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This article describes three rare syndromes in which the presence of a-thalassemia provided
an important clue to the molecular basis of the underlying condition. It exemplifies how rare
diseases allied with careful clinical observation can lead to important biological principles.
Two of the syndromes, ATR-16 and ATR-X, are characterized by a-thalassemia in association
with multiple developmental abnormalities including mental retardation. The third condi-
tion, ATMDS, is an acquired disorder in which a-thalassemia arises in the context of mye-
lodysplasia. Intriguingly, mutations in the chromatin remodeling factor, ATRX, are common

to both ATR-X syndrome and ATMDS.

he rare association of a-thalassemia and

mental retardation (MR) was recognized
over 25 years ago by Weatherall and colleagues
(Weatherall et al. 1981). It was known that «-
thalassemia arises when there is a defect in the
synthesis of the a globin chains of adult hemo-
globin (HbA, a,3,). When these investigators
encountered three mentally retarded children
with a-thalassemia and a variety of develop-
mental abnormalities, their interest was stimu-
lated by the unusual nature of the a-thalassemia.
The children were of northern European ori-
gin, where a-thalassemia is uncommon, and al-
though one would have expected to find clear
signs of this inherited anemia in their parents, it
appeared to have arisen de novo in the affected
offspring. It was thought that the combination
of a-thalassemia with MR (ATR), and the as-

sociated developmental abnormalities repre-
sented a new syndrome and that a common ge-
netic defect might be responsible for the diverse
clinical manifestations. What emerged was the
identification of two quite distinct syndromes
in which a-thalassemia is associated with men-
tal retardation (Wilkie et al. 1990a, b). In the first
condition (ATR-16, OMIM: 141750) there are
large (1-2 Mb) chromosomal rearrangements
that delete many genes, including the « globin
genes from the tip of the short arm of chromo-
some 16 and this is an example of a contiguous
gene syndrome (Schmickel 1986). In the second
syndrome (ATR-X, OMIM 301040), a complex
phenotype, including «-thalassemia, results
from mutations in an X-encoded factor (now
called the ATRX protein), which is a putative
regulator of gene expression. Mutations in this
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gene down-regulate o gene expression and also
perturb the expression of other, as yet uniden-
tified, genes.

THE ATR-16 SYNDROME

ATR-16 is rare and sporadic contiguous gene
syndrome. Often one is alerted to this condition
by observing the unusual association of a-thal-
assemia and mental retardation in individuals
originating from outside of the areas where thal-
assemia commonly occurs. However, the wide-
spread use of array-based screening for geno-
mic deletions is identifying cases with little
regard for the phenotype. In addition to a-thal-
assemia, these patients have variable degrees
of facial dysmorphism, most commonly featur-
ing a high forehead, mild hypertelorism, and a
broad or prominent nasal bridge. A wide spec-
trum of associated developmental abnormali-
ties has also been described of which clubfoot
is the most frequent. In all such cases, initial
molecular genetic analyses have shown that af-
fected individuals fail to inherit the entire {-a
globin cluster from one or other of the parents.

Defining the Genetic Abnormalities in
Patients with ATR-16 Syndrome

In some cases, conventional cytogenetic analy-
sis shows the underlying genetic abnormality.
Because the a globin complex lies very close
to the 16p telomere any chromosomal abnor-
mality affecting this region may give rise to a-
thalassemia. In some patients with ATR-16 syn-
drome, gross chromosomal abnormalities such
as ring chromosomes and translocations are vis-
ible on the karyotype. However, in the case of
deletions and subtelomeric translocations, ini-
tial high-resolution cytogenetic analysis ap-
pears entirely normal. Although such abnor-
malities may arise as de novo genetic events,
often one parent carries a pre-existing balanced
translocation, which the child inherits in an un-
balanced fashion resulting in monosomy for
16p and loss of the « cluster.

