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ABSTRACT
Background: McLeod syndrome (MLS) and chorea-acanthocytosis (ChAc) are exceedingly rare diseases characterized by a 
variety of movement disorders including chorea, dystonia, and Parkinsonism. Genetic analysis plays a key role in early and accu-
rate diagnosis, but relevant variants are still under investigation. This study aims to explore new pathogenic variants in Chinese 
patients with MLS and ChAc and to conduct a comprehensive analysis of the clinical heterogeneity among these patients.
Methods: Eighteen Chinese patients who presented with choreatic movements with negative HTT genetic testing were identi-
fied and underwent targeted next-generation sequencing, verified by Sanger sequencing.
Results: Two novel XK variants (c.970A>T, c.422_423del) were identified in three index MLS patients and six novel VPS13A 
variants (c.9219C>A, c.3467T>A, c.4208dup, c.9243_9246del, c.5364del, c.556-290_697-483del) in five index ChAc patients. One 
copy number variant of VPS13A (g.79827595_79828762del/c.556-290_697-483del) was firstly described in Chinese population.
Conclusion: As the currently largest descriptive study of MLS and ChAc patients in China, this study expands on the clinical 
and genetic spectrum of XK and VPS13A, contributing to the clinical diagnosis of MLS and ChAc.

1   |   Introduction

McLeod syndrome (MLS) and chorea-acanthocytosis (ChAc) 
are two rare neurodegenerative genetic diseases (Kaestner 2023; 
Walker and Danek 2021). MLS shares a variety of features with 
ChAc, such as presence of acanthocytes in blood and degen-
eration of the basal ganglia (Peikert and Danek  2023), specif-
ically the caudate nucleus and putamen (Roulis et  al.  2018). 
The characteristic phenotypes of MLS and ChAc can resem-
ble Huntington's disease (HD) and can involve psychiatric and 

cognitive symptoms, and behavioral changes, as well as a variety 
of movement disorders, for example, chorea, dystonia, and par-
kinsonism (Jung et al. 2004; Kaestner 2023; Peikert et al. 2002).

For both MSL and ChAc, neuroimaging often shows atrophy of 
the basal ganglia and dilated anterior horns of the lateral ven-
tricles (Jung et al. 2004; Peikert et al. 2002; Peikert, Hermann, 
and Danek 2022). In laboratory tests, elevated creatine kinase 
(CK) level and increased acanthocyte count were observed on 
peripheral blood smears (Jung et al. 2004; Peikert et al. 2002). 
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Some biomarkers in blood tests may help in the diagnosis, in-
cluding serum neurofilament protein light chain, acanthocyte 
sedimentation rate, and erythrocyte sedimentation rate (Darras 
et al. 2021; Peikert et al. 2020; Rabe et al. 2021). The diagnosis of 
MLS relies on specific immunohematologic tests, where McLeod 
phenotype is characterized by the absence of the Kx antigen and 
weakened or absent Kell antigens (Jung et al. 2004). Individuals 
with the McLeod phenotype have rare blood groups due to the 
absence of the Kx antigen, which increases transfusion risks, 
making autologous banked donations preferable when feasible 
(Jung et al. 2004; Roulis et al. 2018).

Despite the diagnostic value of clinical manifestations and bio-
markers, accurate diagnosis of MLS and ChAc depends on ge-
netic analysis. However, the rarity of these conditions does not 
allow for conclusive genotype–phenotype correlation, which 
makes fine-grained classification challenging. MLS and ChAc 
share a wide range of clinical features, and recent studies have 
focused on identifying the genetic mutations that cause them 
(Roulis et al. 2018), which will help to broaden the genetic spec-
trum and elucidate the underlying mechanisms of the disease. 
MLS is inherited in an X-linked way with pathogenic variants of 
XK gene, while ChAc is an autosomal recessive disorder caused 
by pathogenic variants in VPS13A. It is estimated that there are 
several hundred MLS patients and approximately 1000 ChAc 
patients worldwide (Dulski et al. 2016). As the most populous 
country, China holds significant potential for discovering new 
variants of these syndromes.

To address this gap, we collected 18 unrelated Chinese patients 
and performed targeted next-generation sequencing (NGS) for 
the diagnosis of MLS or ChAc. Two novel XK variants and six 
novel VPS13A variants were identified.

2   |   Methods

2.1   |   Standard Protocol Approvals, Registrations, 
and Patient Consents

This study was approved by the Ethics Committee of the Second 
Affiliated Hospital of Zhejiang University School of Medicine. 
Written informed consent was obtained from all patients partic-
ipating in the study.

