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IMPORTANCE McLeod syndrome, encoded by the gene XK, is a rare and progressive disease
that shares important similarities with Huntington disease but has widely varied neurologic,
neuromuscular, and cardiologic manifestations. Patients with McLeod syndrome have a
distinct hematologic presentation with specific transfusion requirements. Because of its
X-linked location, loss of the XK gene or pathogenic variants in this gene are principally
associated with the McLeod blood group phenotype in male patients. The clinical
manifestation of McLeod syndrome results from allelic variants of the XK gene or as part of a
contiguous gene deletion syndrome involving XK and adjacent genes, including those for
chronic granulomatous disease, Duchenne muscular dystrophy, and retinitis pigmentosa.
McLeod syndrome typically manifests as neurologic and cardiologic symptoms that evolve in
individuals beginning at approximately 40 years of age.

OBSERVATIONS Diagnosis of McLeod syndrome encompasses a number of specialties,
including neurology and transfusion medicine. However, information regarding the molecular
basis of the syndrome is incomplete, and clinical information is difficult to find. The
International Society of Blood Transfusion has recently compiled and curated a listing of XK
alleles associated with the McLeod phenotype. Of note, McLeod syndrome caused by
structural variants as well as those cases diagnosed as part of a contiguous gene deletion
syndrome were previously classified under a singular allele designation.

CONCLUSIONS AND RELEVANCE This review discusses the clinical manifestations and
molecular basis of McLeod syndrome and provides a comprehensive listing of alleles with
involvement in the syndrome published to date. This review highlights the clinical diversity of
McLeod syndrome and discusses the development of molecular tools to elucidate genetic
causes of disease. A more precise and systematic genetic classification is the first step toward
correlating and understanding the diverse phenotypic manifestations of McLeod syndrome
and may guide clinical treatment of patients and support for affected and carrier family
members. This review provides a knowledge base for neurologists, hematologists, and clinical
geneticists on this rare and debilitating disease.
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The Story of Hugh McLeod and an Interesting
Case of McLeod Syndrome

The Kxantigenand, subsequently, the syndrome associated with loss
of the antigen were discovered as a result of changes in antigenic-
ity of the Kell blood group. McLeod syndrome (MLS) was first iden-
tified in an otherwise healthy 25-year-old male student at Harvard
dental school, Hugh McLeod, through his novel Kell erythrocytean-
tigen profile, which was obtained as part of an unconsented screen-
ing survey undertakenin 1961amongincoming students.*McLeod's
red blood cells manifested with evenly depressed Kell antigens and
the loss of a public antigen, termed Kx. Initially, the Kx antigen was
thought to be an antigen of the Kell blood group. The first descrip-
tion of antibody against the Kx antigen (anti-Kx) was published by
Marsh et al?in 1975 in a study of young patients with chronic granu-
lomatous disease and their relatives. The lack of Kx antigen was
therefore linked to chronic granulomatous disease. However, the ab-
sence of chronic granulomatous disease symptoms in McLeod
puzzled researchers because he also lacked Kx antigen on his red
blood cells. We now understand that the reason for the absence of
Kx antigenin McLeod was that his condition had a genetic basis that
was considerably different from that of the patients in the survey
by Marsh et al.?

McLeod continued his dental practice, despite progression of
MLS symptoms, to the age of 64 years, and he died when he was
69 years of age.* The variant responsible for the McLeod pheno-
type was identified as a 13-base pair (bp) deletion at position 938-
951in the XK gene (OMIM: 314850) that resulted in a premature stop
at amino acid 336.°

Discovery of the XK Gene

The Kx antigen is encoded by the XK gene at the p21.1 region of the
X chromosome (accession numbers: NG_007473.2 [genomic], NM
_021083.3 [transcript], LRG_812 [locus reference genomic identi-
fier]). The XK gene spans alocus of 42 501 bp with 3 exons for a total
coding region of 1335 bp, and the resulting mature protein has 444
amino acids. The chromosomal region associated with McLeod syn-
drome was located by comparative probe mapping of 10 samples
from patients with MLS to aseries of specifically defined clones span-
ning a region between the 2 loci known to cause Duchenne muscu-
lar dystrophy and chronic granulomatous disease.® The gene re-
sponsible for the McLeod phenotype was defined years later using
radiolabeled cosmid probes, which uncovered a number of large
nucleotide deletions in patients with MLS. The candidate gene was
identified as XK and displayed a tissue distribution and expression
pattern consistent with MLS.”