Fluorescence in situ hybridization (FISH)
studies have also been used to analyze ATR-16
families. In this type of study, large segments

(~40 kb) of chromosome 16 in cosmid vectors
are used as probes to show the presence or ab-
sence of the corresponding sequences in the 16p
telomeric region using fluorescence microscopy
(Buckle and Kearney 1994). By analyzing the
chromosomes of both parents and the affected
child it has been possible to define the extent of
16p monosomy and the mechanism by which it
has arisen. The additional use of panels of sub-
telomeric probes from each human chromo-
some can identify trisomic segments in unbal-
anced translocations.

As afirst line investigation, FISH is currently
being superceded by technologies enabling
high-resolution analysis of the entire human
genome. In the first of these types of analyses,
the genome is interrogated using microarrays
consisting of oligonucleotides spanning the ge-
nome. Using a competitive genome hybridiza-
tion (CGH) approach, comparing DNA from
one genome with another, it has been possible
to detect large regions of monosomy in patients
with ATR-16 syndrome (Price et al. 2005). Such
oligo-based microarrays or bead technologies
(originally made to identify single nucleotide
polymorphisms) with a modified analysis have
a resolution in the range 5—50 kb (Redon et al.
2006). One limitation of the technology is that it
does not provide information of the structural
origin of any detected chromosomal imbalance
and FISH is commonly used as a follow-up in-
vestigation to supplement this. In addition to
these approaches, Harteveld et al. (2007) have
developed a rapid and simple high-resolution
approach to identify and characterize deletions
of the terminal 2 Mb of 16p13.3 using the mul-
tiple ligation-dependent probe amplification
(MLPA) technique. An established panel of spe-
cific synthetic oligonucleotides can now be used
to detect deletions in 16p13.3 (Harteveld et al.
2005, 2007). Clearly the resolution of this tech-
nique is only limited by the spacing of the ap-
propriate oligonucleotides.

To date, few breakpoints have been fully
characterized. However, where this has been ful-
ly analyzed it appears that the chromosome has
been broken, truncated, and “healed” by the di-
rect addition of telomeric repeats (TTAGGG),
(Lamb et al. 1993).
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How Do Chromosomal Abnormalities Give
Rise to the ATR-16 Syndrome?

Because individuals with ATR-16 syndrome
may have quite different degrees of chromo-
somal imbalance, there is considerable variation
in the associated phenotypes. The degree of
monosomy in 16p13.3 varies from 0.3—2 Mb
but many patients have additional chromosom-
al aneuploidy and in some cases imbalance of
the non-16 material may dominate the clinical
picture. For example, in one (DA) loss of mate-
rial from chromosome 15 while forming the
abnormal derivative, t(15:16) chromosome pro-
duced the striking phenotype associated with
the Prader-Willi syndrome.

Because many patients with ATR-16 have
complex genomic rearrangements, to deter-
mine the role played by any gene(s) within
16p13.3 in the developmental abnormalities as-
sociated with ATR-16 syndrome, future analysis
should focus on patients who have pure mono-
somy for 16p13.3 (Fig. 1). Surprisingly, these
studies have shown that patients with deletions
of up to 1000 kb of 16p13.3 (including 55 genes)
have a-thalassemia, but may be otherwise unaf-
fected. Those with deletions of between 1000 kb
and 1200 kb may or may not have mild MR.
At the other extreme, patients with 16p mono-
somy for the entire terminal region of 16p
(e.g., BO, HN, LIN, and IM) have a a-thalasse-
mia, mild MR, and dysmorphic features. In a
patient whose deletion (associated with unbal-
anced translocation) extends beyond 2000 kb
the clinical picture is dominated by more severe
MR, tuberous sclerosis, and polycystic kidney
disease (European Polycystic Kidney Disease
Consortium 1994).