2.2   |   Subjects

Eighteen unrelated patients who presented with choreatic move-
ments and their family members were recruited between June 
2015 and December 2023. Inclusion criteria: (1) Neurological 
examination and clinical evaluation by at least two senior neu-
rologists to confirm the presence of choreatic movements. (2) 
Negative results in the HTT gene test to rule out HD. Exclusion 
criteria: (1) comorbidity with delayed movement disorders, hep-
atomegaly, Parkinson's disease, motor neuron disease; (2) ac-
companied by other etiologies that may cause chorea, such as 
infectious and post-infectious chorea, autoimmune chorea, post 
vascular disease chorea, multisystemic and metabolic chorea, 
and so forth; (3) comorbidity with severe cardiac, renal, hepatic, 
hematological, autoimmune disorders, malignant neoplasm.

2.3   |   General Information

Clinical data of the patients were collected: age of onset, clini-
cal phenotype, and family history of each patient were collected. 
Blood test results: creatine kinase (CK), CK-myocardial band 
(CK-MB), lactate dehydrogenase (LDH), alanine aminotrans-
ferase (ALT), glutamine aminotransferase (AST), and hemoglo-
bin (Hgb). Electrophysiological examination: nerve conduction 
velocity/electromyography (NCV/EMG) after patient's consent. 
Radiological examination: cranial magnetic resonance imaging 
(MRI) performed after admission. Imaging data were obtained 
and first analyzed by a radiologist with extensive experience in 
MRI image interpretation, and another neuroradiologist with 
more than 10 years of experience in interpreting physician brain 
MRI images subsequently reviewed the results and finalized the 
report. The radiologists were blinded to the participant group. 
In patients with a high clinical suspicion of MLS, blood samples 
were sent to the Zhejiang Blood Centre China for antigen analy-
sis of the Kell blood group system antigen.

2.4   |   Acanthocyte Examination

Blood was collected into the tube containing ethylene-diamine-
tetracetic acid (EDTA) and examined by scanning electron 
microscopy (SEM). Red cells were fixed in a 1% solution of glu-
taraldehyde and stored at 4°C until the time of examination. The 
red cells were absorbed onto tissue paper and gold-coated with 
an Emscope Sputter Coater. The morphology of red cells was 
then examined in a Nova nano 450 electron microscope operat-
ing at 5 kV. Erythrocyte morphology was assessed by counting 
≥ 800 cells (50 erythrocytes for each field of view at a magnifi-
cation of 3000×), where all counts were triplicate with the mean 
used for the analysis of acanthocyte rate (Ciccoli et  al.  2013). 
Normal red cells had a biconcave disk shape. Contracted red 
cells with a number of irregularly spaced thorny surface projec-
tions were defined as acanthocytes (Yu et al. 2022).

2.5   |   Genetic Analysis

Genomic DNA was extracted from peripheral EDTA-treated 
blood using Blood Genomic Extraction Kit (Qiagen, Hilden, 
Germany). The NGS used in the study included whole-exome 
sequencing (WES) or a customized panel which covered 54 
genes for chorea and dystonia, including VPS13A, XK, PRNP, 
10 genes of neurodegeneration with brain iron accumulation 
(NBIA), four genes of primary familial brain calcification 
(PFBC), and other 37 genes of hereditary dystonia (Table S1). 
A detailed protocol of NGS has been reported in our previ-
ous study (Liu et al. 2017). Sanger sequencing was performed 
on an ABI 3500xl Dx Genetic Analyzer (Applied Biosystems, 
Foster City, USA) to verify the filtered potential variants (Dong 
et al. 2016). Co-segregation analysis was carried out in fami-
lies with genetic variants. The locations of sequence variation 
were reported using the National Center for Biotechnology 
Information's (NCBI) Reference Sequence (RefSeq) data-
base. Specifically, the accession numbers NM_021083.3 and 
NM_033305.3 (NC_000009.11) correspond to the respective 
latest versions of the XK and VPS13A gene sequences in the 
RefSeq database. Sorting intolerant from tolerant (SIFT) and 
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Polymorphism Phenotyping v2 (PolyPhen-2) were used to pre-
dict the pathogenicity of the identified variants. Patients with 
a genetically confirmed diagnosis of NA were followed up reg-
ularly until November 2023 by telephone.

