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Red blood cell lipid distribution
in the pathophysiology and
laboratory evaluation of
chorea-acanthocytosis and
MclLeod syndrome patients
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The core neuroacanthocytosis syndromes, i.e., chorea-acanthocytosis/VPS13A
disease (ChAc) and Mcleod syndrome/XK disease (MLS), are respectively
due to mutations in VPS13A and XK genes and share similar manifestations
including the formation of acanthocytes. We previously showed by lipidomics
of red blood cells (RBCs) from ChAc patients slight lipid changes compared to
healthy controls. We here evaluated the consequences for RBC morphology,
deformability, cytoskeleton and membrane lipid transversal and lateral
distribution in five patients with ChAc and two patients with MLS. Compared
to healthy donors, the two patient cohorts showed a strong increase of
abnormal RBCs including acanthocytes and spheroechinocytes, a decrease
in RBC projected surface area and deformability, and a rise in spectrin density.
The abundance of cholesterol-enriched domains and the proportion of RBCs
with ceramide-enriched patches were also increased while phosphatidylserine
surface exposure was slightly decreased. In contrast, the abundance of
sphingomyelin-enriched domains was poorly affected. At the individual
level, patients showing the highest cholesterol-enriched domain abundance
exhibited the highest number of RBCs with ceramide-enriched patches,
compatible with RBC maturation defects, whereas patient RBCs exhibiting
the highest spectrin membrane density showed the strongest loss of
RBC projected surface area and the lowest abundance of sphingomyelin-
enriched domains, consistent with RBC membrane alterations. Our study
indicated that abnormal RBCs were associated with lipid distribution and
cytoskeleton impairments, which appeared to result from both RBC maturation
defects and membrane alterations. Moreover, the extent of lipid distribution
alteration is well correlated with laboratory parameters typically altered in
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neuroacanthocytosis and could present an added value in neuroacanthocytosis
syndrome evaluation.
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Introduction

Chorea-acanthocytosis (ChAc) or VPSI3A disease (vacuolar
protein sorting 13 homolog A) and McLeod syndrome
(MLS) or XK disease are rare hereditary disorders (estimated
prevalence 1:1,000,000 and 1:10,000,000 respectively) classified as
neuroacanthocytosis syndromes because they are characterized
by striatal neurodegeneration and the presence of acanthocytes
(Walker et al. 2023; Peikert et al. 1993; Jung et al. 1993). ChAc
and MLS share similar manifestations, including a variety of
movement disorders, epilepsy, behavioral and cognitive impairment
as well as peripheral neuropathy and myopathy (Peikert et al. 2002
[updated 2023]). Acanthocytes are red blood cells (RBCs) with few
membrane protrusions varying in length and presenting a non-
uniform distribution along the cell surface (Darras et al., 2021). In
patients with ChAc those acanthocytes are associated with reduced
deformability (Reichel et al., 2022; Recktenwald et al., 2022).

ChAc is an autosomal-recessive condition caused by pathogenic
variants in the VPS13A gene, leading in most cases to a complete loss
of the protein VPS13A/chorein (Dobson-Stone et al., 2004). VPS13A
has been recently assigned to the superfamily of “bridge-like lipid
transfer proteins,” which mediate direct lipid transfer between
two organelles at membrane contact sites (Braschi et al. 2022;
Kumar et al. 2018; Yeshaw et al. 2019; Hanna, Guillen-Samander,
and De Camilli 2023). At the plasma membrane, it forms a complex
with the XK protein, a putative phospholipid scramblase (Park
and Neiman 2020; Guillén-Samander et al. 2022; Ryoden, Segawa,
and Nagata 2022). MLS is an X-linked recessive disorder caused
by mutations in the XK gene encoding for the XK protein and
the Kx blood type antigen. Besides its interaction with VPS13A,
the XK integral membrane protein forms a heterodimer with the
Kell glycoprotein. XK absence has been described to lead to a
reduction of phosphatidylserine (PS) in the inner plasma leaflet
(Peikert, Hermann, and Danek 2022; Walker et al. 2023).

The mechanism behind formation of acanthocytes with
reduced deformability in neuroacanthocytosis syndromes is poorly
understood. We here tested the hypothesis that the RBC membrane
lipid and spectrin distributions are impaired in those diseases.
Indeed, as lipid transfer proteins contribute to the transport of
lipids synthesized in the endoplasmic reticulum (ER) to other
compartments, a mutation in VPSI3A could greatly impact
membrane lipid composition and distribution. Moreover, although
mature RBCs do not contain an ER in contrast to nucleated cells
or RBC precursors, they still present significant levels of VPS13A
(Minetti et al., 2025). Supporting our hypothesis, elevated levels
of several sphingolipids and phospholipids have been found in the
striatum of VPSI3 patients (Miltenberger-Miltenyi et al. 2023).
Also, in Huntington’s disease, phenotypically very similar to ChAc
and MLS diseases, a distinct shift in the sphingolipid profile of
the caudate has been reported (Phillips et al. 2022). By lipidomic
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analysis of RBCs from five patients with ChAc, we recently revealed
that phosphatidylethanolamine (PE) subspecies with long and more
unsaturated acyl chains are increased while species with shorter and
more saturated chains are decreased. A few ceramide (Cer) species
are also increased in the disease (Peikert et al., 2024).

PE mainly associate with the plasma membrane inner
leaflet and have been suggested to contribute to membrane-
cytoskeleton interactions (Kapus and Janmey, 2013). The RBC
cytoskeleton is composed of a meshwork of spectrin tetramers
linked to the membrane by the 4.1R- and ankyrin-based anchorage
complexes and is crucial for RBC deformation (Baines, 2010;
Salomao et al., 2008). In ChAc RBCs, the linkage of Band3 to
the 4.IR complexes is altered, contributing to the generation
of acanthocytes (De Franceschi et al., 2011). This impairment
appears to result from elevated tyrosine kinase Lyn activity,
which hyperphosphorylates membrane proteins such as Band3
(De Franceschi et al., 2011). In addition, using RBCs from patients
with ChAc and K562 erythroleukemic cells following VPSI13A
silencing, Foller and collaborators have reported reduced signaling
via the PI3K-Racl-PAK pathway (Foller et al., 2012).

Like PE, ceramides are also preferentially found in the inner
plasma membrane leaflet and can cluster into Cer-enriched domains
(Cloos et al., 2020). Three types of lipid domains have also been
evidenced at the outer plasma membrane leaflet. The first ones
are mainly enriched in cholesterol (named chol-enriched domains),
associated with RBC high-curvature membrane areas and contribute
to the RBC deformation process by gathering in the deformed area
(Carquin et al,, 2015; Carquin et al., 2016; Leonard et al., 2017a;
Leonard et al, 2017b). The second and third ones associate with
RBC low-curvature membrane areas and are respectively enriched
in GMI ganglioside, phosphatidylcholine (PC) and cholesterol
(named GM1-enriched domains) and sphingomyelin (SM), PC and
cholesterol (named SM-enriched domains) (Leonard et al., 2018;
D'Auria et al., 2013; Conrard et al., 2018; Conrard and Tyteca, 2019;
Stommen et al., 2023). Together with the spectrin cytoskeleton,
GMI-enriched domains favor Ca®* entry in RBCs through the
mechanosensitive ion channel Piezol (Stommen et al., 2023).