How might monosomy for 16p13.3 cause
such developmental abnormalities? One pos-
sibility is that deletion of a large number of
genes from one copy of chromosome 16 may
unmask mutations in its homolog; the more
genes that are deleted the greater the probability
of this occurring. However, this is unlikely to be
the explanation for most ATR-16 cases because
whole genome sequencing indicates that nor-
mal individuals carry a relatively small number
of harmful mutations of this type. A further

a-Thalassemia, ATR-16, ATR-X, ATMDS

possibility is that some genes in 16p are im-
printed (Hall 1990) so that deletions could re-
move the only active copy of the gene. At pres-
ent, there is no evidence for imprinting of the
16p region (reviewed in Schneider et al. 1996),
and in the relatively few ATR-16 cases analyzed
there appears to be no major clinical differences
between patients with deletions of the mater-
nally or paternally derived chromosomes. It
therefore seems more likely that there are some
genes in the 16p region that encode proteins
whose effect is critically determined by the
amount produced, so-called dosage-sensitive
genes (see Fisher and Scambler 1994). Examples
of such genes include those encoding proteins
that form heterodimers, those required at a crit-
ical level for a rate-determining step of a regu-
latory pathway, and tumour suppressor genes
(e.g., TSC2). If the deletion includes one or
more dosage-sensitive genes this could account
for the clinical effects seen in ATR-16 patients.
The region lying between 900-1700 kb
from the 16p telomere, deleted in all patients
with the characteristic features of ATR-16 syn-
drome, contains 14 genes and gene families of
known function (Daniels et al. 2001) that have
been implicated in awide range of disorders with
few or no features in common with ATR-16. One
of these (SOX8) was considered a strong candi-
date because it is involved in the regulation of
embryonic development and is strongly ex-
pressed in the brain (Pfeifer et al. 2000). Howev-
er, although deleted in case WG (Fig. 1) (Gibson
etal.2008), the deletion in TN does not extend to
SOX8 (Daniels et al. 2001). Furthermore, a re-
cently described Brazilian patient with a deletion
that removes both the a globin locus and SOX8
was notassociated with MR orany dysmorphism
(Bezerra et al. 2008). This suggests that loss of
SOX8 is neither necessary nor sufficient to cause
MR and dysmorphism. It is conceivable that the
genetic background plays a role and this might
explain why the deletion in family SH is associ-
ated with MR in one individual and a normal
phenotype in another. Clearly, further examples
of ATR-16 because of monosomy for 16p13.3
must be characterized to identify the gene(s) re-
sponsible for the MR and other developmental
abnormalities associated with this condition.
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Figure 1. Summary of known ATR-16 deletions that are >500 kb and associated with pure monosomy. Initials represent the
patient code. Open boxes represent cases without learning difficulties; grey boxes, families in which some cases have
learning difficulties whereas other do not; black boxes represent cases with learning difficulties. The length of the box
shows the known extent of the deletion and the fine line indicates the region of uncertainty of the breakpoints. The
positions of the genes in this region are shown at the top; the a-globin cluster is marked with a pale gray box; SOX8, TSC2,
and PKD1 are shown in a larger font.
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THE ATR-X SYNDROME

As additional patients with a-thalassemia and
mental retardation were identified throughout
the 1980s, it became clear that a second group of
affected individuals existed in whom no struc-
tural abnormalities in the a globin cluster or
16p could be found. In contrast to ATR-16 syn-
drome, this group of patients was all male, pre-
sented with a much more uniform phenotype,
and had a remarkably similar facial appearance
(Wilkie et al. 1990b). That this group had a
distinct and recognizable dysmorphism was un-
derscored when additional cases were identified
on the basis of their facial features alone (Gib-
bons et al. 1991; Wilkie et al. 1991). Ultimately,
it was shown that this unusual syndrome of a-
thalassemia with severe mental retardation re-
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sults from an X-linked abnormality (see later)
and the condition is now referred to as the ATR-
X syndrome (OMIM: 301040).