McLeod syndrome and chronic granulomatous disease were ini-
tially thought to be genetically linked, but we now know that the
genes associated with chronic granulomatous disease (CYBB) (OMIM:
300481) and MLS (XK) are separate but in close proximity (<50 kbp
apart) onthe X chromosome. The deletion of all or part of both genes
is often associated with a contiguous gene deletion syndrome, with
larger deletions often involving genes associated with Duchenne
muscular dystrophy (OMD) (OMIM: 300377) and retinitis pigmen-
tosa (RPRG) (OMIM: 300110). This finding indicates that the lack of
Kxantigenand McLeod phenotype in the young patients with chronic
granulomatous disease in the 1975 study by Marsh et al* was likely
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caused by contiguous gene deletion syndrome rather than specific
geneticvariants confined to the XK locus, as was the case for McLeod.

Serologic Presentation of Kx Antigen and MLS

Hematologic findings diagnostic for MLS are distinct and separate
the presentation of MLS from that of other diseases under the neu-
roacanthocytosis umbrella.® The patient should present with an ab-
sence of Kx antigen and reduced expression of Kell blood group an-
tigens demonstrated using a panel of human anti-Kx and monoclonal
anti-Kell antibodies. This initial presentation facilitates a diagnostic
algorithm for confirmatory testing of MLS. The presence of the KEL
gene (OMIM: 613883) should be confirmed using polymerase chain
reaction or other molecular methods to differentiate from the Kell-
null phenotype.® The patient should be assessed for alloantibodies
against the high-frequency antigen Kx, the high-frequency Kell an-
tigen Km (also known as KEL20), and the presence of a compen-
sated hemolytic state. The level of biochemical markers associated
with hemolysis, such as lactate dehydrogenase and haptoglobin,
should be determined, and serum creatine kinase levels, which are
usually elevated in patients with MLS with concentrations reaching
4000 U/L (to convert to microkatals per liter, multiply by 0.0167),
should also be determined. The presence of red blood cellacantho-
cytes should be confirmed using phase-contrast microscopy.®

|
Neuroacanthocytosis and MLS

McLeod syndrome is part of the spectrum of neuroacanthocytosis
syndromes, which are defined as progressive neurodegenerative dis-
eases that affect mainly basal ganglia, including nucleus caudatus
and putamen, in association with red blood cell anomalies, such as
acanthocytosis.® > Major representatives of neuroacanthocytosis
sydromes with vastly overlapping clinical features are the autosomal-
recessive choreoacanthocytosis (ChAc) and the X-linked MLS. Al-
though panthothenate-kinase-associated neurodegeneration and
Huntington disease-like disorder may rarely be associated with red
blood cell acanthocytosis, these syndromes markedly differ from
ChAc and MLS with respect to age of onset and mode of inheri-
tance. Clinical features of the neuroacanthocytosis syndromes are
outlined in the Table.

Autosomal-recessive choreoacanthocytosis and MLS share
many common phenotypic features, such as choreatic movement
disorder, cognitive impairment and associated psychiatric disor-
ders, seizures, and neuromuscular involvement with elevated cre-
atine kinase levels, myopathy, and peripheral neuropathy associ-
ated with diminished or abolished deep-tendon reflexes.'®" These
neuromuscular manifestations may widely differ in severity, rang-
ing fromisolated elevation of creatine kinase levels to disabling mus-
cular weakness and atrophy. Because serum transaminase levels may
also be elevated in patients with MLS,'* patients have been misdi-
agnosed with hepatopathy. However, some patients with MLS have
hepatosplenomegaly, most probably resulting fromanincreased red
blood cell turnover caused by elevated red blood cell clearance in
the context of the acanthocytic changes.>'

Several neurologic manifestations in patients with ChAc, such
as tongue and lip biting, tongue protrusion dystonia, head drops,
parkinsonism, and truncal dystonia, were formerly believed to be
specific for this disorder. However, recent reports describe these
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Table. Clinical Presentation and Molecular Basis of Neuroacanthocytosis Syndromes

Pantothenate
Chorea- Huntington Kinase-Associated
Characteristic Acanthocytosis McLeod Syndrome Disease-Like 2 Neurodegeneration
Gene VPS13A XK JPH3 PANK2
Protein Chorein XK Junctophilin-3 Pantothenate kinase-2
Inheritance Autosomal recessive  X-linked Autosomal Autosomal recessive
dominant
Acanthocytes 4+ +t +- e
Cellular Cytoplasm Membrane Cytoplasm Mitochondria
compartment
Membrane proteins  Band3/adducin, actin  Band3/4.1R complex, MNone None
affected junctional complex actin junctional
complex
Red blood cell Unaffected Weak Kell antigens, Kx Unaffected Unaffected
phenotype antigen absent
Serum creatine 300-3000 300-3000 Normal Normal
kinase level, U/L
Neuroimaging Striatal atrophy Striatal atrophy Striatal and “Eye of the tiger" sign in the
cortical atrophy  globus pallidus
Age of onset, y 20-30 25-60 20-40 Childhood
Chorea 44 ++4+ ey =
Other movement Feeding and gait Vocalizations, Dystonia, Dystonia, parkinsonism,