3   |   Results

3.1   |   Identification of Novel XK and VPS13A 
Variants

After performing NGS and Sanger sequencing, genetic vari-
ants were identified in eight of the 18 individuals presenting 
with choreatic movements. Therefore, this study included 
three patients with MLS and five with ChAc. Additionally, ge-
netic testing was conducted on relatives of some patients pre-
senting with choreatic movements who agreed to participate. 
Among the MLS patients, three hemizygous variants within 
the XK gene were found in three index patients (Figure 1A–C). 

All three variants are either nonsense or frameshift, and two 
are novel variants (c.970A>T, c.422_423del). They are all 
absent in gnomAD and our NGS database containing 1000 
Chinese matched controls. According to American College of 
Medical Genetics and Genomics (ACMG) standards (Richards 
et al. 2015), they are classified as either pathogenic or likely 
pathogenic (Table 1).

Eight variants within VPS13A gene were detected in five 
index patients of ChAc, three of whom carried compound 
heterozygous variants (c.9219C>A, c.3467T>A, c.4208dup, 
c.9243_9246del, c.5364del, g.79827595_79828762del). In these 
three families, the father of Case 6 carries the heterozygous 
c.9243_9246del variant, the mother carries the heterozygous 
c.4208dup variant, the daughter of Case 7 carries the hetero-
zygous c.3467T>A variant, and the father of Case 8 carries 
the heterozygous c.5364del variant. Two homozygous variants 
were detected in other two families (c.3817C>T, c.4411C>T) 
(Figure  1D–I). Among these variants, six are either nonsense 

FIGURE 1    |    (A–H) Pedigree chart of index families and chromatogram of novel variants detected in each family. Squares indicate males; circles 
indicate females; the black symbols indicate affected individuals; arrows indicate the probands. The upper panel in chromatogram depicts the 
reference sequence. The lower panel represents heterozygous mutated sequence. (I) The breakpoint analysis of the copy number variants in Family 
8. The upper panel depicts the schematic diagram of the exons 8–9 deletion on DNA level. The lower panel represents the mutated sequence verified 
by Sanger sequencing.
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or frameshift, one is missense, and one is copy number vari-
ant. Six variants are novel (c.9219C>A, c.3467T>A, c.4208dup, 
c.9243_9246del, c.5364del, c.556-290_697-483del). The copy 
number variant was firstly described in Chinese population. All 
variants are at extremely low frequency in gnomAD and absent 
in our NGS database. The missense variant c.3467T>A was pre-
dicted to be deleterious by SIFT and PolyPhen-2. According to 
ACMG standards, all variants are classified as either pathogenic 
or likely pathogenic (Table 1).

3.2   |   Clinical Features of Eight Genetically 
Diagnosed Patients

The detailed clinical features of three MLS and five ChAc pa-
tients are summarized in Table  2. Three MLS index patients 
were all males with no family history of similar symptoms. Five 
ChAc index patients were all females, of whom two were from 
consanguineous marriage and two had a positive family history. 
Eight patients had mild to moderate elevated CK. One MLS case 
(Case 2) showed gait disturbance, mild involuntary movements 
and markedly elevated CK, which made it confused with myop-
athy at first whilst the diagnosis was confirmed after a second 
admission. All patients had diminished or absent tendon re-
flexes, and four of them agreed to undergo NCV/EMG and the 
results showed severe axonal neuropathy in two MLS patients, 
and normal NCV with mild chronic neurogenic EMG changes 
in two ChAc patient. MRI of the brain in six patients showed at-
rophy of either caudate or putamina (Figure 2A–F). Except for 
one case undetected, the acanthocyte rate of peripheral blood in 
seven patients was between 16%–32%, which was easily recog-
nized in electron microscopy (Figure 2G,H). Case 2 underwent 
Kell blood group phenotyping at the blood center after the second 
admission. The results indicated the absence of K, Kpa, and Kpb 
antigens, along with a weak positive reaction for the k antigen 
on his red blood cells, which is consistent with the McLeod phe-
notype. Regrettably, the assessment of Kx antigen manifestation 
could not be executed owing to the non-availability of antibodies.

3.3   |   Outcome

Most cases had a poor prognosis. Cases 1, 4, 5, 7, and 8 pro-
gressed progressively to a bedridden state, unable to live inde-
pendently, within 3 years of diagnosis. Two patients died, Case 3 
from a fall in a rice paddy 1 year after diagnosis and Case 8 from 
pneumonia. Cases 2 and 6 had relatively slow progression and 
mild symptoms and could still live independently.