The Clinical Findings of the ATR-X
Syndrome

Cases of ATR-X syndrome from over 180 fami-
lies have now been characterized, and in con-
trast to ATR-16 a definite phenotype is emerg-
ing. The cardinal features of this condition are
severe mental retardation and developmental
abnormalities associated with a characteristic
facial appearance (Fig. 2) and a-thalassemia.
The frequency and nature of the most common-
ly encountered clinical features are summarized
in Tables 1 and 2.

Figure 2. The facial appearance of patients with ATR-X syndrome. (From Gibbons et al. 1995a; adapted, with

permission, from the investigator.)
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Table 1. Summary of the major clinical manifesta-
tions of the ATR-X syndrome

Clinical feature %
Profound mental retardation 96
Characteristic face 94
Skeletal abnormalities 90
HbH inclusions 88
Neonatal hypotonia 84
Genital abnormalities 79
Microcephaly 77
Gut dysmotility 76
Short stature 65
Seizures 34
Cardiac defects 21
Renal/urinary abnormalities 15

The Hematologic Findings of the ATR-X
Syndrome

The presence of a-thalassemia (in the form of
thalassemia trait or mild HbH disease) with
HbH inclusions was one of the original diag-
nostic criteria for ATR-X syndrome. However,
with the identification of further cases, it be-
came clear that the hematologic findings (e.g.,
levels of Hb, MCV, and MCH) were different

Table 2. Clinical manifestations of the ATR-X syndrome

from those seen in the common types of a-thal-
assemia. Now that the disease can be identified
via the clinical phenotype and/or the ATRX ge-
notype, it is clear that there is considerable var-
iation in the hematologic manifestations asso-
ciated with mutations of the ATRX gene. In fact,
a number of families have been identified in
which some or all of the affected members
with mutations of ATRX, and the characteristic
phenotype described previously, have no signs
of a-thalassemia (Villard et al. 1996a,b). Nev-
ertheless, when the family history and pheno-
type are strongly suspect, a careful search for
HbH inclusions should be made in all affected
individuals and repeated if necessary as they
may be very infrequent.

The hematology is often surprisingly nor-
mal considering the presence of a-thalassemia.
In many cases, neither the level of hemoglobin
nor the mean cell hemoglobin is as severely af-
fected as in the classical forms of a-thalassemia
associated with cis-acting mutations in the a-
globin complex, and this probably reflects the
different pathophysiology of the conditions.
In most cases of ATR-X, there is insufficient
HbH to be detected by electrophoresis and the

Genital abnormalities

Small/soft testes, cryptorchidism, gonadal dysgenesis, inguinal hernia, micropenis,

hypospadias, deficient prepuce, shawl scrotum, hypoplastic scrotum, ambiguous
genitalia, female external genitalia (male pseudo-hermaphroditism)

Skeletal abnormalities

Delayed bone age, tapering fingers, drumstick distal phalanges, brachydactyly,

clinodactyly, bifid thumb, fixed flexion deformities of joints, overriding toes,
vaus or valgus deformities of feet, scoliosis, kyphosis, hemivertebra, spina
bifida, coxa valga, chest wall deformity

Renal /urinary
abnormalities
stricture
Cardiac defects

Renal agenesis, hydonephrosis, small kidneys, vesico-ureteric reflux, pelvo-ureteric
junction obstruction, exstrophy of bladder, urethral diverticulum, urethral

Atrial septal defect, ventricular septal defect, patent ductus arteriosus, tetralogy of

Fallot, transposition of the great arteries, dextracardia with situs solitus, aortic
stenosis, pulmonary stenosis

Gut dysmotility

Discoordinated swallowing, eructation, gastro-esophageal reflux, vomiting, gastric

pseudo-volvulus, hiatus hernia, haematemesis, recurrent ileus/small bowel
obstruction, volvulus, intermittent diarrhoea, severe constipation, ultra short
segment Hirschsprung disease

Miscellaneous

Apneoic episodes, cold/blue extremities, blepharitis, conjunctivitis, entropion, cleft

palate, pneumonia, umbilical hernia, encephalitis, iris coloboma, optic atrophy,
blindness, sensorineural deafness, prolonged periods of screaming/laughing,

self-injury, asplenia
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number of HbH inclusions is quite variable
between different patients, although relatively
constant over time in any affected individual.