disorders dystonia, tongue and  parkinsonism parkinsonism spasticity
lip biting,
parkinsonism
Seizures Generalized, Generalized None None
partial-complex
Neuromuscular Areflexia, weakness,  Areflexia, weakness, None None o
manifestations atrophy atrophy Abbrevlayuns: -, absent; +, present;
Cardiac None Atrial fibrilliation, None None T, maximum presence.
manifestations malignant arythmias, Sl conversion: To convert serum
dilative creatine kinase to microkatals per
cardiomyopathy liter, multiply by 0.0167.
manifestations in patients with MLS, which suggests awidely shared =~ I —-——————
clinical spectrum between ChAcand MLS."*"” The major distinguish- ~ Clinical Diagnosis of MLS

ing clinical features of MLS are mode of inheritance, red blood cell
immunophenotype, and cardiologicinvolvement—mainly dilated car-
diomyopathy and arrhythmias.

Phenotypic Variability

McLeod syndrome may exhibit a considerable phenotypic variabil-
ity, even within the same family, with regard to the age at onset, the
presenting symptoms, the development of additional symptoms, and
the course of the disease.'® Ina series of patients with MLS, 3had MLS
detected as aresult of donating blood, 3 presented with variable psy-
chiatricdisorders, 2 reported muscular weakness and atrophy or epi-
leptic seizures, and only 1had a choreatic movement disorder at the
disease onset.*

Although the rarity of the disorder does not allow a conclusive
genotype-phenotype correlation, available data suggest that mis-
sense mutations in the XK gene tend tolead to less pronounced neu-
rologic and neuromuscular symptoms with alater onset than XK vari-
ants that cause truncation or nonexpression of the XK protein.'®2°
This would be consistent with a residual physiologic activity in fe-
male carriers of XK missense mutations."**' However, all available
clinical reports are consistent with a full penetrance of MLS in men,
albeit possibly at an older age and possibly with nondisabling neu-
rologic or neuromuscular symptoms. These considerations are im-
portant in the context of genetic counseling of patients with MLS
and family members at risk of disease.
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The variable presentation of Xp211. mutations'®'22223 together with
late onset of clinical symptoms make the diagnosis of MLS challeng-
ing. Diagnosis is almost exclusively restricted to male, middle-aged
patients who exhibit a progressive chorea syndrome with the ex-
clusion of other pathologies such as Huntington disease, Wilson dis-
ease, ChAc, and c9orf72-related disorders.®?*2> Neurologic pre-
sentation of symptoms is highly variable, although choreatic
movement disorder; dystonia; cognitive impairment with prema-
ture dementia; psychiatric disorders including depression, bipolar
disorder, and obsessive-compulsive disorder; and personality
changes are common.'®'2¢ Areflexia or hyporeflexia are charac-
teristic as are elevated creatine kinase levels and red blood cell ab-
normalities ranging from overt acanthocytosis to elevated rates of
hyperchromic red blood cells in automated hematologic analysis. Se-
rologic test results that indicate an absence of the Kxantigen are used
to confirm diagnosis. Among blood donors with MLS, the absence
of the Kx antigen may be recognized many years before clinical mani-
festation of symptoms and may even lead to an early diagnosis of
MLS in asymptomatic blood donors.>'® This isimportant to note for
hematologists because this finding implies the probable develop-
ment of neurologic and/or neuromuscular symptoms later in lifeand
the necessity for neurogenetic counseling of these blood donors.
In addition to mutations at the XK locus, large X-chromosomal
deletions involving XK and its neighboring loci may lead to contigu-
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ous gene deletion syndrome,?” the clinical manifestation of which
is dictated by deleted genes both upstream and downstream of XK,
such as DMD, CYBB, and RPRG. Patients may experience Duchenne
muscular dystrophy, chronic granulomatous disease, or retinitis pig-
mentosa, respectively. Other coaffected genes at Xp21.1with poorly
defined biologic functions, such as MRXS17, BCMP1, MAGEBI6, and
PRRGI, may modify the clinical presentation of contiguous gene de-
letion syndrome. If several genes are affected, disease symptoms
may develop sequentially over time, ultimately leading to a dismal
outcome,?® although the clinical presentation and diagnosis of con-
tiguous gene deletion syndrome typically occurs at an early age.?52°
Treatment options for MLS and contiguous gene deletion syn-
drome are limited to symptomatic care to prevent secondary com-
plications, such as amelioration of dystonia and choreatic move-
ment disorder,?® treatment of muscular degeneration,*"*? and
treatment of infectious complications in chronic granulomatous
disease.®

Women with Manifestations of MLS

As an X-linked neuroacanthocytosis syndrome, MLS is overwhelm-
ingly confined to male patients. Lyonization (or X-inactivation) of the
defective gene results in a normal phenotype or, rarely, weakened
clinical presentation in women. It is possible that severe MLS in
women could occur as the result of acompound heterozygosity, al-
though to our knowledge, this is yet to be reported.*