4   |   Discussion

MLS and ChAc are exceedingly rare and are often mistaken for 
each other in clinical practice (Peikert and Danek 2023) due to 
similarities in clinical phenotypes, laboratory tests, and neu-
roimaging. A thorough clinical evaluation, including history, 
physical examination, laboratory and imaging tests, and ge-
netic testing, is essential for the accurate classification of these 
disorders and the exclusion of other conditions. The diagnosis 
of MLS and ChAc primarily relies on identifying mutations in 
the XK and VPS13A genes. The current HumanGene Mutation 

Database (HGMD, v2023.4) includes 53 mutations in the XK 
gene and 180 in the VPS13A gene. These mutations mainly con-
sist of missense/nonsense variants, splicing variants, small de-
letions/insertions/indels, and gross deletion/insertion/complex 
rearrangements. Such mutations often result in premature pro-
tein translation termination or alternative splicing during tran-
scription, leading to truncated or absent proteins that impair 
protein function (Ying et al. 2023).

We identified a surprisingly high number of XK and VPS13A 
variants in 18 HTT-negative patients with choreatic move-
ments, including three variants in the XK gene and eight in 
the VPS13A gene. The proportion of MLS and ChAc patients 
found in our study (8/18) was significantly higher compared 
to 0/28 in France (Mariani et  al.  2016) and 3/19 in Mexico 
(Ramírez-García et  al.  2022), where HD phenotype patients 
were HTT-negative. This discrepancy may be mostly due to 
potential patient selection bias. Our department is a regional 
center of rare diseases in Zhejiang Province. Therefore, many 
patients are referred from other hospitals. The participation of 
interdisciplinary teams in first-line diagnosis might also con-
tribute to the enrichment of characteristic rare diseases in our 
department. Meanwhile, ethnicity may also contribute to this 
difference. In accordance with previously reported variants 
(Chen et al. 2023; Huang et al. 2022; Man, Yuen, and Fu 2014; 
Shen et al. 2017; Xia et al. 2022; Yi et al. 2018), we found that 
no variant has been found in more than one family, thus there 
is no hotspot variant, which indicates a high level of genetic 
variability in the Chinese population. We discovered two novel 
XK variants in three index MLS patients and six novel VPS13A 
variants in five index ChAc patients. In addition, a copy number 
variation in VPS13A (g.79827595_79828762del/c.556-290_697-
483del) was identified for the first time in the Chinese popu-
lation (Spieler et al. 2020). As the currently largest descriptive 
study of MLS and ChAc patients in China, our research ex-
pands on the clinical and genetic spectrum of XK and VPS13A, 
contributing to the clinical diagnosis of MLS and ChAc.

4.1   |   Molecular Mechanisms of MLS and ChAc

The clinical similarity between MLS and ChAc diseases sug-
gests that they share some common pathophysiology (Peikert, 
Hermann, and Danek 2022). Chorein is present in mature eryth-
rocytes and is a product of the VPS13A gene, which is partially 
or completely absent in the erythrocytes of patients with ChAc 
(Huang et al. 2022). There is a molecular interaction between 
XK, the McLeod protein, and chorein, the product of the VPS13A 
gene, in which XK forms a complex with chorein/VPS13A, 
functioning as a bulk lipid transporter at various membrane 
contact sites (Peikert, Hermann, and Danek 2022). XK-VPS13A-
mediated perturbation of phospholipids at the plasma mem-
brane plays a crucial role in maintaining homeostasis in the 
nervous and erythrocyte systems (Ryoden and Nagata  2022). 
Dysregulation of the VPS13A-XK complex, with impaired bulk 
lipid transport, is a common pathophysiological basis for both 
MLS and ChAc disorders (Miltenberger-Miltenyi et  al.  2023; 
Park and Neiman  2020; Peikert, Hermann, and Danek  2022). 
Conditions associated with VPS13A and XK genes may be piv-
otal to a novel disease paradigm, that is, bulk lipid transfer dis-
order (Peikert and Danek 2023).
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4.2   |   Different Clinical Phenotypes of MLS 
and ChAc

The phenotypic similarities between MLS and ChAc diseases 
can lead to confusion, but some clues may help to differentiate 
them. MLS is inherited in an X-linked way and ChAc in an 
autosomal recessive manner. Therefore, the gender and family 
history can give important clues. Larger deletions in the XK 
gene may also involve chronic granulomatous disease, dys-
trophinopathy, retinitis pigmentosa and ornithine transcar-
bamylase deficiency (Peikert, Hermann, and Danek 2022). In 
clinical manifestations, orofacial dystonia is more frequently 
presented in ChAc, particularly self-mutilating tongue and 
lip biting, which is extremely rare in MLS (Peikert et al. 2002; 
Peikert, Hermann, and Danek 2022; Shen et al. 2017). MLS has 
a longer course, with a higher prevalence of arrhythmias and 
dilated cardiomyopathy, and more severe cardiac involvement 
(Jung et al. 2004; Peikert, Hermann, and Danek 2022; Quick 
et al. 2021). ChAc may show considerable phenotypic variabil-
ity, even within the same family, regarding age, presenting 
symptoms, development of additional symptoms, and course of 
the disease, and 10% of patients are suicidal (Roulis et al. 2018; 
Walker et al. 2019). The underlying reasons for this diversity in 
clinical manifestations remain to be fully explored.