The ATR-X Syndrome Is an X-Linked
Condition

Evidence that the defect in globin synthesis lay
in trans to the globin cluster was provided by a
study of a family with four affected sibs in whom
the condition segregated independent of the a
globin cluster (Donnai et al. 1991).

Because affected individuals were always
related via the female line, this suggested that
the syndrome mapped to the X chromosome
and hence the condition was named the ATR-
X syndrome. Subsequently linkage analysis in
16 families mapped the disease interval to
Xql3.1-q21.1 confirming that the associated
a-thalassemia results from a trans-acting muta-
tion (Gibbons et al. 1992).

Early genetic studies showed that the ATR-X
syndrome behaves as an X-linked recessive dis-
order; boys are affected almost exclusively.
Furthermore, almost all female carriers have a
normal appearance and intellect, although ap-
proximately one in four carriers has subtle signs
of a-thalassemia with very rare cells containing
HbH inclusions (Gibbons et al. 1992). The ma-
jority of carriers have a highly skewed pattern of
X inactivation in leukocytes (derived from me-
soderm), hair roots (ectoderm), and buccal cells
(endoderm). In each case, the disease-bearing X
chromosome is preferentially inactivated. There
is evidence from a recently reported mouse mo-
del of ATR-X syndrome (Garrick et al. 2006) that
skewed X inactivation results from selection, at
key steps during development, against cells that
are deficient for ATRX (Muers et al. 2007).

Together, these findings showed that ATR-X
is an X-linked disease and when the gene is
mutated, among many other effects, this leads
to down-regulation of expression of the a glo-
bin genes on chromosome 16.

Identification of the ATR-X Disease Gene

The isolation of cDNA fragments mapping to
Xql3.1-q21.1 provided an opportunity to study

a-Thalassemia, ATR-16, ATR-X, ATMDS

candidate genes for ATR-X (Gecz et al. 1994). A
number of these cDNA fragments were hybrid-
ized to DNA from a group of affected individ-
uals. An absent hybridization signal was noted
in one patient when an 84 bp cDNA fragment
(E4) was used. E4 was shown to be part of a
gene known as XH2/XNP (Gibbons et al.
1995b). Subsequently, a 2-kb genomic deletion
was shown in this individual with ATR-X syn-
drome. Subsequently, analysis of a segment of
cDNA corresponding to XH2/XNP identified
disease-causing mutations in several individu-
als with the clinical and hematologic features of
ATR-X syndrome. The X-linked gene was thus
renamed as the ATRX gene.

Characterization of the ATRX Gene
and Its Protein Product

We now know that the ATRX gene spans about
300 kb of genomic DNA and contains 36 exons
(Picketts et al. 1996) although exon 7 may be
nonfunctional. It encodes at least two alterna-
tively spliced, 10.5-kb mRNA transcripts that
differ at their 5" ends and are predicted to give
rise to slightly different proteins of 265 and
280 kDa (Fig. 3). A further transcript of ~7 kb
represents an isoform, which retains intron 11
and truncates at this point. This gives rise to a
truncated protein isoform (ATRXt) which is
conserved between mouse and man (Garrick
et al. 2004).