To assess the impact of VPSI3A or XK mutations on RBC
morphology and deformability and the mechanism behind,
we determined RBC morphology at rest and upon flowing,
spectrin  cytoskeleton organization,
asymmetry as well as membrane lateral asymmetry in lipid
domains using previously validated approaches (Leonard et al.,
2017b; Cloos et al., 2020; Pollet et al., 2018; Pollet et al., 2020;
Recktenwald et al., 2022; Carquin et al., 2015; Carquin et al.,
2014). We also integrated data generated with those obtained
for a patient suffering from another acanthocyte-related disease,
the hypobetalipoproteinemia (Cloos et al, 2021). We finally

membrane transversal

discussed whether impairments could result from RBC maturation
defects and/or alteration of the RBC membrane and how
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determination of lipid distribution could be useful in the evaluation
of neuroacanthocytosis syndromes.

Methods
Blood collection and preparation

Five VPSI3 patients, two MLS patients (Table 1), and five
healthy controls (4 males and 1 female, 36-58 years) were included
in this study. Among the five VPS13 patients, three (ChAc2,
ChAc3, ChAc4) overlapped with the five patients included in our
previous study (Peikert et al., 2024). Healthy donors were selected
to be age- and gender-matched and their blood was processed in
parallel to patients’ blood. The study was approved by the ethics
committees at the Technische Universitit Dresden (EK45022009,
EK78022015), University Medical Center Rostock (A 2019-0134)
and “Arztekammer des Saarlandes” (ethics permission 51/18). All
participants gave written informed consent in accordance with
the Declaration of Helsinki. After collection, EDTA-coated tubes
were transferred within 24 h to UCLouvain (Belgium) and Saarland
University (Germany). For logistic reasons, not all patient samples
were available at all investigation sites. ‘Incomplete’ datasets are
therefore not a selection of patients for a particular assay.

All experiments (except blood parameters and microfluidic)
were performed on RBCs separated from other blood components
through 10-fold blood dilution in a high glucose- and HEPES-
containing medium (Dulbecco’s modified eagle medium [DMEM]).
Diluted blood was centrifugated at 200 xg for 2 min, the supernatant
removed and RBCs resuspended in medium. RBCs were then washed
a second time in the same conditions, as in (Cloos et al., 2020).
For the microfluidic measurements, blood samples were suspended
in phosphate-buffered saline (PBS) solution and centrifuged for
5 min at 1,500 x g for 5 min to separate the RBCs from plasma and
most leukocytes and platelets. Subsequently, sedimented RBCs were
resuspended in PBS, and the centrifugation and washing steps were
repeated three times. Finally, a hematocrit of 0.5% was adjusted in a
PBS solution that contained 1 g/L bovine serum albumin (BSA).

Blood parameters

The blood hemoglobin concentration, hematocrit, erythrocyte
number, reticulocyte count, mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH) and concentration (MCHC),
hepatic enzymes as well as plasma cholesterol and triglyceride
contents were determined at the University Hospital Carl Gustav
Carus Dresden and the University Medical Center Rostock during
the patients’ yearly medical appointments.

RBC morphology determination

Washed RBCs were analyzed in suspension in p-dish ibidi
chambers, after a 24-fold dilution in DMEM, by vital optical
microscopy (Observer.Z1; plan-Apochromat 100 x 1.4 oil Ph3
objective), as in (Cloos et al., 2021). The respective abundance of
discocytes, stomatocytes and abnormal RBCs (i.e., acanthocytes,
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echinocytes, spheroechinocytes and elliptocytes) was manually
counted on at least 10 images per ibidi chamber and expressed as %
of the total population and then in % difference of the corresponding
healthy donor. Acanthocytes were defined as abnormal RBCs with
spikes of different lengths and widths unevenly positioned at the cell
surface, echinocytes as RBCs with numerous fine and uniform spicules
along the periphery, spheroechinocytes as spherical cells with diameter
smaller than 7 um and whose spicules have become fine needle-like
projections, and elliptocytes as elongated oval-shaped RBCs.

Determination of projected surface area of
RBCs

This parameter was determined by optical microscopy on living
washed RBCs spread on coverslips coated with 0.01% poly-L-lysine
(PLL; Sigma-Aldrich). Although this procedure induces a loss of
RBC biconcavity, it does not affect RBC viability. Briefly, coverslips
were coated with PLL for 30 min at 37°C and washed 2 times
with DMEM. Then, washed RBCs were spread for 4 min on the
coverslips which were thereafter rinsed to remove unattached RBCs,
placed upside down in LabTek chambers filled with DMEM and
observed with the microscope Observer. Z1. The hemi-RBC area
was determined by manually surrounding the RBC surface using the
Image] software and expressed as % of RBC area of healthy donors.

Microfluidic measurements

Blood samples were measured within 2-8 h from the withdrawal.
The Erysense® device (Cysmic, Saarbriicken, Germany) was used as
previously described (Recktenwald et al., 2022). In short, it employs
a microfluidic chip with parallel microfluidic channels that have a
rectangular cross-section with a height of 8 um, a width of 11 um,
and a total length of 40 mm. A constant pressure drop in a range of
100 mbar to 1 bar is used to pump the RBC suspension through the
microfluidic chip. RBC flow is recorded with a frame rate of up to
400 Hz depending on the applied pressure drop and subsequently
processed. To enable a fast and automated classification of RBC
shapes, we used a convolutional neural network (CNN), as described
previously (Kihm et al., 2018). The CNN consists of an image input
layer, several subsequent convolution stages, and an output layer. We
employed a supervised training of the CNN according to (Kihm et al,,
2018). Our training data set consisted of seven different classes.
Besides the characteristic croissant and slipper shapes that dominate
healthy RBC flowin microchannels (Kihmetal.,2018), complimentary
pathological classes that exhibit pathophysiologic RBC shapes were
identified. A summary of the RBC shapes for a given sample is the
so-called RBC shape phase diagram, i.e., the frequency of occurrence
of RBC shapes as a function of their velocity.

Spectrin immunofluorescence

Immunolabelling of spectrin was performed as in (Cloos et al.,
20205 Pollet et al., 2020; Stommen et al., 2023). Briefly, washed
RBCs were diluted 12-fold in DMEM, immobilized onto PLL/PBS
(1:1)-coated coverslips for 4 min, washed and permeabilized with
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TABLE 1 Overview of patients included in the study. M, Male. F, Female. PRN, pro re nata. N/A, not applicable.

Patient Sex Age (years) Main Disease Chorein Medications Nutritional
clinical duration Western lifestyle
manifestation (years)? blot
ChAcl M 41 Epilepsy, chorea, 3 Chorein band Levetiracetam Varied,
vocal tics, weak 3,000 mg/d well-balanced
peripheral Sertralin 100 mg/d meals, obesity
neuropathy,
cognitive
impairment
ChAc2 F 54 Epilepsy, 33 Chorein absent Levetiracetam Varied,
parkinsonism, 4,000 mg/d well-balanced
dystonia, Valproate 2,000 mg/d meals, Vitamin
dysarthria Clobazam 10 mg/d D
peripheral Zonisamide supplementation
neuropathy, 200 mg/d
cognitive
impairment
ChAc3 M 56 Parkinsonism, 18 Chorein absent Scopoderm Varied,
dystonia, transdermal well-balanced
dysarthria, therapeutic meals
peripheral system/day,
neuropathy mild PRN: Melperone
depression 25 mg
ChAc4 M 37 Drug resistant 14 Chorein absent Lacosamide Varied,
epilepsy, mild 550 mg/d well-balanced
chorea, tics, Zonisamide meals, Vitamin
cognitive 300 mg/d D and folate
impairment, Perampanel 4 mg supplementation
peripheral PRN:
neuropathy, Lorazepam/Midazolam
myopathy
ChAc5 M 32 Drug resistant 18 Chorein absent Lacosamide Varied,
epilepsy, mild 600 mg/d well-balanced
chorea, tics, Zonisamide 50 mg/d meals, Vitamin
cognitive Cenobamat D
impairment, 200 mg/d supplementation
irritability, Mirtazapine
anxiety, 7.5 mg/d
depression, Aripiprazole 15 mg/d
psychosis
MLS1 M 57 Cardiomyopathy, 6 N/A Bisoprolol 5 mg/d Varied,
peripheral Eplerenon 50 mg/d well-balanced
neuropathy, Torasemid 5 mg/d meals, obesity
myopathy Apixaban 10 mg/d
MLS2 M 54 Epilepsy, 43 N/A Levetiracetam Varied,
peripheral 2,000 mg/d well-balanced
neuropathy, Lamotrigin meals, Vitamin
myopathy 400 mg/d D
Candesartan 8 mg/d supplementation