Of interest, in the only case of a woman with confirmed severe
MLS to our knowledge, the proband was heterozygous for a1-bp de-
letion in exon 2 in the XK gene (268delT terminating at AA129). It
was shown that severely skewed lyonization resulted in inactiva-
tion of the normal XK genein all tissues, including the brain. The pa-
tient developed seizures at 50 years of age, with gradual progres-
sion of neurologic symptoms including chorea and cognitive
impairment before her death at 60 years of age."**' Both of the pa-
tient's sons had MLS, with neurohematologic symptoms manifest-
ing from their early to mid-20s before their deaths at the age of 31
years. The patient's sister and niece each exhibited mild neurologic
symptoms (lower limb chorea and ankle areflexia) with variable
presentation of Kell antigens, whereas the skew of lyonization
ranged from slightly skewed in the sister to completely normal in
the niece. Age-related skew of lyonization has been reported
in female patients who present with progressive X-linked
disorders,>3¢ which could explain the difference in skew between
affected women. All family members with the variant, including het-
erozygotes, had hematologic profiles—acanthocytosis and elevated
creatine kinase levels—that were consistent with MLS to varying
degrees.

Biochemistry and Cell Biology of XK

In the red blood cell membrane, XK is a 10-transmembrane protein
that forms a heterodimer with the Kell glycoprotein via the disul-
fide bond at XK<**47-Kell*?, as shown in Figure TA. The XI-Kell
dimer is part of the membrane multiprotein complex subunit 4.1,
which also contains Band3 glycoprotein, glycophorin C, Rh protein/
Rh-associated glycoprotein, and Duffy protein® (Figure 1B). The
membrane multiprotein complex cytoskeleton network controls the
blood cell discocyte shape and determines cell deformability, among

JAMA Neurology Published online August 20, 2018

Molecular Basis and Clinical Overview of McLeod Syndrome Compared With Other Neuroacanthocytosis Syndromes

other properties.®4° Similar to other multipass-membrane trans-
port proteins, XK may be an important gate keeper for transmem-
brane exchange of electrolytes and nutrients.* It has been shown
that absence of the XK-Kell membrane complex alters erythrocyte
homeostasis of divalent cations,****> which may explain prema-
ture hemolysis of red blood cells in individuals with MLS by impair-
ment of Ca**-activated K+ channels (Gardos channels).** Lipid im-
balance between the inner and outer red blood cell membrane
leaflets leads to acanothcytic deformation of the red blood cell mem-
brane. The absence of XK protein in the membrane leads to dimin-
ished levels of phosphatidylserine in the inner leaflet, which causes
shrinkage of the membrane, interfering with transmembrane me-
tabolite transport.*54®

In many nonerythroid tissues, the XK protein and Kell protein
are expressed independently from each other, and in most tissue,
including the brain and other neuronal tissue, only XK s translated.*”
The XK protein has been shown to have a pivotal rolein organogen-
esis, cellular structure, and subcellular electrolyte and nutrient
exchange, accounting for the multisystemic deficiency phenotype,
which includes neurologic, neuropsychiatric, neuromuscular, and
cardiologic manifestations.*>*® As a matter of course, all manifes-
tations attributable to XK alone may be drawn only from observa-
tions in (and experiments involving) individuals with mutations lim-
ited to the XK locus who do not exhibit a contiguous gene deletion
syndrome.

Genetic Classification of XK Alleles

and the Molecular Basis of MLS

The International Society of Blood Transfusion (ISBT) recognizes the
XK protein and Kx antigen as an independent blood group system,
defined as number 019 of the currently recognized 36 blood group
systems. At present, the data described in the XK allele database
comprise the most complete repository of variants with an associ-
ated McLeod phenotype.

The Kx antigen, encoded by the native XK protein, is desig-
nated as the reference allele defined as XK*O1. No other antigens have
been defined in this system. The XK gene shows 8.2 variants per
kilobase coding sequence, thereby ranking as one of the most con-
served blood group genes, second only to Chido/Rodgers, en-
coded by C4A and (4B, with 5.5 and 4.4 variants per kilobase,
respectively.*® In addition to the variants described in the ISBT
database, an additional 66 variants coding for changes in XK, in-
cluding 1nonsense variant, have beenreported in the dbSNP (single-
nucleotide polymorphism database). It is unknown whether any of
these variants have an associated MLS phenotype.