Within the amino-terminal region lies a
complex cysteine-rich segment (called the
ADD domain; Fig. 3). This comprises a PHD-
like zinc finger and an additional C,C, motif
just upstream, which is structurally similar to
the GATA1 zinc fingers (Gibbons et al. 1997;
Argentaro et al. 2007) and is highly related to
the zinc finger domains of DNA methyltransfer-
ases (Argentaro et al. 2007). The domain medi-
ates binding to the amino-terminal tail of his-
tone H3 trimethylated at lysine 9 (Dhayalan
et al. 2011; Eustermann et al. 2011; Iwase et al.
2011). The functional importance of the ADD
segment in ATRX is clear. It is highly conserved
throughout evolution and it contains over 50%
of all mutations found in patients with ATR-X
syndrome (Fig. 3 and see below).
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Figure 3. Schematic diagram of the ATRX gene: boxes represent the 35 exons (excluding the alternatively spliced
exon 7); thin horizontal lines represent introns (not to scale). The 3" and 5" untranslated regions (utr) are shown
flanking the open reading frame. The two protein products ATRX and ATRXt are shown as rectangles. The
principal domains, the zinc finger motif (ADD), and the highly conserved helicase motif are indicated. In the
lower part of the figure is a graphical representation of the amino acid similarity between human and mouse
ATRX proteins. In the upper part of the figure is illustrated the spectrum of ATRX mutations described in boys
with ATR-X syndrome (above the gene) and in ATMDS (below the gene). The positions of the mutations are
shown by circles: filled circles represent mutations (nonsense or leading to a frameshift) that would cause protein
truncation; open circles represent missense mutations and small deletions that maintain the reading frame;
deletions are indicated by horizontal lines. Recurrent mutations are illustrated by larger circles, and the number
of independent families is indicated. (From Gibbons et al. 2008; adapted, with permission, from the author.)

The central and carboxy-terminal regions of ~ disease gene associated with the occurrence of -
ATRX show the greatest conservation between  thalassemiain myelodysplasia (seelater section).
murine and human sequences (94%) (Fig. 3) To date, 113 different constitutional muta-
(Picketts et al. 1998). The central portion of  tions have been documented in 182 indepen-
the molecule contains motifs that identify = dent families with ATR-X syndrome (reviewed
ATRX as a member of the SNF2 group of pro-  in Gibbons et al. 2008). Missense mutations are
teins. A central property of this group of pro- clustered in two regions: the ADD domain, and
teins is to remodel chromatin during processes  the helicase domain. Analysis of the mutations
such as DNA replication, transcription, mitosis, ~ and their resulting phenotypes allows impor-
and DNA repair. tant conclusions to be drawn. It appears that
none of the mutations lead to a true null but
rather are hypomorphs.

ATR-X syndrome is frequently caused by
missense mutations (Fig. 3) and the levels of
In addition to ATR-X syndrome, mutations in ~ ATRX protein were shown to be substantially re-
the ATRX gene have now been found in many  duced in patients with such mutations involv-
other forms of syndromal X-linked MR (re- ing the ADD domain (McDowell et al. 1999;
viewed in Gibbons et al. 2008) and it is also the Cardoso et al. 2000). The structure of the

Mutations of the ATRX Gene and Their
Associated Phenotype
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ADD domain casts light on how mutations
mightaffect protein foldingand stability (Argen-
taro et al. 2007). Most mutations affect zinc-
binding cysteine residues or residues in the
tightly packed hydrophobic core thus reduc-
ing its stability. Of greater interest, there is a
small cluster of surface mutations (e.g., R246,
(G249D), which are associated with higher levels
of stable protein. These mutations may interfere
with protein function, possibly by disrupting an
important protein/protein interaction.

Most missense mutations affecting the heli-
case domain lead to protein instability although
one interesting mutation, L1746S, appears to
decouple the ATPase activity from productive
work (Mitson et al. 2011).