“Since onset of first symptoms

PBS/0.5% Triton X-100 under agitation for 3 min to open the RBCs ~ washed 3 times in PBS/3% BSA, incubated with Alexa-secondary
and have access to the cytoskeleton overhanging the PLL-coated  antibodies diluted in PBS 0.2% BSA, in the dark for 1h and
RBC membrane. After 3 new washes with PBS, RBCs were fixed  finally washed again 2 times with PBS/3% BSA and one last time
with 4% (v/v) paraformaldehyde under agitation for 10 min, rinsed =~ with PBS. All steps were performed at room temperature (RT).
3 times with PBS and blocked with PBS/3% BSA (w/v) under  Coverslips were mounted with Dako and examined with a Zeiss
agitation for 1 h. Next, coverslips were incubated with antibodies =~ LSM980 confocal microscope using a plan-Apochromat 63x NA
against a/p-spectrin (Merck) diluted in PBS/0.2% BSA for 1h30, 1.4 oil immersion objective and the same settings for illumination
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inside one experiment. RBC membrane spectrin occupancy was
then determined with the Image] software.

The acquired Zeiss images were first imported in Image] and
segmented. The best threshold value was determined by first
analysing the images by the “automatic threshold” option proposed
by the software. Results were then visually inspected and parameters
recorded. In a second round, the selected value was fixed and used
for the patient and corresponding control images. However, due to
biological and experimental variability over time (e.g., PLL coating,
laser conditions, antibody lots), this fixed value for segmentation
could not be successfully used for all experiments and was therefore
slightly adapted in one experiment to another but was always the
same for the patient and its internal control inside one experiment.
Then, using the determined threshold, 10 images/condition were
quantified. For all images, a maximum number of individual
RBCs per image was circled (regions of interest, ROI) while
avoiding blurred, pressed or superimposed RBCs showing very
intense central “lines” (suggestive of membrane folds), to minimize
artifacts (Supplementary Figure 1). Images were transformed to a
binary image, where the selected (white) pixels correspond to the
spectrin labelling. This analysis provides a qualitative estimation
of the spectrin attachment to the membrane. These pixels do not
correspond to a real % of spectrin occupancy, as it depends on the
threshold used, but it allows conditions to be compared. Spectrin
occupancy % in the surrounded RBCs (all images combined) for
the patient was finally expressed as % of the value obtained in
corresponding healthy donor.

Membrane transversal asymmetry

Exposure of PS was analyzed by flow cytometry as in (Cloos et al.,
2020). Briefly, washed living RBCs were diluted 10-fold in DMEM
and then 12.5-fold in DMEM containing Annexin V FITC (5-fold
dilution, Invitrogen). The labeling was performed in suspension
at RT for 20 min. To determine the % of PS-exposed RBCs in the
patients, the intensity bar (FITC) was positioned at the limit of
the overall RBC population of the corresponding healthy control.
This cursor was then positioned at the same location on the patient
population. From there, the proportion of RBCs that stand out from
the general population was determined by the Flow Jo program.

Membrane lipid imaging

Membrane lipids were visualized by fluorescence microscopy on
washed living RBCs. To label cholesterol, RBCs were diluted 12-
fold in DMEM containing 0.1% BSA free fatty acids and Theta toxin
fragment (0.45-1.2 uM, depending on production and purification)
and incubated in suspension at RT for 20 min, pelleted and
resuspended in DMEM and finally immobilized onto DMEM/PLL-
coated coverslips for 4 min (Cloos et al., 2020; Cloos et al., 2023).
To visualize SM and ceramide, washed RBCs were first spread onto
DMEM/PLL-coated coverslips and then labelled by trace insertion
in the plasma membrane of BODIPY fluorescent analogs of these
sphingolipids at RT for 20 min as described in (Conrard et al., 2018).
Coverslips with labelled immobilized RBCs were then placed in
DMEM-filled LabTek chambers and observed with the Observer.
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Z1 (plan-Apochromat 100 x 1.4 oil Ph3 objective). Abundance of
chol- and SM-enriched domains per RBC was manually counted
and normalized on the RBC hemi-area, calculated with the Image]
software. The proportion of RBCs presenting Cer-enriched patches
was also assessed by manual counting. All data were finally expressed
as % of healthy RBCs.

Data presentation and statistical analyses

Each patient was associated to an acronym (ChAc for Chorea-
acanthocytosis; MLS for McLeod syndrome), a number according to
its order of inclusion into the study and a color code according to the
syndrome (red for ChAc; green for MLS). Data are depicted as means
+ SD. Three types of statistical analyses were performed. First, the
comparison of the global patient cohort with the healthy donors was
done by parametric one sample t-test or non-parametric Wilcoxon
signed-rank test. Second, the comparison of the ChAc patient
cohort with the corresponding healthy donors was also done by
parametric one sample t-test or non-parametric Wilcoxon signed-
rank test. However, we were not able to compare the MLS patient
cohort with the healthy donors or the two disease groups together
because the MLS group contained only 2 patients. Third, patients
were individually compared to their respective shipment healthy
donor, if at least 3 independent experiments were performed for one
patient (non-parametric Kruskal-Wallis test and Dunns multiple
comparison test). For correlations, linear Pearson regressions were
plotted on the graphs only when the coefficient of determination (r*)
was higher than 0.45.

Calculation of scores for laboratory
parameters, abnormal RBC proportion and
lipid distribution

To determine the laboratory parameters score, the number of
out-of-range values per patient depicted in red in Table 2 were
added. The obtained value was then divided by the number of
parameters provided in this Table for each patient: a higher score
was therefore attributed to a more affected patient, in the range
from 0 to 5 (0 = no alteration; 5 = strongest alteration). The
abnormal RBC proportion score was assessed from Figure 1E: a
higher score was attributed to a higher number of abnormal RBCs,
in the range from 0 to 5 (0 = no change; 5 = 50% abnormal RBCs
in % difference of CTL). Finally, the lipid distribution score was
obtained by adding three scores, one for chol-enriched domains
from Figure 6C, one for SM-enriched domains from Figure 6F and
one for Cer-enriched patches from Figure 7C (e.g., for chol-enriched
domains: 1 = no change; 4.5 = 450% of healthy RBCs): the higher the
score, the higher the increase of domains/patches as compared to
healthy RBCs.

Data sharing statement

For original data, please contact the corresponding author.
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TABLE 2 Laboratory parameters of patients included in the study. MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; ASAT, Aspartate aminotransferase; ALAT, Alanine aminotransferase; CK, Creatine kinase; LDH, lactate
dehydrogenase. Values outside the reference range are indicated in red. ND, not determined. pmol/s*L, amount of substrate converted by the enzyme in

moles per unit time and volume.

