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a b s t r a c t

Chorein is variably expressed in different cancer cells. In various non-malignant cell types, this protein
regulates cytoskeleton microstructure and signaling. However, the role of chorein in regulating the actin
cytoskeleton in tumor cells remains elusive. Here, we investigated chorein expression in various breast
tumor cells and the involvement of this protein in microfilament organization. We used laser scanning
microscopy to analyze microfilaments architecture, Triton X-100 fractionation to quantify G and Total
actin levels, and quantitative RT-PCR to assess chorein gene transcription. We show that in line with pre-
vious observations, the less differentiated MCF7 breast cancer cells exhibited the highest relative expres-
sion of chorein compared to MDA-MB231 and T47D cell lines. Contrastingly, in less differentiated ZF
rhabdomyosarcoma cells expressing high chorein levels, silencing of this protein was followed by clear
depolymerization of actin microfilaments as apparent from IF morphological analysis. Quantification of
G- and F-actin levels by Triton X-100 fractionation that revealed a significant increase in this ratio fully
supported this finding. These results disclose that chorein is highly expressed in less differentiated tumor
cells. In addition, silencing of this protein induces significant structural disorganization of the actin net-
work, providing clear evidence that chorein regulates microfilament cytoskeleton architecture in tumor
cells of higher malignant potential.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Chorein protein is encoded by Vacuolar Protein Sorting 13A
(VPS13A) gene (Velayos-Baeza et al., 2004), and is present in sev-
eral tissues (Kurano et al., 2007; Alesutan et al., 2013; Schmidt
et al., 2013). Lack of chorein causes the neurodegenerative disease
chorea-acanthocytosis (ChAc) (Burgunder, 2014; Dobson-Stone
et al., 2004), manifested by severe movement disorder (Lang
et al., 2017). Functional analysis revealed that chorein regulates
various cellular functions (Saiki et al., 2007), including exocytosis
(Pelzl et al., 2017a), cytoskeletal organization (Honisch et al.,
2015a,b), and cell survival (Pelzl et al., 2017b). Recent studies
addressed in detail the molecular basis of chorein-governed actin
cytoskeletal alterations. According to these reports, chorein is par-
tially effective by binding to phosphatidylinositol lipids (Foller
et al., 2012), followed by the activation of phosphoinositide-3-
kinase (PI3K)-a p85-subunit subsequent increase of Ras-related
C3 botulinum toxin substrate (Rac1) activity and phosphorylation
of p21 protein-activated kinase 1 (PAK1) (Foller et al., 2012). These
studies cemented the fundamental function of chorein as a regula-
tor of cytoskeletal microstructure.

Earlier studies indicated that alteration in actin cytoskeletal
microstructure and cellular signaling pathways in tumor cells
(Katsantonis et al., 1994; Stournaras et al., 1996) is a decisive ded-
ifferentiation step (Papakonstanti and Stournaras, 2008;
Stournaras et al., 2014; Kotula, 2012; Araki et al., 2015) governing
key cellular functions. Previous studies disclosed a correlation
between actin polymerization dynamics and tumorigenic behavior
(Stournaras et al., 2014). Chorein is interacting with cytoskeletal
proteins (Shiokawa et al., 2013) regulating cytoskeletal organiza-
tion in various non-malignant cells (Schmidt et al., 2013;
Honisch et al., 2015a,b) and modifies key signaling pathways
(Yamazaki et al., 2005; Yilmaz and Christofori, 2009; Alesutan
et al., 2013).

Previous studies revealed that chorein transcription varies in
rhabdomyosarcoma cell lines with diverse differentiation stages
(Yu et al., 2016). Indeed, chorein transcription levels were higher
in drug-resistant ZF rhabdomyosarcoma cells with poor differenti-
ation, compared to RH, RD, and A204 rhabdomyosarcoma cells (Yu
et al., 2016). Additionally, it was witnessed that silencing of chor-
ein induced a solid apoptotic response in ZF cells, implying that
chorein may regulate cell survival (Honisch et al., 2015a,b). How-
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ever, it remains elusive, whether chorein expression varies in other
tumor cells and may correlate to tumor differentiation grade. In
addition, although previous studies addressed the chorein-
dependent regulation of actin cytoskeleton in non-malignant cells,
it is still unclear whether chorein differential expression in various
tumor cells affects microfilament organization.