Variability in the Severity of a-Thalassemia

There is considerable variability in the degree to
which a-globin synthesis is affected in ATR-X
syndrome, as judged by the frequency of cells
with HbH inclusions. Up to 15% of patients do
not have HbH inclusions (Fig. 4) (Villard et al.
1996a,b,c). It is interesting that patients with
identical mutations may have very different, al-
beit stable, degrees of a-thalassemia, suggesting
that the effect of the ATRX protein on a-globin
expression may be modified by other genetic
factors (Fig. 4). This is most clearly illustrated
by comparing the hematology of cases with
identical mutations. Comparison of the 41 cases
from 34 pedigrees with the common 736C > T;
R246C mutation shows a wide range in the fre-
quency of cells with HbH inclusions (0%—
14%). Recent studies into the basis of this var-
iability have led to an important insight into the
function of ATRX. Chromatin immunoprecip-
itation (ChIP) has indicated the ATRX binds to
a G-rich tandem repeat (y{ VNTR) adjacent to
the a-globin cluster (Fig. 5A,B) (Law et al.
2010). The length of the repeat is variable and
in individuals with ATR-X syndrome, the se-
verity of the thalassemia (as measured by the
frequency of cells with HbH inclusions) was
related to the size of the repeat: the longer the
repeat, the more down-regulated were the genes
of the a-globin cluster (Fig. 5C). Furthermore,
the closer the gene to the ${ VNTR, the more

a-Thalassemia, ATR-16, ATR-X, ATMDS

down-regulated was the expression so that
HBM was the most affected gene in the cluster
(Fig. 5D). It appeared that normally ATRX in
some way was preventing the G-rich tandem
repeat from perturbing local gene expression.

What Is the Normal Functional Role of ATRX?

In the adult, ATRX mRNA is widely expressed
early in development, and continues to be wide-
ly expressed throughout development with par-
ticularly high expression in the brain, heart, and
skeletal muscle (Stayton et al. 1994). Both iso-
forms, ATRX (280 kDa) and ATRXt (200 kDa)
are readily detected on Western blots (McDow-
ell et al. 1999; Garrick et al. 2004). Immunocy-
tochemical analysis and indirect immunolocal-
ization show that both isoforms are nuclear
proteins that predominantly associate with het-
erochromatin (in interphase and metaphase)
(McDowell et al. 1999; Garrick et al. 2004). A
significant proportion of ATRX (but not
ATRXt) is also found in nuclear speckles (called
promyelocytic leukemia [PML] bodies) in hu-
man cells (Xue et al. 2003). One additional,
striking finding in human metaphase prepara-
tions is that ATRX antibodies localize to the
short arms of acrocentric chromosomes associ-
ated with the rDNA arrays (Gibbons et al. 2000).
Genome-wide ChIP indicates that ATRX is
most commonly associated with tandem repeats
(G-rich rDNA, telomeres and interstitial tan-
dem repeats, as well as A-T rich pericenric het-
erochromatin) and to a lesser extent CpG is-
lands. Some G-rich repetitive sequences can
take up non-B form DNA structures such as
G-quadruplex structures in vitro and many
ATRX targets are predicted to do so (Law et al.
2010). Furthermore, in a competition assay, re-
combinant ATRX protein binds to a G4 struc-
ture in preference to the unfolded DNA form. It
is possible that ATRX plays a role to recognize
and resolve non-B forms of DNA.

ATRX plays an important role in the incor-
poration of the histone variant H3.3 into telo-
meric and pericentromeric DNA (Goldberg
et al. 2010; Wong et al. 2010). It does so with
its partner protein Daxx, which directly binds
H3.3 and acts as a histone chaperone (Drane
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Figure 4. Percentage of cells with HbH inclusions in individuals with ATR-X syndrome or ATMDS.

et al. 2010; Goldberg et al. 2010); ATRX both
directs where this occurs and facilitates the in-
corporation of H3.3 into chromatin. Tandem
repetitive DNA is predicted to be an inherently
unfriendly substrate for nucleosomes leading
to rapid turnover (Kaplan et al. 2009). Unlike
the canonical histones, H3.3 can be incorporat-
ed into chromatin in a replication-independent
manner so is available for re-establishing the
nucleosomal organization of tandem repetitive
sequences (Ahmad and Henikoff 2002). An
attractive, but as yet unproven, model is that
ATRX acts at tandem repeats to prevent them
taking up unusual structures by restablishing
nucleosomal organization through the inser-
tion of histone H3.3.