Parameter (Units) ChAc1 ChAc2 ChAc3 ChAc4 ChAc5 MLS1 MLS2 Normal range
8.7 9.4 9.8

Results

Clinical and blood parameters of the 7
patients included in the study

Five ChAc and two MLS patients were included in this study.
Six of them are men and were, at the time of the study, between 32
and 57 years old (Table 1, 3 first columns). The diagnosis of ChAc
and MLS has been proven by genetic testing, and additionally for
all ChAc patients, by chorein Western blot (Table 1, sixth column).
The clinical manifestations are typical and reflect the known broad
interindividual heterogeneity (Table 1, fourth column). None of
the patients have a particular nutritional lifestyle (Table 1, eighth
column). Regarding blood parameters, aspartate aminotransferase
(ASAT), alanine aminotransferase (ALAT) and creatine kinase (CK)
are out of normal ranges (highlighted in red in Table 2), except
for ChAc2 and ChAc3. Conversely, lactate dehydrogenase (LDH)
is increased in all patients. While plasma cholesterol levels are in
the normal ranges, triglycerides are increased in all patients, except
ChAc5 and MLS1. Hemoglobin levels, hematocrit, erythrocyte and
reticulocyte counts, RBC mean corpuscular volume (MCV) and
hemoglobin concentration (MCHC) are within the normal range
in almost all patients. The only exceptions are a higher reticulocyte
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Hemoglobin (mmol/L) 9.6 9.3 9.9 9.4 7.4-12
Hematocrit 0.45 0.39 0.41 0.44 0.46 0.46 0.44 0.37-0.47
Erythrocytes (*10"2/L) 553 4.21 4.66 5.07 5.03 525 4.65 4.4-5.77
Reticulocytes (*10'°/L) - ND ND 9.33 9.86 10.9 9.9 2-14
MCV (fL) 81.2 93 87 85.8 91.5 87.8 93.5 81-96
MCH (fmol) 1.7-2.2
MCHC (mmol/L) 18.5-22.5
ASAT (U/L; or umol/s*L) <50
< 0.60
ALAT (U/L; or umol/s*L) <50
<0.60
CK (U/L) <190
LDH (U/L; or pmol/s*L) <250
2.25-3.55
Cholesterol (mmol/L) 5.6 4.51 ND 4.5 52 34 5.4 <6.18
HDL-cholesterol (mmol/L) 1.24 ND ND 0.97 1.26 0.92 0.96 0.91-2.06
LDL-cholesterol (mmol/L) 371 ND 1.49 3.01 3.39 2.14 3.43 1.76-4.11
Triglycerides (mmol/L) ‘ ‘ 1.59 1.45 - <17

level in ChAc1 (21.2 vs. 2-14*10'°/L in normal subjects; Table 2) and
a higher MCHC in ChAc3 (22.9 vs. 18.5-22.5 mmol/L in normal
subjects; Table 2). Thus, based on laboratory parameters, ChAcl
appears the most affected patient. Surprisingly, he was the only one
with a weak chorein (VPS13A) band in Western blot whereas the
other patients showed no chorein band (Table 1, sixth column).
Thus, there is an apparent discrepancy between blood parameters
and diagnosis based on chorein content determined by Western
blotting, which prompted us to further compare the 7 patients for
RBC morphology, cytoskeleton and lipid distribution.

Patients exhibit a high proportion of
abnormal RBCs, including
spheroechinocytes in variable proportion,
and a lower projected surface area of RBCs

We started by evaluating by optical microscopy of living RBCs
in suspension the extent of morphology alterations (Figure 1A).
The proportion of discocytes and to a lower extent of stomatocytes
was decreased in the overall cohort of patients (Figures 1A-C)
at the benefit of abnormal RBCs, i.e., acanthocytes, echinocytes,
spheroechinocytes and elliptocytes (defined in Material and Method;
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FIGURE 1

Patients show a high but differential proportion and type of abnormal RBCs. Chorea-acanthocytosis (ChAc; red) and McLeod syndrome (MLS; green)
patients were compared to healthy donors (CTL) for morphology of RBCs in suspension. (A) Representative images. 1, discocytes; 2, stomatocytes; 3,
acanthocytes, echinocytes, spheroechinocytes; 4, elliptocytes. (B—E) Quantification of the relative abundance of discocytes (B), stomatocytes (C) and
abnormal RBCs, i.e., populations 3 & 4 in A (D, E), expressed as % of the global RBC population for each patient and then in % difference of the
corresponding healthy donor. (F) Proportion of spheroechinocytes expressed as % of all abnormal RBCs (acanthocytes, echinocytes and
spheroechinocytes). Data are presented either per individual patient [means + SD of 3 independent experiments, except for ChAc2 and ChAc3; (B, C, E,
F)] or per patient cohort [means + SD of 5 patients for ChAc or 2 patients for MLS; (D)]. Statistical analyses are indicated (i) next to the bar (top or
bottom) for the comparison of individual patients vs. their corresponding healthy donors [(B, C, E); Kruskal-Wallis test with Dunn’s multiple
comparisons test; ns, not significant;*, p < 0.05;**, p < 0.01)]; (ii) above the ChAc bar for the whole ChAc cohort vs. the corresponding healthy cohort
[(D); one sample t-test; - p < 0.01)]; and (i) above a bracket for the 7 patients together vs. the corresponding group of healthy donors [(B, C, E); one
sample t-test; °, p < 0.05; 859, p < 0.001)].
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FIGURE 2

Spread RBC morphology

C

Patient RBCs show a decreased projected area. RBCs from chorea-acanthocytosis (ChAc; red) and McLeod syndrome (MLS; green) patients were
compared to RBCs from healthy donors (CTL) for projected surface area after spreading on poly-L-lysine (PLL). (A) Representative light microscopy
images of living RBCs spread on PLL-coated coverslips. Arrowheads, circular RBCs; arrows, elliptic RBCs. (B, C) Quantification of the projected surface
area of RBCs. Data are expressed as % of healthy donors and presented either per patient cohort [means + SD of 5 or 2 patients; (B)] or per individual
patient [means + SD of 9-10 independent experiments; (C)]. Statistical analyses are indicated (i) next to the ChAc bar for the comparison of the whole
ChAc cohort vs. the corresponding healthy cohort [(B); one sample t-test; ", p < 0.01)]; (ii) next to the concerned bar for individual patients vs.
corresponding healthy donors [(C); Kruskal-Wallis test with Dunn’s multiple comparisons test; ns, not significant;**, p < 0.01;***, p < 0.001)]; and (iii)
above a bracket for the 7 patients together vs. the corresponding group of healthy donors [(C); one sample t-test; 3%, p < 0.01)].
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Figures 1A, D, E). The lowest increase was seen in ChAc5 and the
highest increase in ChAc3 (Figure 1E). Among those abnormal RBCs,
spheroechinocytes were particularly abundant in MLS2 but absent in
ChAc2 and ChAc3 (Figure 1F) and elliptocytes were mainly detected
in ChAc3 (Figures 1A, 2A). The remaining abnormal RBCs were
acanthocytes and echinocytes, which represented the large majority
of these abnormal RBCs, as expected (Figure 1A). Besides changes
in RBC morphology, optical microscopy of RBCs spread on PLL-
coated coverslips revealed a slight decrease of the projected surface
area of RBCs in both diseases (Figures 2A, B). This decrease was
however non-significant in ChAc2, ChAc3 and MLS1 (Figure 2C).
Altogether, we showed a strong increase of abnormal RBCs, including
spheroechinocytes in variable proportion from one patient to another.
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Moreover, patients showing the greatest increase in spheroechinocytes
accordingly exhibited a significant decrease in the projected surface
area of RBCs. Such variability from one patient to another could suggest
differential RBC deformability and spectrin cytoskeleton impairment.