In this research, we addressed the chorein expression in various
breast cancer cell lines and investigated the function of chorein in
regulating actin architecture in tumor cells expressing high chorein
levels. We report here that less differentiated breast cancer cells
express relatively high chorein levels, while silencing of this pro-
tein induced large deregulation of actin in diverse human rhab-
domyosarcoma cancer cells, establishing a substantial role that
chorein protein might play in tumors.
2. Materials and methods

2.1. Cells

The cell line of ZF multifocal alveolar rhabdomyosarcoma
(established by Dr. Sabine Schleicher at the Children’s Hospital
Tubingen), the cell line of embryonal rhabdomyosarcoma RD
(DSMZ, Braunschweig, Germany) and the alveolar rhabdomyosar-
coma cell line RH30 (DSMZ, Braunschweig, Germany) were used
and nurtured in Dulbecco’s Modified Eagle Medium (DMEM), com-
prising 10% of fetal bovine serum (FBS), 1% L-glutamine and com-
plemented with 1% penicillin–streptomycin at 37 �C temperature
and 5% CO2. MCF7, MDA-MB231, and T47D cells were from ATCC.
Likewise, they were cultured in 1:1 DMEM/Ham’s F12 medium
accompanied with 10% of FBS, 2 mM L-glutamine, 30 mM NaHCO3,
16 ng/ml insulin, and 50 mg/ml penicillin–streptomycin.

2.2. Chorein silencing

Before transfection, cells (1 � 105) were harvested in 6-well cul-
ture plates for a whole day. Afterward, transfection was done with
siRNA for VPS13A (chorein) (ID# s23342, Ambion, Darmstadt, Ger-
many) or with negative (control) siRNA (ID#4390843, Ambion)
through siPORT amine transfection agent (AmbionTM) as per manu-
facturer’s guidelines.

2.3. RNA isolation, cDNA synthesis and quantitative real time PCR

Cells were raised at 3 � 105 cells/ml and grown for 48 h before
isolation of RNA under DMEM comprising 10% FBS and 1%
penicillin–streptomycin. For determination of tubulin transcrip-
tion levels, entire RNA was extracted at 24 h, 48 h, and 72 h
post-transfection through TriFastTM (Peqlab, Erlangen, Germany).
Total RNA was isolated from the breast cancer cell lines MDA-
MB231, T47D and MCF7, as well as from HEK (human embryonic
kidney cell line). RNA was extracted using RNAiso plus (Takara,
Japan). According to the manufacturer’s instructions. cDNA was
synthesized from 2 lg of total RNA, using random hexamer prim-
ing and the SuperScript II, Reverse Transcriptase kit (Invitrogen,
Life Technologies, USA).

Real-time PCR was performed using KAPA SYBR Green/ROX
qPCR Master Mix (Fermentas, USA) and a 7500 Real-Time System
(Applied Biosystems). Relative quantification of gene expression
was calculated using the relative standard curve method. HEK cell
line was chosen for standard curve generation due to its high
expression of Vps13A (chorein). Thus, serial dilutions of HEK cDNA
were used in order to obtain standard curves, for both target gene
(Vps13A (chorein)) and endogenous reference gene (b-actin). For
each individual sample, input amounts (relative copy number) of
the target and reference genes were calculated using the equations
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of the standard curves. To normalize target gene expression to the
endogenous reference gene, the value of target gene input amount
was divided by the value of the reference gene input amount.

For the amplification the following primers were used (50-30

orientation):

Actin, forward CGGCATCGTCACCAACTG.
Actin, reverse GGCACACGCAGCTCATTG.
Vps13A (chorein), forward TGGAGAGAAGCACGAAAACTC.
Vps13A (chorein), reverse TGGGCATCCTTACATCCATGA.