Until this review, 29 variant alleles associated with the McLeod
phenotype were listed in the ISBT database and defined as XK*N
from O1to 29, with N indicating null. Review of the literature shows
that this is now an underestimate and that at least 56 variant XK
alleles have been described in conjunction with neurogenic or
hematologic XK phenotypes. The variants are subdivided into 2
groups: variants residing within XK (39 alleles) or whole gene dele-
tions, including contiguous gene deletions involving the XK gene
(17 alleles). Consequently, and in conjunction with the ISBT working
party, we have compiled a comprehensive listing of all described
MLS and neurogenically associated variants involving the XK
gene.*° This listing provides neurologists, clinical geneticists, and
transfusion specialists with a reference to further investigate the
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Figure 1. XK-Kell Complex and Amino Acid Variation in the McLeod Phenotype
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XK is a 444-amino acid, 10-transmembrane protein that forms a dimer with the
Kell protein in the 4.1R complex of the red blood cell membrane multiprotein
complex. A, Ten-transmembrane conformation of the XK protein, with its
disulphide linkage at XK<=*47-Kell*72 in red. B, Main components of the
4.1R-dependent multiprotein complex in the red blood cell membrane. The 4.1R
protein, which anchors the red cell membrane components, is depicted with its
3-lobe structure: A, B, and C. Defects in components of the 4.1R complex can

lead to instability and deformity of the red blood cell membrane, such as the
presentation of acanthocytosis seen in McLeod syndrome (MLS). C, The XK
protein, showing the arrangement of exons, locations of transmembrane
segments, and locations of amino acid changes associated with the MLS
phenotype. The XK protein variant map was generated with Geneious 11.0.5
(Biomatters Limited) using human genome release Hgl9 p13.7.3"

COOH indicates carboxyl group; GPC, glycophorin C protein.

molecular basis of MLS and report findings of novel alleles or dele-
tions in individuals presenting with a McLeod phenotype.

Review of the XK*N Allelic Variant Group

The majority of XK*N alleles consist of variants in 1of the 3 exons or
splice site loci of the XK gene. A summary of the XK allele variants
derived from the ISBT databaseis presented in eTable Tinthe Supple-
ment. The location of single-nucleotide variants and indels associ-
ated with the MLS phenotype are depicted in Figure 1C.

Many of these variants are single-nucleotide polymorphisms or
small deletions that resultin amino acid changes or frameshifts and
early termination of the XK protein. Only 2 single-nucleotide inser-
tions with a McLeod phenotype association are noted.*'** Nucleo-
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tide variants resulting in amino acid substitutions presumably dis-
rupt transmembrane helices and change conformation for the
mature protein within the cell membrane. A splice site mutation 13
bp downstream of the exon 3 acceptor site has been associated with
psychiatric pathology (schizophrenia) and acanthocytosis in pa-
tients but was not described as presenting with a McLeod
phenotype.>* Only 3 of the XK variants with an MLS association have
been listed in the dbSNP database (rs numbers 28933690,
104894954, and 104894953); 5 variants are listed with a ClinVar
accession, whereas 2 splice site variants have listed ExAC/
GnomAD population-level frequencies. Most alleles are reported
from a single patient or family grouping. However, 5 alleles have
been reported in more than 1 study—for instance, the R133X vari-
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Figure 2. Scale and Variability of Deletions in Contiguous Gene Deletion Syndromes With McLeod Syndrome (MLS) Phenotype
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Six contiguous gene deletions in the Xp21.1 locus with clearly defined nucleotide
breakpoints are shown. The deletions involve XK, with clinical presentation of
MLS. The deletions span from 0.15 megabase pairs (Mbp) to 5.71 Mbp and
involve 3 to more than 15 genes. The scale depicts the size and number of

nuclectides in the X-chromosome. The gene maps were generated with
Geneious 11.0.5 (Biomatters Limited) using human genome release Hg19 p13.7.37
L, LANCL3; and P, PRRGI.

ant has been reported in 3 separate studies from apparently unre-
lated kindreds®*>® (these cases are outlined in eTable 2 in the
Supplement).

Review of the XK*N.0O1 Series With Contiguous

Gene Deletions

Todate, 17 whole gene or contiguous gene deletions that include XK
have been published (these are outlined in eTable 3 in the Supple-
ment). Because of the molecular technologies available at the time
that many of the older deletions were defined, breakpoints for these
deletions are not precisely mapped. Given the rarity of whole gene
deletions and contiguous gene deletions involving XK, the probabil-
ity that the same deletion will be tabulated more than once is un-
likely except in cases in which descent can be confirmed from fa-
milial studies. The suballeles are listed on the basis of the accuracy
of locus and nucleotide discrimination: those that were character-
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ized using older methods, such as microscopic examination or karyo-
typing and probe deletion analyses,?”*® and those for which de-
scriptions of deletions are determined with breakpoints to the
nucleotide level. Figure 2 illustrates the range of the deletions as-
sociated with MLS and contiguous gene deletion syndromes for the
6 cases in which exact breakpoints are defined.