Patient RBCs exhibit increased proportion
of RBCs with higher rigidity and lower
deformability upon flowing

To test the above hypothesis, we first determined the RBC
morphology upon flowing through a channel with a width of
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FIGURE 3
Patients show a higher but differential proportion of abnormal RBCs upon microcapillary flow. RBCs from chorea-acanthocytosis (ChAc; red) and

MclLeod syndrome (MLS; green) patients were compared to RBCs from healthy donors [CTL; blue dotted lines in (C—F)] for morphology upon
deformation during low shear stress flow in an 11 ym x 9 pm channel. (A) Examples of RBC shapes. Blue, croissant-like RBCs; red, slippers; pink,
abnormal RBCs which include echinocytes, acanthocytes and spheroechinocytes; grey, others, i.e., not a well-defined cell type but which refers to
cells that the Al-based algorithm could not classify in one of the aforementioned cell classes. (B) Fraction of each RBC class in a deformed state at a
given cell velocity in the channel for 2 representative healthy donors (among 4), 2 ChAc and the 2 MLS patients. (C—F) Fraction of normal RBCs [(C); i.e.,
croissants and slippers shown in (A, B)], abnormal RBCs (D, E) and RBCs with other shapes (F) in the cell velocity range of 1-5 mm/s. Data are
expressed as ratio of total RBCs and compared to CTL samples (blue dotted lines) and presented either per individual patient (C, E, F) or per patient
cohort [means + SD of 2 patients each; (D)]. Nd, not determined. Statistical analyses for the 4 patients together vs. the corresponding group of healthy
donors are indicated above a bracket [(C, E, F); one sample t-test; ns, not significant; s, p < 0.05].

11 um and height of 9 um at cell velocities ranging from 1 to  of abnormal RBC shapes upon flowing (Figure 3B). To test whether
10 mm/s. RBCs were classified as normal (i.e., croissants, slippers),  this observation could reflect an increased RBC rigidity as previously
abnormal (i.e., echinocytes, acanthocytes, spheroechinocytes) or  suggested (Rabe et al, 2021), we determined the fraction of
other (i.e., different from the other classes; Figure 3A). Among the ~ each RBC population in the cell velocity range of 1-5mm/s
four patients tested, MLS2, who showed the highest increase in  (Figures 3C-F). We revealed a significant increase in abnormal
spheroechinocytes (Figure 1F), also exhibited the highest increase ~ and other RBC populations, which together corresponded to
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the proportion of abnormal RBCs measured in ibidi chambers
(Figures 3E, F vs. Figure 1E). Altogether, patients have a significant
increase in abnormal RBCs also under microfluidic flow conditions
and lower RBC deformability.

Patient RBCs show a denser spectrin
cytoskeleton

We then evaluated the spectrin cytoskeleton of spread RBCs
permeabilized before fixation to have access to the cytoskeleton
overhanging the PLL-coated RBC membrane. This procedure has
allowed us in the past to reveal a homogeneous spectrin network
in healthy RBCs by both confocal and ‘Airyscan’ microscopy
(Stommen et al., 2023). In Airyscan microscopy, physical pinhole
and the unitary Airyscan detector use a new pinhole plane
image detection approach based on a 32-channel GaAsP-PMT
area detector. Each of the 32 detector elements acts as its own
small pinhole with positional information. The new positional
information allows for increased contrast of high-spatial frequency
information previously not available in traditional confocal systems.
Ultimately, Airyscan resolution is 120 nm in the focal plane.
Fixation in suspension before permeabilization generated similar
data (Stommen et al., 2023) and RBC storage at 4°C was used as
positive control as it increases the spectrin membrane occupancy
(Cloos et al., 2020). In both diseases, the spectrin network
occupancy per RBC surface increased, but it was not significant
(Figure 4B). A significant effect was only reached upon pooling
the 7 patients together (Figure 4C). However, analysis of ChAc
patients individually indicated that ChAc2 and ChAc3, who did
not exhibit any spheroechinocyte and changes in the projected
surface area of RBCs, presented a spectrin network membrane
occupancy similar to healthy RBCs. In contrast, ChAc4, who
presented the strongest decrease in the projected surface area
of RBCs, exhibited the highest increase of the spectrin network
density (Figures 4A-C). These data suggested a relation between the
spectrin network membrane occupancy and the projected surface
area of RBCs in ChAc, as confirmed by the excellent inverse
correlations between these parameters (Figure 4D). Nevertheless,
this correlation was strongly decreased when taking into account
the two MLS patients (Figure 4E), which could suggest a differential
impact of the two diseases on the RBC cytoskeleton.

Patients show a slightly reduced
proportion of RBCs exhibiting
phosphatidylserine surface exposure

To next explore whether the lower RBC area and higher
spectrin network density could be associated with an impairment of
membrane lipid transversal asymmetry, we determined the extent of
PS exposure at the RBC surface through labelling with fluorescent
Annexin V (Ghodsi et al., 2023). As expected, the proportion of
healthy RBCs showing PS surface exposure was lower than 1% in
fresh state and increased to ~10 and ~25% upon blood storage for
1 and 2 weeks at 4°C, used as positive controls for the technique.
In contrast, in the two patient cohorts, the PS exposure showed
a tendency to decrease as compared to healthy fresh RBCs, but
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it was not significant (Figure 5A). A significant effect was only
reached upon pooling the 7 patients together (Figure 5B). These data
indicated that the PS exposure was not exacerbated in the patient
RBCs, quite the contrary.

Patient RBCs exhibit a higher abundance of
cholesterol-enriched domains, which
inversely correlates with the level of
abnormal RBCs

We then analyzed the cholesterol lateral distribution in
submicrometric domains at the RBC outer plasma membrane
leaflet through labelling with the mCherry-Theta toxin fragment
(Carquin et al.,, 2015). In both diseases, the abundance of chol-
enriched domains increased by ~2-fold in the patient cohort vs.
healthy donors (Figure 6B). This increase was visible in all patients
except ChAcl and ChAc3 but was only significant in ChAc2
compared to the respective healthy controls (Figures 6A, C) and was
stronger in patients showing the lowest increase of abnormal RBCs
(Figure 6G; Supplementary Figure 2A).

Patient RBCs present differential
alterations of sphingomyelin-enriched
domain abundance, which do not correlate
with the alterations of
cholesterol-enriched domains

To assess whether this observation could be extended to
another type of domains, RBCs were labelled with a BODIPY-
SM analog to identify SM-enriched domains. In contrast to chol-
enriched domains, the abundance of SM-enriched domains was
not significantly altered in either ChAc or MLS but showed a high
variability which was due to sometimes opposite effects in individual
patients (Figures 6E, F). For instance, while ChAc3 showed a strong
increase, ChAcl, 4 and 5 exhibited a reduction of SM-enriched
domains. Furthermore, SM-enriched domain changes did not
correlate with the abundance of chol-enriched domains (Figure 6H),
suggesting that both domain alterations contributed to the disease in
a different manner.