2.4. Confocal laser scanning microscopy

All the cells were diluted in phosphate-buffered saline (PBS)
keeping cell density at 5 � 107 cells/ml. Next, 10 ll of the sus-
pended cells were then smeared that were air-dried for half an
hour, and then methanol fixation was performed for two minutes.
After rinsing with PBS, the sample was processed for actin staining
(Stournaras et al., 2014). For analysis of microfilament staining,
cells underwent fixation with 4% paraformaldehyde (PFA) for
15 min. After another round of dual PBS washing, the specimen
was suspended with blocking buffer (1xPBS/5% normal goat
serum/0.3% TritonTM X-100) for another 60 min. After washing
thrice, using DRAQ5 dye (BioStatus), the nuclei were dyed for
10 min. Then, ProLongTM Gold Antifade Mountant (Invitrogen) was
employed to mount slides. Confocal microscopy was conducted
using a LSM 5 EXCITER and image analysis was done.

2.5. Measurement of G/total actin ratio

TritonTM X-100 G-actin comprising and total-actin comprising
fractions of rhabdomyosarcoma cells were primed as explained
earlier (Papakonstanti and Stournaras, 2007). Specimens were nur-
tured in 50 ml of Triton extraction buffer (0.3% Triton X-100,
300 mM sucrose, 5 mM Tris, 2 mM EGTA, 1 mM PMSF, 2 lM phal-
loidin, 10 lg/ml leupeptin, 1 mM sodium orthovanadate, 50 mM
NaF, 20 lg/ml aprotinin) at pH 7.4 on ice. The soluble proteins in
the supernatant were isolated by aspiration. From the plate, the
triton-insoluble pellet was scratched into 50 ml radio-
Immunoprecipitation (RIPA) buffer (1% Triton X-100, 0.1% SDS,
50 mM Tris/HCl, 1% sodium deoxycholate, 1 mM DTT, 0.15 M NaCl,
1 mM EDTA, and 1 mM sodium orthovanadate) at pH 7.4. Insoluble
materials were eradicated via centrifugation. Identical volumes of
each were then exposed to SDS-PAGE and western blot through
monoclonal anti-beta-actin antibodies. A decrease of the triton-
soluble (G�) over the total (T�) actin ratio is indicative of actin
polymerization.
3. Results

Previous studies discovered that the transcription levels of
chorein were higher in drug-resistant, poorly differentiated ZF
rhabdomyosarcoma cells (Yu et al., 2016; Honisch et al., 2015a,
b). Interestingly, this report revealed that the 3 families of rhab-
domyosarcoma cells express different amounts of chorein, while
the highest expression was determined in the less differentiated
ZF rhabdomyosarcoma cell line (Yu et al., 2016). We further ana-
lyzed whether chorein expression correlates to tumor differentia-
tion grade. For this, we performed similar analyses in various
breast tumor cell lines. We report here that following previous
observations, gained in rhabdomyosarcoma cells, among all tested
breast cancer cell lines, the less differentiated MCF7 expresses the
relatively highest chorein level, compared to MDA-MB231 and
T47D cells (Fig. 1). This finding supports the hypothesis that chor-
ein expression correlates to the grade of differentiation of various



Fig. 1. Vsp13A (chorein) gene expression in different breast cancer cell lines:
Vsp13A (chorein) gene expression in three different breast cancer cells lines, MDA-
MB231, T47D and MCF7 was determined by quantitative real time RT-PCR, with b-
actin as the reference gene, using the relative standard curve method.

Fig. 3. Chorein silencing correlates with microfilament depolymerization in ZF
cells. Quantification of G- and F-actin levels using G/F actin ration analysis by Triton
X-100 fractionation from chorein-silenced (siVPS13A) and control (siNeg) ZF
rhabdomyosarcoma tumor cells, from n = 6 independent experiments. *(p < 0.05)
indicates statistical significance.
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tumors. Indeed, in the second part of this project, we assessed the
spectrum of actin polymerization in ZF rhabdomyosarcoma tumor
cells that demonstrate the highest expression of chorein. For this
we have used both, confocal analysis of actin microfilaments, along
with measurements of G- and F-actin levels by using Triton X-100
fractionation analysis.