Whole genome sequencing now allows researchers to more eas-
ily determine the nucleotide breakpoints involved in contiguous gene
deletion syndrome and MLS. In addition, polymerase chain reac-
tion and Sanger sequencing targeting splice site and exonic regions
or stepwise partitioned polymerase chain reaction analysis of XK and
flanking regions are still used for the discovery of mutations respon-
sible for the McLeod blood group phenotype.?”*° In the case of XK
deletions, the stepwise partitioning method can be used to deter-
mine exact nucleotide breakpoints without the requirement for
whole genome sequencing.?’” With the introduction of third-
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generation sequencing technologies, such as the BioRad SMRT and
Oxford Nanopore ION systems, the detection and analysis of very
large-scale deletions will become easier and the characterization of
breakpoints easier to define. A more precise and systematic ge-
netic classification is the first step toward correlating and under-
standing the diverse phenotypic clinical manifestations of MLS to
guide management strategies.

|
Treatment and Future Directions

The importance of early and correct diagnosis, along with the role
that hematology laboratories can play in this early detection, has
been reviewed elsewhere.® Currently, treatment of patients with MLS
and associated contiguous gene deletion syndromes involves moni-
toring and amelioration of symptoms. Dopamine antagonists and the
dopamine depletory drug tetrabenazine are given to ameliorate the
choreatic movement disorders, whereas treatment of psychiatric
problems, cardiac abnormalities, and seizuresis based on clinical find-
ings and whether contiguous genes with additional clinical presen-
tations are involved. Regardless, long-term and continuous multi-
disciplinary support is needed for affected individuals and their
families, including genetic counseling of affected and potentially af-
fected male relatives.

The rare blood group phenotype characteristic for patients with
MLS, inlacking the Kx antigen, presents challenges. Any patient car-
rying the McLeod immunophenotype because of either MLS or con-
tiguous gene deletion syndrome and requiring transfusion support
requires the care and support of specialist transfusion institutions.
Insuch cases, theimmunohematologic and molecular workupis de-
manding, and the rarity of compatible blood products often re-
quires interinstitutional or international collaboration for provision
of compatible units.® In any case of transfusion requirement, Kx+
transfusions should be avoided for both male and female patients
carryinga McLeod phenotype. Autologous banked donations are the
most suitable transfusion practice if feasible.

Treatment options using allogeneic stem cell transplant thera-
pies have been reported with some success.®® A young man with
MLS and chronic granulomatous disease who had developed anti-
bodies to Kx and Kell after a red blood cell transfusion received asuc-
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cessful allogeneic stem cell transplant at 14 years of age, with ob-
served complete chimerism and engraftment after 10-month
follow-up.8"62 Unfortunately, there is no guarantee that a success-
ful transplant will prevent late onset of neurologic and neuromus-
cular symptoms or cardiac complications associated with inherited
Xp21.1 defects.

Recent studies have demonstrated promising results with the
use of nonhomologous end-joining recombination using RNA-
guided CRISPR/Cas9 nucleases in repairing short indel and frame-
shiftvariationsin the chronic granulomatous disease gene CYBB, with
less success in repairing single-nucleotide variants leading to non-
sense and missense mutations. Although the technology is still in its
infancy, these therapies may be directly translatable to other mono-
genic hematopoetic blood disorders, such as MLS.%*¢* In addition,
the use of targeted insertion of therapeutic transgenes into defined
viralintegrationsites will allow for alteration of the patient's own stem
cells for transplantation.®® Of note, the morphologically, function-
ally, andstructurally altered red blood cells in XK mutation carriers may
provide aneasily accessible cellular substrate to determine the patho-
biologic features of Xp21.1 mutations and to discover new potential
therapeutic strategies for improvement of multisystem manifesta-
tions of MLS.5®

|
Conclusions

McLeod syndrome is a progressive, debilitating X-linked neurchema-
tologic disorder that is caused by variation in the XK gene, resulting
intruncation of the mature XK protein or changes in transmembrane
conformation and structure within the red blood cell membrane and
other tissues. McLeod syndrome can also present as part of a con-
tiguous gene deletion syndrome caused by awhole or partial gene de-
letion, including deletion of adjacent genes such as CYBB, DMD, and
RPGR. It can occur in individuals 20 years of age or older, whereas
neurologic, neuromuscular, and cardiologic manifestations vary
widely and occur late in a patient’s life. Information on the molecu-
lar basis of MLS and associated gene deletion syndromes has pre-
viously been diffuse and widely distributed. We collected and elabo-
rated on the molecular basis of MLS to provide a reference base for
clinicians.
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eTable 1. Summary XK allele table adapted from the comprehensive ISBT allele
table for variants and large-scale deletions associated with a neurogenic or
haematological XK phenotype

