AGGACCTGCTCAACGTGAAG
Desmin rev: TCGATGGTCTTGATCATCACC
Keratin10 fw: AGATGCTGAAGCCTGGTTCAATG
Keratin 10 rev: TGAGCAGAGTCTTCAGAGACAGC 
Tubulin1 alpha fw: TGTAGACTTGGAACCCACAGTC
Tubulin1 alpha rev: AACCAAGAAGCCCTGGAGAC
Tubulin beta fw: TCAGTGTGGCAACCAGATCG
Tubulin beta rev: TAGATCCACCAGGATGGCAC
GAPDH fw: TGAGTACGTCGTGGAGTCCACTG
GAPDH rev: GGTGCTAAGCAGTTGGTGGTG
The transcript levels were calculated according to the ΔΔCt method and normalized to the expression 

levels of GAPDH in the same cDNA sample.

Statistical analysis
Data are expressed as arithmetic means ± SD or ±SEM as indicated and statistical analysis was made 

by unpaired t-test. p<0.05 was considered as statistically significant.
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 Results

Previous observations in human erythrocytes isolated from ChAc-patients [1] 
revealed clear decrease in F-actin content and increase in G/F-actin ratio in ChAc-patients 
samples compared to erythrocytes isolated from healthy donors. In line with these reports, 
microscopic analysis of erythrocytes from ChAc-patients revealed significantly disarranged 
actin microfilament organization when compared with healthy donors (Fig. 1). 

Quantification of the actin polymerization equilibrium by Western blotting showed 
clear decrease in F-actin content and increase in G/F-actin ratio (data not shown). These 
findings fully corroborate the previous observations [1].

Based on these control experiments we further addressed whether actin microfilament 
network is similarly disarranged in fibroblasts from the ChAc-patients. Figure 2A shows 
representative micrographs from confocal laser scanning microscopy assessment of 
fibroblasts isolated from patients (n=5) and healthy donors (n=5), revealing clearly 
diminished actin microfilament staining in patient’s fibroblasts as compared to fibroblasts 
from healthy donors (Fig. 2A). This finding was fully supported by western blotting showing 
substantial increase in monomeric G-actin and decrease in filamentous F-actin content (Fig. 
2B) and hence a significant increase in the G-/F-actin ratio (Fig. 2C), implying clear actin 
cytoskeleton reorganization in fibroblasts isolated from ChAc-patients.

Having established the actin cytoskeleton disarrangement in fibroblasts from ChAc-
patients, we further evaluated the morphology patterns of the other classes of cytoskeletal 
structures. As compared to fibroblasts isolated from healthy donors (Fig. 3 upper panels), 
in fibroblasts from ChAc-patients staining of microtubular network was diminished with 
punctuated staining pointing to tubulin depolymerisation and less microtubules (Fig. 
3 lower panels). Interestingly, PCR analysis revealed similar tubulin gene transcripts in 
fibroblasts from ChAc-patients and healthy donors (data not shown), implying unchanged 
tubulin expression. This finding is in line with previous reported results in K652 cells [1].

Further morphological evaluation of intermediate filament structures in fibroblasts 
from ChAc-patients revealed different filamentous patterns for desmin- (Fig. 4A) and 
cytokeratins- (Fig. 5A) intermediate filament networks. For both structural proteins, 
staining seems to be diminished in fibroblasts from ChAc-patients when compared to 
control cells, while doted staining is visualized, pointing to reduced expression of these 
proteins in ChAc-patients. This assumption is fully supported by RT-PCR analysis, showing 
significant decrease of gene transcription for both desmin (Fig. 4B) and cytokeratin-10 
(Fig. 5B) in ChAc-patients compared to healthy donors. Although quantitative estimates 
of monomer/polymer equilibrium remain to be established, the morphological evaluation 

Fig. 1. Actin micro-
filament staining in 
erythrocytes from 
ChAc-patients and 
healthy donors. Con-
focal micrographs of 
actin staining in eryth-
rocytes from healthy 
individuals (left) or 
from patients with 
ChAc (right). Rhoda-
mine-phalloidin was 
used for filamentous 
actin staining. Bar rep-
resents 5μm.

control patient
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Fig. 2. Actin microfilament 
staining and G-/F-actin dy-
namics in fibroblasts from 
ChAc-patients and healthy 
donors. (A) Confocal micro-
graphs of actin staining in 
fibroblasts from healthy indi-
viduals (left) or from patients 
with ChAc (right). DRAQ5™ 
was used for nuclei staining 
and rhodamine-phalloidin 
for filamentous actin staining. 
Bar: 20 μm. B. Original West-
ern blots demonstrating fila-
mentous (F) and soluble (G) 
actin content in fibroblasts 
from healthy individuals (left) 
or from patients with ChAc 
(right). (C) Arithmetic mean ± 
SD (n=3) of the ratio of solu-
ble (G) actin and filamentous 
(F) actin in fibroblasts from 
healthy individuals (control) 
or from patients with ChAc 
(patient). ** indicates p<0.01.