Confocal laser scanning microscopy showed diminished fila-
mentous structures in chorein-silenced ZF cells (Fig. 2A lower pan-
els) in disagreement with corresponding wild-type cells (Fig. 2A
upper panels). This finding indicates that chorein silencing in ZF
cells provokes the reorganization of actin microfilaments.

We further specified this finding through detailed quantifica-
tion of G- and F-actin levels. For this, we have used the G/F actin
ratio analysis based on Triton X-100 fractionation. This previously
established method (Papakonstanti and Stournaras 2007) was lar-
gely used to determine the actin polymerization dynamics in var-
ious cell types of malignant or non-malignant origin in the past. By
applying this technology, we revealed a substantial increase in the
G/F actin ratio (Fig. 3). This finding implies important actin depoly-
merization and thus it is supporting the morphological changes
presented in Fig. 2.
Fig. 2. Chorein silencing influences microfilament organization in ZF cells. Confocal la
panels) and control (siNeg, lower panels) ZF rhabdomyosarcoma tumor cells. Scale bars
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4. Discussion

In the present study, we report differential expression of chor-
ein in various breast tumor cells. Interestingly, a correlation
between expression levels and cellular tumorigenic potential
became evident. Indeed, mRNA transcripts of chorein were highly
expressed in poorly differentiated MCF7 breast tumor cells, in
comparison with the chorein transcription levels measured in
T47D and MDA-MD231 cells. These findings indicate a potential
correlation of chorein expression with the differentiation grade
of breast tumor cells. In addition, they fully support previously
published experimental observations in rhabdomyosarcoma cells
(Honisch et al., 2015a,b). Indeed, the chorein gene was reported
to be principally transcribed in drug-resistant ZF rhabdomyosar-
coma cells with poor differentiation compared to well-
ser scanning microscopy of actin and nuclei in chorein-silenced (siVPS13A, upper
represent 20 lm.
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differentiated RD and A204 rhabdomyosarcoma cells (Honisch
et al., 2015a,b). Altogether, these results support the idea that
chorein is expressed highly in tumor cells with low differentiation
grade, implying that chorein might play a substantial part in the
tumorigenic promise of poorly differentiated tumor cells.

Furthermore, we are the first to report herein that chorein defi-
ciency, by silencing this protein, disrupts the cytoskeletal protein
network of microfilaments in tumor cells. These observations
became evident by applying both qualitative morphological analy-
sis by confocal laser scanning microscopy, along with quantitative
identification of the monomeric (G�) and filamentous (F�) actin
content after Triton X-100 fractionation. These results emphasize
a significant activity of chorein protein in regulating cytoskeletal
organization and function, supporting previous findings. Indeed,
it was earlier cited that actin microfilaments are depolymerized
in erythrocytes, fibroblasts, and blood platelets isolated from
chorea-acanthocytosis (ChAc) patients (Pelzl et al., 2017b, Foller
et al., 2012). From these findings, it was concluded that lack of
functional chorein in platelets, fibroblasts, or erythrocytes of ChAc
patients leads to substantial structural disorganization of
cytoskeletal components contributing to the pathogenomic ery-
throcyte shape changes in ChAc (Lang et al., 2017, Pelzl et al.,
2017b). Our present findings provide novel insights, highlighting
the regulatory involvement of chorein in actin organization in
tumor cells as well. Since actin reorganization is a crucial regula-
tory step in governing apoptotic responses in tumor cells
(Papakonstanti and Stournaras, 2008, Grzanka et al., 2003) includ-
ing their migratory potential (Kallergi et al., 2007, Yilmaz and
Christofori, 2009), our present findings intimate an imperative reg-
ulatory function of chorein in poorly differentiated malignant cells
with pharmacological or clinical potential. Additional studies are
now needed to address in detail the possible role of chorein in
the tumorigenic activity of less differentiated tumor cells with high
metastatic potential.
5. Conclusions

Our findings support previous observations, denoting that the
expression of chorein protein may vary in correlation to the differ-
entiation grade of diverse tumor cells, together with breast cancer
cells. In addition, we report that this protein regulates the restruc-
turing of the actin cytoskeleton in rhabdomyosarcoma cells, indi-
cating a potential implication of chorein protein in well-
established actin regulating apoptotic responses in tumor cells.
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