Allele name | Nucleotide Predicted Effect on dbSNP/Clinvar | Authors and
change amino acid | secondary and PubMed ID
change protein ExAC/gnomAD
structure reported
frequencies
XK*01 Canonical Ho et al. PMID
transcript 8004674
Null phenotypes
XK*N.01 Deletion of Del AA1 - See
entire XK gene | 444 supplementary
table 3
XK*N.02 Del exon 1 del AA1to | Loss of Danek et al. PMID
82 transcript, no 11761473
protein
produced
XK*N.03 Del promoter + del AA 1 - Loss of Wendel et al.
exon 1 82 transcript, no PMID 15504163
protein
produced
XK*N.04 Del exon 2 Del AA 82 Truncation of Singleton et al.
to 170 transcript, PMID 12899725
truncation of
protein
XK*N.05 del intron 2 + del AA 170 | Truncation of Kawakami et al.
exon 3 - 444 protein PMID 10465497
XK*N.06 del -272to 119 del 1t0 40 | Loss of ISBT reported
+ fs 45X transcript, no
protein
produced
XK*N.07 172delG V58Y + fs Truncation of Zeman et al.
129X protein PMID 16314760
XK*N.08 269delA Y90S +fs Truncation of ISBT reported
129X protein
XK*N.09 268delT YOO0T + fs Truncation of RCV000010420 | Ho et al. PMID
129X protein 8619554
XK*N.10 450-451 insC Q151P + fs | Truncation of Ueyama et al.
198X protein PMID 10930599,
Starling et al.
PMID 16344536
XK*N.11 686+687delTT F229Y + fs | Truncation of Danek et al. PMID
264X protein 11761473
XK*N.12 771delG W257C + fs | Truncation of Danek et al. PMID
264X protein 11761473
XK*N.13 856- dell + Loss of Danek et al. PMID
860delCTCTA L286Y +fs | 8,9,10" TM 11761473
301X segments, Man et al. PMID
truncation of 23943810
protein
XK*N.14 938-951del del WYQL | Loss of 9 and RCV000010423 | Danek et al. PMID
+N313T + | 10" T™ 11761473
fs 336X segments,
truncation of
protein
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XK*N.15 1013delT F338S +fs | Loss of 10" RCV00010421 Hanaoka et al.
408X TM, loss of PMID 10426139
Kell binding
site and
truncation of
protein
XK*N.16 107G>A W36X Truncation of Danek et al. PMID
transcript, loss 11761473
of protein
XK*N.17 397C>T R133X Truncation of Listed in Danek et al. PMID
transcript, loss | ExXAC/gnomAD, | 11761473, Bansal
of protein but filtered due et al. PMID
to zero allele 18167163,
count. Klempir et al.
PMID 17870653
XK*N.18 463C>T Q155X Truncation of Danek et al. PMID
transcript, loss 11761473
of protein
XK*N.19 707G>A W236X Truncation of Danek et al.
transcript, loss PMID 11761473
of protein
XK*N.20 799C>T Q299X Truncation of rs104894954 Jung et al. PMID
transcript, loss 11261514
of protein
XK*N.21 941G>A W314X Truncation of rs104894953 Supple et al.
transcript, loss PMID 11703337
of protein
XK*N.22 245+1G>C Alt. splice Truncation of Russo et al. PMID
transcript, loss 11961232, Russo
of protein et al. PMID
11099667
XK*N.23 246-1G>A Alt. splice Truncation of Arnaud et al.
transcript, loss PMID 19040496
of protein
XK*N.24 508+1G>A Alt. splice Truncation of RCV000010419 | Ho et al. PMID
transcript, loss 8004674,
of protein Russo et al. PMID
11961232
XK*N.25 508+5G>A Alt. splice Truncation of rs534318896 Daniels et al.
transcript, loss | 7.411e-6 PMID 8916972,
of protein Walker et al.
PMID 17302777
XK*N.26 509-1G>A Alt. splice Truncation of RCV000010418 | Ho et al. PMID
transcript, loss 8004674
of protein
XK*N.27 664C>G R222G Possible Russo et al. PMID
change in TM 11961232, Walker
conformation et al. PMID
17302777
XK*N.28 880T>C C294R Change in 8" | rs28933690 Danek et al. PMID
TM length 11761473
XK*N.29 979G>A E327K Study Jung et al. PMID
suggests 12823753
protein is
functional
XK*N.30 1124G>C R375P Identical to Shizuka et al.
canonical PMID 9268240
transcript
XK*N.31 1134C>G N378K Identical to Shizuka et al.
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canonical PMID 9268240
transcript
XK*N.32 962A>G Y321C Possible Shimo et al. PMID
change in TM 21145924
conformation
XK*N.33 509-13C>G Alt. splice rs186819181 Shimo et al. PMID
site 0.0001242 21145924
XK*N.34 523insA 175N +fs | Truncation of Dubielecka et al.
198X transcript, loss PMID 21463873
of protein
XK*N.35 246-2A>G Alt. splice Truncation of Dubielecka et al.
site transcript, loss PMID 21463873
of protein
XK*N.36 229delC fs 125X Truncation of Wiethoff et al.
transcript, loss PMID 24529944
of protein
XK*N.37 154 C>T Q52X Truncation of Chen et al. PMID
transcript, loss 24635891
of protein
XK*N.38 669- Frameshift | Truncation of Narumi et al. 2016
673del5ins13 causes X transcript, loss (doi:
(delTGTAGinsG | 36bp of protein 10.1111/ncn3.120
GTCCTCTTTAC | (12AA) 42)
C) upstream
XK*N.39 195- Frameshift | Truncation of Gassner et al.
198delCCGC causes X transcript, loss 2017
187bp of protein PMID 28555782
upstream
(fs128X)
XK*N.40 640-645del Del W213 Change in TM Bhansali et al.
TGGAGG & R214 length 2013
(doi:
10.1093/ajcp/140.
suppl1.063)