Fig. 3. Microtubules stain-
ing in fibroblasts from ChAc-
patients and healthy donors. 
Confocal micrographs of mi-
crotubules staining in fibro-
blasts from healthy individu-
als (upper) or from patients 
with ChAc (lower) panels. 
DRAQ5™ was used for nu-
clei staining and anti-tubulin 
FITC-conjugated antibody for 
microtubules staining. Bar: 10 
μm.

patientcontrol

A

patient

control

and PCR analysis points to possible disorganization of intermediate filament structures in 
fibroblasts isolated from chorein deficient ChAc-patients.
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Fig. 5. Cytokeratins in fibroblasts from ChAc-patients and healthy donors. (A). Confocal micrographs of 
cytokeratin intermediate filaments staining in fibroblasts from healthy individuals (upper pannels) or from 
patients with ChAc (lower panels). DRAQ5™ was used for nuclei staining, anti-pan-cytokeratin FITC- conju-
gated antibody for cytokeratins staining and rhodamine-phalloidin for filamentous actin staining. Bar: 10 
μm. (B). Keratin10 transcript levels from control and ChAc (patient) fibroblasts determined by real-time 
PCR. Shown are the mean values of 2-ΔCt using GAPDH as housekeeping gene ± SEM from n=5 independ-
ent experiments. ** (p< 0,01; unpaired t-test) indicates a significant difference between the controls and 
patients.

Fig. 4. Desmin intermediate filaments in fibroblasts from ChAc-patients and healthy donors. (A) Confocal 
micrographs of desmin intermediate filaments staining in fibroblasts from healthy individuals (upper pan-
nels) or from patients with ChAc (lower panels). DRAQ5™ was used for nuclei staining, anti-desmin FITC-
conjugated antibody for desmin staining and rhodamine-phalloidin for filamentous actin staining. Bar: 10 
μm. (B) Desmin transcript levels from control and ChAc (patient) fibroblasts determined by real-time PCR. 
Shown are the mean values of 2-ΔCt using GAPDH as housekeeping gene ± SEM from n=5 independent experi-
ments. ** (p< 0,01; unpaired t-test) indicates a significant difference between the controls and patients.

**

**
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Discussion

This study discloses the novel finding that cytoskeletal structures are disarranged 
in fibroblasts from chorein deficient ChAc-patients. As observed earlier in human 
erythrocytes from ChAc-patients, actin cytoskeleton organization is strongly affected 
by significant depolymerization of actin microfilaments. Microtubules and intermediate 
filament structures are as well profoundly reorganized in fibroblasts from chorein deficient 
ChAc-patients. Indeed, depolymerization of filamentous structures towards formation of 
monomeric tubulin, desmin and cytokeratins became evident in morphological analysis by 
laser scanning microscopy of the corresponding cytoskeletal structures.

The role of chorein in actin cytoskeleton organization and polymerization dynamics has 
been addressed in detail both in erythrocytes from ChAc-patients as well as in various cell 
models, including platelets, K562 cells and endothelial HUVEC cells [1, 17, 18, 37]. It was 
established that chorein deficiency, either through low expression of the protein in samples 
isolated from ChAc-patients, or through chorein-silencing in cell cultures, is associated with 
loss of microfilament structures and significant increase of monomeric G-actin expression, 
pointing to substantial actin depolymerization. The molecular mechanism governing this 
structural reorganisation revealed the implication of FAK/PI-3K signaling [1, 18] and the 
specific actin regulating molecules Rac1 GTPase and PAK1 [38]. In addition, this extensive 
actin reorganization was related to differential stiffness behaviour of endothelial cells upon 
chorein silencing [18], a finding well correlated with the significant role of diminished actin 
cytoskeleton stability in cellular functions [39-41], including migration [30, 42, 43], adhesion 
[44] and apoptosis [32, 45, 46]. Based on these reports, our finding shows depolymerised 
actin cytoskeleton both in erythrocytes and fibroblasts isolated from ChAc-patients implying 
destabilized microfilaments. Further work is now needed to establish the mechanism that 
underlies this actin reorganization in fibroblasts of ChAc-patients. Whether activation of the 
PI3K/Rac1/PAK1 pathway, particularly shown in erythrocytes [1], or the recently reported 
fibroblasts-specific RhoA/B /alpha-smooth-muscle-actin signaling [35, 47, 48] are involved 
in the regulation of microfilament reorganization in fibroblasts from ChAc-patients  remains 
to be elucidated.

Our results based on morphological evaluation and PCR analysis of the cytoskeletal 
proteins further revealed reorganization of the microtubular network, as well as of the 
desmin- and cytokeratins-intermediate filament families in fibroblasts from ChAc-patients. 
These are interesting novel findings, implying that chorein deficiency is associated with 
disarranged intermediate filaments networks. Both, morphological evaluation and PCR gene 
transcription analysis support lower expression and disordered assembly of intermediate 
filaments. On the other hand since altered microtubular structure was not observed 
earlier in K562 cells [1] and in the PCR data in fibroblasts from ChAc-patients presented 
here, it is presently not clear whether microtubular monomer/polymer equilibrium 
rearrangements -rather than tubulin expression- are a fibroblast-specific effect, or may 
be a general chorein-dependent phenomenon, manifested as well in other cell systems. 
Indeed, the cellular specificity of these observations, as well as the quantitative evaluation 
of the morphological findings by monomer-polymer equilibrium assessment of microtubule 
and intermediate filament structures needs further analysis. However, since disorders in 
cytoskeletal structures assembly have been described to be implicated in various human 
diseases including muscular dystrophy [20, 26, 28], our observations of chorein-sensitive 
disorganization of all cytoskeletal structures in fibroblasts from ChAc-patients may shed 
novel light on the molecular and cellular pathophysiology of this devastating neurological 
disease.

Conclusions

In the present study we report for the first time chorein sensitive disarrangement of 
several cytoskeletal structures in human fibroblasts isolated from ChAc-patients. These 
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involve diminished filamentous networks of actin microfilaments, reduced desmin and 
cytokeratins gene expression, as well as rearrangements in microtubules, desmin- and 
cytokeratin-intermediate filaments staining. Further studies are now needed to establish 
whether the chorein sensitivity of cytoskeletal organization may be correlated with the 
neuropathophysiological behaviour of AcCh-patients.
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