4.3   |   Laboratory and Neurophysiological 
Examinations

Most patients have elevated CK and abnormal liver function, 
and CK levels appear to be higher in patients with MLS than 
in ChAc (Jung et al. 2004; Peikert et al. 2002; Wu et al. 2017). 
The acanthocyte account in peripheral blood may range consid-
erably within 5%–50% in ChAc and 8%–30% in MLS, making 
it unreliable as an index for differentiation (Jung et  al.  2004; 
Peikert et al. 2002). Sensory and motor neuropathy are typical 
manifestations of ChAc and MLS, and nerve conduction veloc-
ity findings are usually indicative of axonal loss (Ghodsinezhad 
et al. 2024; Peikert, Hermann, and Danek 2022). Previous stud-
ies have shown that the majority of muscle biopsies in patients 
with ChAc show a neurogenic phenotype, with minor muscle 
lesions observed in a few cases (Vaisfeld et  al.  2021). In com-
parison, MLS is more often considered a histological manifes-
tation of less severe neurogenic lesions and primary myopathies 
(Vaisfeld et al. 2021). Moreover, MLS patients can have muscle 
complaints with mild involuntary movements, which often lead 
to a confusion with myopathy (Chen et al. 2014; Man, Yuen, and 
Fu 2014). A study has shown that the lack of XK expression in 
MLS correlates with type 2 fiber atrophy and suggests that the 
XK protein is crucial for maintaining normal muscle structure 
and function, potentially explaining the myopathy observed in 
MLS patients (Jung, Russo, et al. 2001).

4.4   |   Neuroimaging Features of MLS and ChAc

Neuroimaging in ChAc and MLS patients shows caudate nu-
cleus and putamen atrophy, significant grey matter density 
reduction in the caudate head, and lateral ventricle dilation 
(Henkel et  al.  2006; Huang et  al.  2022; Jung, Hergersberg, 
et al. 2001; Peikert et al. 2002). Altered levels of sphingolipids and V
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phospholipids in the caudate nucleus suggest that lipid process-
ing deficits may be associated with the neuropathophysiology of 
ChAc (Miltenberger-Miltenyi et al. 2023). ChAc patients exhib-
ited bilateral symmetrical hypodensity of the pallidum, substantia 
nigra, and red nucleus on T2 and sense-weighted MRI, indicating 
mineral deposition possibly due to enzyme defects from VPS13 
gene mutations (Kaul et al.  2013). In MLS patients, the degree 
of basal ganglia atrophy and striatal hypometabolism correlates 
with the disease duration (Jung, Hergersberg, et  al.  2001). We 

found that all ChAc patients, and half of MLS patients with cra-
nial MRI suggested caudate and putamina atrophy, and although 
the age of onset and mean age of ChAc patients were lower than 
that of MLS, caudate atrophy was more common, which may 
help in the diagnosis of both MLS and ChAc, and is worth study-
ing in the future with an expanded sample.

4.5   |   Limitations and Future Directions

There are several limitations to this study. First, this was a 
single-center study based on local patients.

Second, due to limitations in technology, finances, and resources, 
we were unable to perform Western blot testing for VPS13A on 
the patients. Therefore, we could not directly assess the impact 
of these mutations on the expression and function of chorein 
in these patients, a limitation observed in other studies as well 
(Chen et al. 2023). Due to certain patient-specific factors, we were 
unable to confirm McLeod phenotype for all patients in the ab-
sence of proper Kell antigen analysis. For the three cases with 
XK mutations plus extra-hematologic features of MLS, it is suf-
ficient to assume the presence of the Kell McLeod phenotype for 
practical management. The confirmation of McLeod phenotype 
is important both for proving the pathogenicity of the mutation 
and for being prepared for the potential risks associated with 
blood transfusions and the need for prophylactic blood bank-
ing. Routine sequencing of the XK and VPS13A genes should be 
considered in patients presented with choreatic movements even 
in the absence of acanthocyte studies (after HD was excluded), 
which would contribute to the early diagnosis of MLS and ChAc.