© 2018 American Medical Association. All rights reserved.

Downloaded From: by a UZH Hauptbibliothek / Zentralbibliothek Zuerich User on 08/21/2018




eTable 2. Listing of XK variants with more than one associated case from apparently
unrelated kindred

ISBT Allele
designatio
n

Variant

Coding
change

Referenc
e (PMID)

Number of cases with reported allele
and patients geographic origin

(1) declared by the authors (DEC)

(2) deduced according to the affiliation
of the authors (AAA)

XK*N.10

450-451 insC

Q151P +
fs 198X

Ueyama
etal.
10930599,
Starling et
al.
16344536

2 cases AAA: Japan, DEC: Brazil

XK*N.13

856-
860delCTCT
A

dellL +
L286Y + fs
301X

Danek et
al.
11761473,
Miranda et
al.
17469188,
Wada et
al.
14638894,
Man et al.
Man et al.
PMID
23943810

4 cases DEC United Kingdom, DEC: Chile,
DEC: Japan, DEC: China

XK*N.17

397C>T

R133X

Danek et
al.
11761473,
Bansal et
al.
18167163,
Klempir et
al.
17870653

3 cases AAA: Italy, AAA: USA, AAA:
Czech Republic

XK*N.22

245+1G>C

Alt. splice

Russo et
al.
11961232,
Russo et
al.
11099667

2 cases DEC: USA (Ohio, New Mexico),
eventually 1 more case

XK*N.24

508+1G>A

Alt. splice

Ho et al.
8004674,
Russo et
al.
11961232

2 cases DEC: United Kingdom
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eTable 3. Listing for large deletions involving the XK gene

Whole gene and contiguous gene deletions — the XK*N.01 series
Allele Loci involved Size of Authors and Pubmed ID
deletion
XK*N.01.001 | Xg— OTC ~7.15Mbp Franke U — 1984
PMID 6510024
XK*N.01.002 | DMD — TX-IL5 ~6.42Mbp Franke et al. 1985
PMID 4039107
XK*N.01.003 | DMD - CYBB ~6.6Mbp Bertelson et al — 1988
PMID 3358422
XK*N.01.004 | XK - RPGR ~380Kbp Bertelson et al — 1988
PMID 3358422
XK*N.01.005 | XK only ~50Kbp Ho et al. 1994
PMID 8004674
(patient first reported by
Danek et al. 1990 PMID
11761473)
XK*N.01.006 | XK — CYBB ~580Kbp Frey et al. 1998
PMID 3334897
XK*N.01.007 | XK — RPGR ~580Kbp De Saint-Basille et al. 1998
PMID 3417309
XK*N.01.008 | DXS84 — ETX1 ~5.8Mbp El nemer et al. 2000
PMID 10651848
XK*N.01.009 | XK — RPGR ~580Kbp El nemer et al. 2000
PMID 10651848
XK*N.01.010 | DXS709 — CYBB ~120Kbp El nemer et al. 2000
PMID 10651848
XK*N.01.011 | PRRG1 — DYNLT3 ~870Kbp Al-Zadjali et al. — 2015
PMID 24446915
Allele Loci involved Size of Authors and Pubmed ID
deletion
XK*N.01.101 | LOC44148 — XK intron 2 1.12Mbp Peng et al. 2007
PMID 17300882
XK*N.01.102 | TCTE1L - DMD 5.65Mbp Peng et al. 2007
PMID 17300882
XK*N.01.103 | LANCL3 — DYNLT3 0.59Mbp Arai et al — 2012
PMID 22383943
XK*N.01.104 | CXorf22 — DYNLT3 1.94Mbp Arai et al — 2012
PMID 22383943
XK*N.01.105 | DMD — DYNLT3 5.71Mbp Arai et al — 2012
PMID 22383943
XK*N.01.106 | LANCL3 - CYBB 0.15Mbp Gassner et al. - 2017
PMID 28555782

This table includes all reported whole gene and contiguous gene deletions that have
been associated with an MLS phenotype. The series is split and numbered from
XK*N.01.001 - .099 for imprecise loci and .101 onwards for alleles with specifically
defined nucleotide breakpoints.
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