Patients show an increased abundance of
RBCs with ceramide-enriched patches,
which positively correlates with
cholesterol- but not
sphingomyelin-enriched domains

To determine whether chol- or SM-enriched domain alteration
could result from RBC maturation defects, we analyzed the
distribution of ceramide, a sphingolipid mainly enriched in domains
at healthy RBC membrane (Cloos et al., 2020) but associated in
hypobetalipoproteinemia with Cer-enriched patches and related
with RBC maturation defects (Cloos et al., 2021). In healthy RBCs,
ceramide was mainly found in submicrometric domains, only ~3%
of RBCs showing Cer-enriched patches (Figures 7A-C). In contrast,
in ChAc and MLS patients, ~40% of RBCs showed Cer-enriched
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FIGURE 4

The spectrin network density is increased in the global patient cohort and correlates inversely with the projected surface area of RBCs. RBCs from
healthy donors (CTL, blue dotted lines) or ChAc and MLS patients (red and green, respectively) were spread onto PLL-coated coverslips, permeabilized,
fixed, immunolabelled for spectrin and visualized by confocal microscopy using the same settings for sample illumination inside one experiment. (A)
Representative images of patient RBCs compared to their corresponding healthy donor. (B, C) Quantification of spectrin occupancy. Data are expressed
as % of healthy RBCs and presented either per patient cohort [means + SD of 5 or 2 patients; (B)] or per individual patient [means + SD of 3 independent
experiments; (C)]. Statistical analyses are indicated (i) next to the ChAc bar for the comparison of the whole ChAc cohort vs. the corresponding healthy
cohort [(B); one sample t-test; ns, not significant]; (ii) next to the concerned bar for individual patients vs. corresponding healthy donors [(C);
Kruskal-Wallis test with Dunn’s multiple comparisons test; ns, not significant]; and (iii) above a bracket for the 7 patients together vs. the corresponding
group of healthy donors [(C); one sample t-test; %%, p < 0.01]. (D, E) Correlations between the projected surface area of RBCs (from Figure 2C) and
spectrin network membrane occupancy [from (4C)] taking into account either the 5 ChAc patients only (D) or all the 7 patients (E).
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FIGURE 5

The PS surface exposure is slightly but significantly decreased in the global patient cohort. RBCs from healthy donors (CTL, blue dotted line) or ChAc
and MLS patients (red and green, respectively) were labelled with fluorescent Annexin-V and analyzed with FlowJo to determine the proportion of
PS-exposing cells by positioning the cursor at the edge of the healthy fresh RBC population. RBCs from blood stored for 1 or 2 weeks at 4°C were used
as positive control [mauve dotted columns in (A)]. Data are expressed as % of total RBCs and presented either per patient cohort [means + SD of 5 or 2
patients; (A)] or per individual patient [means + SD of triplicates; (B)]. Statistical analyses are indicated (i) next to the ChAc bar for the comparison of the
whole ChAc cohort vs. the corresponding healthy cohort [(A); one sample t-test; ns, not significant]; and (ii) above a bracket for the 7 patients together
vs. the corresponding group of healthy donors [(B); one sample t-test; °, p < 0.05].

patches (Figures 7A, B). The highest increase was seen in ChAc2,
4 and 5 (Figure 7C), i.e., those showing the highest rise of chol-
enriched domains. Accordingly, those two parameters very well and
positively correlated regardless of including MLS patients in the data
or not (Figure 7C vs. Supplementary Figure 2B) but not with the
proportion of SM-enriched domains (Figure 7E), supporting our
previous hypothesis of differential mechanisms for lipid domain
alterations.

Discussion

We here revealed that RBC morphology, projected surface area,
deformability, cytoskeleton, PS transversal asymmetry as well as
cholesterol and ceramide lateral distribution were all impaired in
neuracanthocytosis syndromes whereas SM lateral distribution in
domains was poorly affected. Whereas the origin of the acanthocytes
was not elucidated, alterations were all consistent with both RBC
maturation defects and membrane impairment. Moreover, lipid
distribution analysis well correlated with laboratory parameters
typically altered in neuroacanthocytosis and could represent a useful
tool to evaluate the disease.

Limitations of the study

A wide range of research methods was used in this study to
assess RBC morphological, cytoskeletal and membrane changes
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in the two neuroacanthocytosis syndromes as well as their
potential consequences for RBC deformability. Nevertheless, our
experimental strategy presents some drawbacks. First, for logistic
reasons, not all patient samples were available at all investigation
sites. For this reason, combined with the fact that imaging
experiments are at best semi-quantitative, all the patient data were
expressed in % variation or % difference of healthy donors and
correlations were made with patient data expressed by reference to
the healthy donors.

Second, our study included only 7 patients, among which 5
with ChAc and 2 with MLS. Although this appears acceptable based
on the rarity of those 2 diseases (estimated prevalence 1:1,000,000
and 1:10,000,000 respectively) and whereas the two diseases shared
common alterations of RBC morphology, projected surface area,
deformability, PS transversal asymmetry as well as cholesterol and
ceramide lateral distribution, we cannot exclude the possibility of
subtle disease-specific changes that were not evidenced in our study.
The most evident example relates to the spectrin cytoskeleton, for
which the correlation with the RBC projected area was considerably
better when taking only the ChAc patients into account, which could
suggest differential cytoskeleton alterations in the two syndromes.
This possibility remains to be tested on a higher number of patients
with MLS syndrome.

Third, on an experimental point-of-view, most of the analyses
were performed on RBCs spread on PLL, thus preventing the
selection of acanthocytes for a more specific analysis. Moreover,
to analyze spectrin, RBCs were opened which could induce
some artefacts. Nevertheless, the method was carefully validated
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FIGURE 6
In contrast to SM-enriched domains, chol-enriched domains are increased in the global patient cohort and correlates inversely with the proportion of

abnormal RBCs. RBCs from healthy donors (CTL, blue) or ChAc and MLS patients (red and green, respectively) were either labelled with the
mCherry-Theta toxin fragment specific to endogenous cholesterol and then immobilized on PLL-coated coverslips (A—C); or immobilized on
PLL-coated coverslips and then labelled with fluorescent BODIPY-SM (D—F). All coverslips were then directly observed by vital fluorescence
microscopy. (A, D) Representative images of chol- and SM-enriched domains in a healthy donor and a patient. Arrowheads, lipid-enriched domains. (B,
C, E, F) Quantification of lipid domain abundance normalized to the hemi-RBC area. Data are expressed in % of healthy donors and presented either
per patient cohort [means + SD of 5 or 2 patients; (B, E)] or per individual patient [means + SD of 3 independent experiments; (C, F)]. Statistical analyses
are indicated (i) next to the ChAc bar for the comparison of the whole ChAc cohort vs. the corresponding healthy cohort [(B), one sample t-test; (E),
Wilcoxon signed-rank test; ns, not significantl; (ii) next to the concerned bar for individual patients vs. corresponding healthy donors [(C, F);
Kruskal-Wallis test with Dunn’s multiple comparisons test; ns, not significant;**, p < 0.01]; and (iii) above a bracket for the 7 patients together vs.the
corresponding group of healthy donors [(C), one sample t-test; (F), Wilcoxon signed-rank test; ns, not significant; s, p < 0.05]. (G) Correlation between
abnormal RBC proportion [data from Figure 1E] and chol-enriched domain abundance [Data from (C)]. (H) Absence of correlation between chol- and
SM-enriched domain abundance [data from (C, F), respectively].
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FIGURE 7