5   |   Conclusion

In conclusion, we reported eight Chinese MLS and ChAc fam-
ilies and identified two novel XK variants in three index MLS 
patients and six novel VPS13A variants in five index ChAc pa-
tients. One copy number variant of VPS13A was firstly described 
in Chinese population. Our study expands the genetic spectrum 
of XK and VPS13A and helps the clinical diagnosis of MLS 
and ChAc.

Author Contributions

Data acquisition, analysis, and interpretation, and manuscript prepa-
ration were performed by Hao Yu, Ling Li, Xiaoyan Li, and Haipeng 
Liu. Hao Yu contributed to the study design and conception and critical 
revision of the manuscript. The first draft of the manuscript was written 
by Hao Yu, Ling Li, and Haipeng Liu and all authors commented on 
previous versions of the manuscript. All authors read and approved the 
final manuscript.

Acknowledgments

We would like to thank all participants for their willingness to partici-
pate in this study.

Ethics Statement

This study was approved by the Ethics Committee of the Second 
Affiliated Hospital of Zhejiang University School of Medicine.

FIGURE 2    |    Clinical features of six genetically diagnosed patients. 
(A–F) Brain MRI of Case 1 (A), Case 3 (B), Case 5 (C), Case 6 (D), Case 7 
(E) and Case 8 (F). Note the atrophy of caudate and the enlarged anterior 
horns of lateral ventricles. (G,H) Pictures of acanthocytes in peripheral 
blood of Case 7 by scanning electron microscopy. Scale bar: 2 μm.



9 of 10

Consent

Written informed consent was obtained from all patients participating 
in the study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data used and analyzed in the study are available from the corre-
sponding author on proper request.

References

Chen, P. Y., S. C. Lai, C. C. Yang, et  al. 2014. “A Novel XK Gene 
Mutation in a Taiwanese Family With McLeod Syndrome.” Journal of 
the Neurological Sciences 340, no. 1–2: 221–224.

Chen, X., P. Zhang, L. Wang, and Y. Zhang. 2023. “Novel Heterozygous 
VPS13A Pathogenic Variants in Chorea-Neuroacanthocytosis: A Case 
Report.” BMC Neurology 23, no. 1: 350.

Ciccoli, L., C. De Felice, E. Paccagnini, et  al. 2013. “Erythrocyte 
Shape Abnormalities, Membrane Oxidative Damage, and β-Actin 
Alterations: An Unrecognized Triad in Classical Autism.” Mediators of 
Inflammation 2013: 432616.

Darras, A., K. Peikert, A. Rabe, et al. 2021. “Acanthocyte Sedimentation 
Rate as a Diagnostic Biomarker for Neuroacanthocytosis Syndromes: 
Experimental Evidence and Physical Justification.” Cells 10, no. 4: 
788. https://doi.org/10.3390/cells10040788.

Dong, Y., W. Ni, W. J. Chen, et al. 2016. “Spectrum and Classification 
of ATP7B Variants in a Large Cohort of Chinese Patients With 
Wilson's Disease Guides Genetic Diagnosis.” Theranostics 6, no. 5: 
638–649.

Dulski, J., W. Sołtan, M. Schinwelski, et al. 2016. “Clinical Variability 
of Neuroacanthocytosis Syndromes-A Series of Six Patients With Long 
Follow-Up.” Clinical Neurology and Neurosurgery 147: 78–83.

Ghodsinezhad, V., A. Ghoreishi, M. Rohani, et al. 2024. “Identification 
of Four Novel Mutations in VSP13A in Iranian Patients With Chorea-
Acanthocytosis (ChAc).” Molecular Genetics and Genomics 299, no. 1: 
39.

Henkel, K., A. Danek, J. Grafman, J. Butman, and J. Kassubek. 
2006. “Head of the Caudate Nucleus is Most Vulnerable in Chorea-
Acanthocytosis: A Voxel-Based Morphometry Study.” Movement 
Disorders 21, no. 10: 1728–1731.

Huang, S., J. Zhang, M. Tao, Y. Lv, L. Xu, and Z. Liang. 2022. “Two Case 
Reports of Chorea-Acanthocytosis and Review of Literature.” European 
Journal of Medical Research 27, no. 1: 22.

Jung, H. H., A. Danek, R. H. Walker, B. M. Frey, and K. Peikert. 2004. 
McLeod Neuroacanthocytosis Syndrome. Seattle, WA: University of 
Washington.

Jung, H. H., M. Hergersberg, S. Kneifel, et al. 2001. “McLeod Syndrome: 
A Novel Mutation, Predominant Psychiatric Manifestations, and 
Distinct Striatal Imaging Findings.” Annals of Neurology 49, no. 3: 
384–392.

Jung, H. H., D. Russo, C. Redman, and S. Brandner. 2001. “Kell and XK 
Immunohistochemistry in McLeod Myopathy.” Muscle & Nerve 24, no. 
10: 1346–1351.

Kaestner, L. 2023. “Proceedings of the Eleventh International Meeting 
on Neuroacanthocytosis Syndromes.” Tremor and Other Hyperkinetic 
Movements 13: 41.

Kaul, B., V. Goyal, G. Shukla, et  al. 2013. “Mineral Deposition on 
Magnetic Resonance Imaging in Chorea-Acanthocytosis: A Pathogenic 

Link With Pantothenate Kinase-Associated Neurodegeneration?” 
Neurology India 61, no. 2: 169–170.

Liu, Z. J., H. X. Lin, G. L. Liu, et al. 2017. “The Investigation of Genetic 
and Clinical Features in Chinese Patients With Juvenile Amyotrophic 
Lateral Sclerosis.” Clinical Genetics 92, no. 3: 267–273.

Man, B. L., Y. P. Yuen, and Y. P. Fu. 2014. “The First Report of a Chinese 
Family With McLeod Syndrome.” BMJ Case Reports. https://​doi.​org/​10.​
1136/​bcr-​2013-​202785.

Mariani, L. L., C. Tesson, P. Charles, et  al. 2016. “Expanding 
the Spectrum of Genes Involved in Huntington Disease Using a 
Combined Clinical and Genetic Approach.” JAMA Neurology 73, no. 
9: 1105–1114.

Miltenberger-Miltenyi, G., A. Jones, A. M. Tetlow, et  al. 2023. 
“Sphingolipid and Phospholipid Levels Are Altered in Human Brain in 
Chorea-Acanthocytosis.” Movement Disorders 38, no. 8: 1535–1541.

Park, J. S., and A. M. Neiman. 2020. “XK Is a Partner for VPS13A: 
A Molecular Link Between Chorea-Acanthocytosis and McLeod 
Syndrome.” Molecular Biology of the Cell 31, no. 22: 2425–2436.

Peikert, K., K. Akgün, C. Beste, et  al. 2020. “Neurofilament Light 
Chain in Serum is Significantly Increased in Chorea-Acanthocytosis.” 
Parkinsonism & Related Disorders 80: 28–31.

Peikert, K., and A. Danek. 2023. “VPS13 Forum Proceedings: XK, XK-
Related and VPS13 Proteins in Membrane Lipid Dynamics.” Contact 
(Thousand Oaks) 6: 25152564231156994. https://​doi.​org/​10.​1177/​25152​
56423​1156994.

Peikert, K., C. Dobson-Stone, L. Rampoldi, et  al. 2002. “VPS13A 
Disease.” GeneReviews® [Internet]. Seattle, WA: University of 
Washington.

Peikert, K., A. Hermann, and A. Danek. 2022. “XK-Associated McLeod 
Syndrome: Nonhematological Manifestations and Relation to VPS13A 
Disease.” Transfusion Medicine and Hemotherapy 49, no. 1: 4–12.

Quick, S., F. M. Heidrich, M. V. Winkler, et  al. 2021. “Cardiac 
Manifestation Is Evident in Chorea-Acanthocytosis but Different From 
McLeod Syndrome.” Parkinsonism & Related Disorders 88: 90–95.

Rabe, A., A. Kihm, A. Darras, et  al. 2021. “The Erythrocyte 
Sedimentation Rate and Its Relation to Cell Shape and Rigidity of 
Red Blood Cells From Chorea-Acanthocytosis Patients in an off-Label 
Treatment With Dasatinib.” Biomolecules 11, no. 5: 727. https://doi.
org/10.3390/biom11050727.

Ramírez-García, M., D. J. Dávila-Ortiz de Montellano, L. Martínez-
Ruano, et al. 2022. “Clinical and Molecular Findings of Intermediate 
Allele Carriers in the HTT Gene From the Mexican Mestizo Population.” 
Neurodegenerative Diseases 22, no. 1: 34–42.

Richards, S., N. Aziz, S. Bale, et  al. 2015. “Standards and Guidelines 
for the Interpretation of Sequence Variants: A Joint Consensus 
Recommendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology.” Genetics in 
Medicine 17, no. 5: 405–424.