The proportion of RBCs with Cer-enriched patches is highly increased in the global patient cohort. RBCs from healthy donors [blue dotted line at (B,
C)] or ChAc and MLS patients (red and green, respectively) were immobilized on PLL-coated coverslips and then labelled with fluorescent BODIPY-Cer.
All coverslips were then directly observed by vital fluorescence microscopy. (A) Representative images in a healthy donor and a patient. Arrowheads,
Cer-enriched domains; arrows, Cer-enriched patches. (B, C) Quantification of the proportion of RBCs presenting Cer-enriched patches. Data are
expressed as % of healthy RBCs and presented either per patient cohort [means + SD of 5 or 2 patients; (B)] or per individual patient [means + SD of 3
independent experiments; (C)]. Statistical analyses are indicated (i) next to the ChAc bar for the comparison of the whole ChAc cohort vs. the
corresponding healthy cohort [(B); one sample t-test;**, p < 0.01]; (i) next to the concerned bar for individual patients vs. corresponding healthy
donors [(C); Kruskal-Wallis test with Dunn’s multiple comparisons test; ns, not significant;*, p < 0.05]; and (iii) above a bracket for the 7 patients
together vs.the corresponding group of healthy donors [(C); one sample t-test; 895, p < 0.001]. (D) Correlation between the proportion of RBCs with
Cer-enriched patches [data from (C)] and the abundance of chol-enriched domains [data from Figure 6C]. (E) Absence of correlation between the
proportion of RBCs with Cer-enriched patches [data from (C)] and the abundance of SM-enriched domains [data from Figure 6F]
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and internal controls were used, as described in the Result
section. Finally, to analyze lipids, we used fluorescent lipid
analogs (for SM and ceramide) or specific toxin fragments
(for chol). Here again caution is required since the validity of
fluorescent lipid analogs as bona fide surrogates of endogenous
lipid counterparts has been for a long time debated in view of the
bulk fluorophore, which can deeply modify biophysical properties,
and toxin fragments are bigger than endogenous lipids, which
could induce artificial clustering. Nevertheless, our group carefully
validated these two classes of lipid probes in the past (Tyteca et al.,
2010; D'Auria et al., 2013; D'auria et al., 2011; Carquin et al., 2014;
Carquin et al. 2016; Carquin et al. 2015).

Fourth, we observed a variability in the analyzed parameters
between individual patients. This could be attributed to either a too
low number of determinations resulting from logistic reasons (e.g.,
ceramide patches which were highly increased although sometimes
non significantly) and/or to a biological difference between patients
(e.g., cytoskeleton membrane occupancy, RBC projected area).
To circumvent the logistic difficulty, we analyzed all the patients
together, revealing significant modifications as compared to healthy
donors. We also established correlations between parameters,
showing for some parameters excellent coefficients of correlations,
particularly in the ChAc cohort.

Origin of acanthocytes in
neuroacanthocytosis syndromes

Several lines of evidence suggest that lipid metabolism
and distribution alteration is causal for the development of
acanthocytosis. First, hypo- and abeta lipoproteinemia lead to the
appearance of acanthocytes (Levy 2015; Cloos et al. 2021). Second,
in liver failure where acanthocytosis is observed, irregularities in
lipid metabolism, particularly an excess of cholesterol, have been
associated with the deformation of RBCs (Sharma, Holman, and
Brown 2023). Third, our previous study on ChAc patients revealed
lipid changes, including long chain PE and two ceramide species,
but also single PC and SM (sub)species (Peikert et al, 2024). Since
PE is a non-bilayer forming lipid (de Kruijff, 1997), an increase of
longer PE species might at least partially explain the morphological
alterations of acanthocytes. Moreover, non-bilayer lipids may affect
integration of proteins into membranes, their lateral movement and
their function (van den Brink-van der Laan et al., 2004). Fourth, the
increase of longer PE in the inner plasma membrane leaflet could
in turn impact the clustering of SM and/or cholesterol in domains
in the outer leaflet, thereby potentially favoring the formation of
acanthocytes. This hypothesis remains to be tested on RBCs labelled
in suspension for specific lipids.

RBC maturation defects as a major feature
in neuroacanthocytosis syndromes

As VPS13A is associated with lipid transport from the ER to
the plasma membrane, alterations found here might stem from
erythroblasts, a erythropoiesis stage at which ER is still present.
Indeed, using erythroblast model cells, de Camilli and colleagues
have shown that overexpressed VPS13A localizes at ER-plasma
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membrane contact sites dependently on XK (Amos et al., 2023).
Moreover, we observed a ~2-fold increase in the number of chol-
enriched domains in both diseases, despite preservation of the total
cholesterol content in ChAc (Peikert et al., 2024). Although we
did not prove that this increase resulted from RBC maturation
defects, observations on the chol-binding protein stomatin in
patients with PKAN, a neurodegenerative condition associated
with acanthocytosis and which was formerly grouped under the
neuroacanthocytosis umbrella term (Walker and Danek, 2021),
support this possibility. Indeed, stomatin, which is associated with
chol-enriched membrane regions (Rungaldier et al., 2017) and
lost during erythroblast enucleation (Bell et al, 2013), is increased
in RBCs from patients with PKAN, as revealed by confocal
microscopy (Cluitmans et al., 2015).

Nevertheless, several lines of evidence also support maturation
defects during the RI reticulocyte stage, known to undergo
significant rearrangements in reticulocyte membrane and
intracellular components in particular via exosome release and
mitophagy. First, Lupo et al. have shown by electron microscopy
the presence of membrane remnants in circulating ChAc RBCs
and the delayed clearance of mitochondria and lysosomes
in the reticulocyte-enriched chorea-acanthocytosis red cell
fractions (Lupo et al., 2016). Second, the strong increase in the
proportion of RBCs showing Cer-enriched patches we found
here could correspond to mitochondria remnants, as discussed
for hypobetalipoproteinemia in (Cloos et al, 2021) and in
agreement with the ceramide enrichment in the outer mitochondrial
membrane (Siskind, 2005). Accordingly, lipidomic studies have
revealed a slight increase in the content of two ceramide species
in ChAc patients, Cer 34:1;2 and Cer 42:2;2 (Peikert et al. 2024).
Interestingly, abnormal ceramide levels have been associated
with several neurodegenerative conditions (Mielke et al, 2013).
Third, longer and more unsaturated PE species are increased in
ChAc patients whereas smaller and more saturated PE species are
decreased (Peikert et al., 2024), an observation compatible with an
RBC maturation defect. Indeed, the relative abundance of longer
and more unsaturated PE species decreases during reticulocyte
maturation into RBCs whereas smaller and more saturated PE
species increase in proportion (Minetti et al., 2025). Moreover,
PE is known to play a central role in autophagosome formation
and is a regulator of autophagy (Hsu and Shi, 2017), an essential
process during erythropoiesis which is impaired in ChAc disease
(Lupo et al., 2016; Peikert et al., 2021).

It remains, however, to determine how the loss of function of
the bridge-like lipid transfer protein VPS13A and the scramblase XK
could affect membrane lipid distribution in RBC maturation defect-
related manner. As VPS13A associates with organelle membrane
contact sites, its loss of function will in turn affect lipid transfer
and related organelle function. Supporting this possibility, it has
been shown that ER-mitochondria contact sites are decreased,
mitochondria are fragmented and mitophagy is decreased whereas
lipid droplet numbers are increased in VPS13A-depleted cells
(Yeshaw et al., 2019). In yeast, mutations found in the VPSI3A
gene of ChAc patients have specific defects in the mitochondrial
aspect of VPS13 function (Park et al., 2016) and VPS13A is required
for efficient lysosomal degradation (Munoz-Braceras et al., 2019).
Moreover, the presence of membrane remnants in diseased RBCs
suggested that VPSI3A plays an important role for membrane
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removal. Finally, maturation defects might be related to impaired
autophagy, as outlined above.

Impairment of the RBC membrane as an
additional feature in some
neuroacanthocytosis patients

Whereas RBC maturation defects could explain several lipid
alterations described in the present study, our data point to
additional impairments of the RBC membrane lipid distribution
and morphology, accompanied by a reduction of RBC deformability
in agreement with (Reichel et al, 2022) and consistent with
the presence of VPSI3A at significant levels in mature RBCs
(Minetti et al., 2025). Indeed, we showed here that the spectrin
cytoskeleton was denser in the patient RBCs. Cytoskeletal

10.3389/fphys.2025.1543812

alterations and abnormalities were previously revealed through
Band3 immunolabelling in neuroacanthocytosis syndrome RBCs
(Wong, 2004; Adjobo-Hermans, Cluitmans, and Bosman, 2015) but
contrasted with the reduction of the spectrin signals in patients with
PKAN revealed by confocal microscopy (Cluitmans et al., 2015). We
could reasonably exclude a bias related to our quantification method,
as we showed a decrease of the spectrin cytoskeleton occupancy
in RBCs from a patient with hypobetalipoproteinemia, another
acanthocyte-related disease (Cloos et al., 2021). We instead propose
that the increased cytoskeleton membrane occupancy observed here
in some patients could be related to their high spheroechinocyte
proportion. In agreement with this hypothesis, the two patients
without spheroechinocytes, i.e., ChAc2 and ChAc3, had a preserved
spectrin network and an almost perfect negative correlation between
the projected surface area of RBCs and the spectrin membrane
occupancy was found in the ChAc cohort.

Comparison with laboratory parameters

A
ChAcl ChAc2 ChAc3 ChAc4 ChAc5 MLS1 MLS2
Laboratory parameter 5 1 3 4 3 3 4
score (out-of-range values
in Table 2)
Abnormal RBC score 4 3 5 3 2 4 4
(Figure 1E)
Chol domains (Figure 6C) 1 4.5 1 2 2.5 1.5 2
SM domains (Figure 6F) 0’5 1 4 0.5 0.5 1.5 1.5
Cer patches (Figure 7C) 25 555 3 4.5 4.5 4 4
Lipid distribution score 4 11 8 7 7.5 7 7.5
B C
6- 154 5
5 n r?=0.87
Q 57 @ ChAc3 Q
[&] Q
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Laboratory parameters (score)

FIGURE 8

Laboratory parameters (score)

Lipid distribution score correlates with laboratory parameters in contrast to abnormal RBC count. (A) Scores for alterations of laboratory parameters,
abnormal RBC proportion and lipid distribution. The procedure used to determine those 3 scores is described in details in the Material and Method
section. The higher the score, the higher the laboratory parameters alteration, the higher the abnormal RBC proportion and the higher the increase of
lipid domains/patches as compared to healthy RBCs. (B) Absence of correlation between laboratory parameters and abnormal RBCs scores. (C)

Correlation between laboratory parameters and lipid distribution scores.
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Densification of the RBC cytoskeleton in ChAc4 and 5 could in
turn explain the decrease of SM-enriched domain abundance found
in these patients. Indeed, in healthy RBCs, those domains depend on
membrane:cytoskeleton anchorage (Conrard et al., 2018). However,
no correlation was found between the abundance of SM-enriched
domains and the spectrin cytoskeleton membrane occupancy,
suggesting that the spectrin cytoskeleton alteration is probably not
the only factor involved in the lateral distribution of SM at the
surface of diseased RBCs. The modification of the plasma membrane
composition in specific lipid species and PS transversal asymmetry
could also contribute to this process. For instance, although no
detectable alteration of the SM global content can be revealed in
ChAc, subtle changes in SM subspecies have been evidenced, with
a tendency to increase for species with long and polyunsaturated
fatty acids (242 carbons and >4 unsaturation) (Peikert et al., 2024).
Likewise, in the inner leaflet, the ratio between PE species containing
less than 36 carbons and 4 unsaturation and PEs with more than
36 carbons and 4 unsaturation was decreased by ~2.5-fold in ChAc
(Peikert et al., 2024). Finally, PS surface exposure was slightly but
significantly decreased in the global patient cohort, as reported in
ChAc after RBC stimulation with lysophosphatidic acid (Siegl et al.,
2013). This could result from alterations of the RBC membrane
which could compensate the expected increased PS contents due to
RBC maturation defects (Minetti et al. 2025), resulting into no global
changes of PS levels in ChAc (Peikert et al., 2024).

Correlation of lipid distribution with
laboratory parameters

Whereas ChAc and MLS cohorts cannot be distinguished
based on laboratory parameters (Figure 8A), there were differences
between patients: ChAc2 was the less affected, ChAcl the most
affected and the only one to have an increase of reticulocytes, and
ChAc3 the only one to present an elevated MCHC. Surprisingly, the
most affected patient ChAcl was the only one with a weak chorein
(VPS13A) band whereas the other patients showed no chorein
band in Western blot. Moreover, no relation between laboratory
parameters and alterations of RBC morphology could be evidenced
(Figures 8A, B). We, therefore, asked if and how evaluation of lipid
distribution could be more powerful for better understanding and
evaluating neuroacanthocytosis. The answer was no for transversal
asymmetry evaluated by Annexin V, as it was even lower than in
healthy RBCs. In contrast, the abundance of chol-enriched domains
and the proportion of RBCs with Cer-enriched patches could
be useful for the following reasons. First, both parameters were
significantly increased in the global disease cohort as compared to
healthy donors. Second, there were differences between patients for
the two parameters and these varied in the same way but at different
levels. Third, the presence of Cer-enriched patches suggested RBC
maturation defect, as discussed above. Fourth, the correlation
between these two parameters based on the seven patients
could be extended to one patient with hypobetalipoproteinemia
(Supplementary Figure 3). Based on the differential modulation of
SM-enriched domains in the different patients and the fact that
this modification could reflect an alteration of the RBC membrane
itself rather than a maturation defect, we also included this lipid
parameter in the score calculation. The lowest score was obtained
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for ChAcl, the most affected patient based on laboratory parameters
and RBC morphology. Conversely, the highest score was obtained
for ChAc2, the least affected patient clinically and showing limited
alteration of RBC morphology (Figure 8A). This suggested that
the greater the abundance of RBC surface domains and Cer-
enriched patches, the lower the laboratory parameters alterations
and the fragility of the RBC membrane. Remarkably, we obtained
an excellent inverse correlation with the laboratory parameters score
regardless of including both ChAc and MLS patients or only ChAc
patients in the data (Figure 8C vs. Supplementary Figure 2C). This
suggested that lipid distribution could represent a more reliable
tool than abnormal RBC measurement for neuroacanthocytosis,
e.g., for disease monitoring or as an outcome biomarker for
clinical studies.

Conclusion and overall significance

We revealed the impairment of lateral distribution of specific
lipids in RBCs from both ChAc and MLS cohorts. Both RBC
maturation defects and impairments of the RBC membrane
appeared to contribute to the pathophysiology of the diseases. As all
shown phenotypes here were quite similar/overlapping in VPS13A
and XK diseases, one could argue that mainly the absence of this
complex contributed to the RBC phenotype. Of note, the presence
of VPS13A in XK disease and the presence of XK in VPS13A
disease, respectively, cannot compensate/rescue the phenotype. We
also showed that the extent of lipid distribution alteration well
correlated with laboratory parameters, opening the way to consider
lipid status in the evaluation of the disease.
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