Roulis, E., C. Hyland, R. Flower, C. Gassner, H. H. Jung, and B. M. Frey. 
2018. “Molecular Basis and Blinical Overview of McLeod Syndrome 
Compared With Other Neuroacanthocytosis Syndromes: A Review.” 
JAMA Neurology 75, no. 12: 1554–1562.

Ryoden, Y., and S. Nagata. 2022. “The XK Plasma Membrane Scramblase 
and the VPS13A Cytosolic Lipid Transporter for ATP-Induced Cell 
Death.” BioEssays 44, no. 10: e2200106.

Shen, Y., X. Liu, X. Long, et al. 2017. “Novel VPS13A Gene Mutations 
Identified in Patients Diagnosed With Chorea-Acanthocytosis 
(ChAc): Case Presentation and Literature Review.” Frontiers in Aging 
Neuroscience 9: 95.

Spieler, D., A. Velayos-Baeza, A. Mühlbäck, et al. 2020. “Identification 
of Two Compound Heterozygous VPS13A Large Deletions in 

https://doi.org/10.3390/cells10040788
https://doi.org/10.1136/bcr-2013-202785
https://doi.org/10.1136/bcr-2013-202785
https://doi.org/10.1177/25152564231156994
https://doi.org/10.1177/25152564231156994
https://doi.org/10.3390/biom11050727
https://doi.org/10.3390/biom11050727


10 of 10 Molecular Genetics & Genomic Medicine, 2024

Chorea-Acanthocytosis Only by Protein and Quantitative DNA 
Analysis.” Molecular Genetics & Genomic Medicine 8, no. 9: e1179.

Vaisfeld, A., G. Bruno, M. Petracca, et al. 2021. “Neuroacanthocytosis 
Syndromes in an Italian Cohort: Clinical Spectrum, High Genetic 
Variability and Muscle Involvement.” Genes 12, no. 3: 344. https://doi.
org/10.3390/genes12030344.

Walker, R. H., and A. Danek. 2021. “"Neuroacanthocytosis"—Overdue 
for a Taxonomic Update.” Tremor and Other Hyperkinetic Movements 
11: 1.

Walker, R. H., M. Miranda, H. H. Jung, and A. Danek. 2019. “Life 
Expectancy and Mortality in Chorea-Acanthocytosis and McLeod 
Syndrome.” Parkinsonism & Related Disorders 60: 158–161.

Wu, C. K., V. E. Santini, C. Dittus, and M. H. Saint Hilaire. 2017. 
“Neuroacanthocytosis: A Case With Unusual Clinical Features & Novel 
Response to Treatment.” Journal of the Neurological Sciences 373: 346.

Xia, S., X. Yu, F. Song, B. Sun, and Y. Wang. 2022. “McLeod Syndrome 
With a Novel XK Frameshift Mutation: A Case Report.” Medicine 101, 
no. 10: e28996.

Yi, F., W. Li, N. Xie, et al. 2018. “Chorea-Acanthocytosis in a Chinese 
Family With a Pseudo-Dominant Inheritance Mode.” Frontiers in 
Neurology 9: 594.

Ying, Y., S. Yu, J. Zhang, et  al. 2023. “A Case of McLeod Syndrome 
Caused by a Nonsense Variation c.942G>A in the XK Gene: A Case 
Report.” Frontiers in Genetics 14: 1073139.

Yu, Y., Y. Lu, F. Wang, et  al. 2022. “Acanthocytes Identified in 
Huntington's Disease.” Frontiers in Neuroscience 16: 913401.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.3390/genes12030344
https://doi.org/10.3390/genes12030344

	Clinical Features and Novel Pathogenic Variants of Chinese Patients With McLeod Syndrome and Chorea-­Acanthocytosis
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Standard Protocol Approvals, Registrations, and Patient Consents
	2.2   |   Subjects
	2.3   |   General Information
	2.4   |   Acanthocyte Examination
	2.5   |   Genetic Analysis

	3   |   Results
	3.1   |   Identification of Novel XK and VPS13A Variants
	3.2   |   Clinical Features of Eight Genetically Diagnosed Patients
	3.3   |   Outcome

	4   |   Discussion
	4.1   |   Molecular Mechanisms of MLS and ChAc
	4.2   |   Different Clinical Phenotypes of MLS and ChAc
	4.3   |   Laboratory and Neurophysiological Examinations
	4.4   |   Neuroimaging Features of MLS and ChAc
	4.5   |   Limitations and Future Directions

	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