a-THALASSEMIA-MYELODYSPLASIA
(ATMDS)

Occasionally, patients who previously showed
normal erythropoiesis will develop an acquired
form of a-thalassemia, which most commonly
arises within the context of hematologic malig-
nancy (Steensma et al. 2005). The first cases of
this “acquired hemoglobin H (HbH) disease”
were described in 1960 (White et al. 1960).
Over the past half century, it has become clear
that all cases of acquired a-thalassemia arise in

the context of an underlying clonal disorder of
hematopoiesis, most commonly a form of the
myelodysplastic syndromes (MDS). Therefore,
this condition is now commonly referred to as
a-thalassemia-myelodysplasia (ATMDS, OMIM:
300448). In its most characteristic manifesta-
tion there is a severe form of HbH disease, char-
acterized by striking hypochromic microcytic
anemia, numerous HbH inclusions detectable
by supravital staining of peripheral blood (Fig.
4), and measurable amounts of HbH in the he-
molysate (1%—-70%).

Other than the disease-defining red cell
changes, there are no clinical features that clearly
distinguish ATMDS from MDS more generally,
although there may be a greater male predomi-
nance than is observed in chronic myeloid dis-
orders overall (the male:female ratio in ATMDS
is >5:1 whereas in MDS in general it is about
1.5:1) (Haas et al. 2009). The reason for this
dramatic sex imbalance in ATMDS is unclear.
Patients with ATMDS are diagnosed at similar
ages to patients with chronic myeloid disorders
who lack thalassemia (median age, 68 years),
have similar marrow findings and karyotypic
results, have a median survival typical for
MDS overall (2—3 years), and die of the same
complications—primarily death from infection
and, in about 25% of cases, of complications of
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progression to acute myeloid leukemia (AML)
(Steensma et al. 2005). When ATMDS progress-
esto AML, and the ability of hematopoietic cells
to differentiate is further impaired, some pa-
tients still continue to have detectable HbH,
whereas in other cases the HbH inclusions dis-
appear entirely.

The reticulocyte o /B-globin chain synthesis
ratio (and a- to B-globin mRNA ratio) is severe-
ly reduced and in the most severely affected in-
dividuals, a-chain synthesis is almost complete-
ly abolished.

Patients with ATMDS are always anemic at
presentation (mean hemoglobin 8.5 g/dL), with
areduced RBC count (mean 4.3 X 1012/L) and
markedly hypochromic with microcytic red cell
indices (average MCH 22 pg and MCV 75 fL)
(Steensma et al. 2005). These abnormalities are
even more striking when compared with pa-
tients with MDS without thalassemia, who at
presentation tend to have slightly higher than
normal MCH and MCV values (average MCH
31 pg and MCV 97 fL).

ATRX Mutations in ATMDS

It is now clear that most patients with ATMDS
have an acquired, somatic point mutation or
an mRNA intron-exon splicing abnormality
involving ATRX (Fig. 3). In one exception, the
telomeric end of chromosome 16p, includ-
ing the a-globin cluster, was deleted in a clonal-
ly restricted fashion as part of a complex MDS-
associated karyotype with numerous large
chromosomal rearrangements (Steensma et al.
2004b).

In general, patients with ATMDS have a
more severe form of a-thalassemia than boys
with inherited ATR-X syndrome. More than
30% of described ATMDS patients have had
>50% of circulating erythrocytes containing
HbH inclusions, whereas 90% of boys with
ATR-X syndrome have less than 10% HbH-con-
taining cells (Fig. 4) (Gibbons and Higgs 2000;
Higgs 2004). This is not explained by the un-
derlying ATRX mutation; even when an identi-
cal or similar ATRX mutation is detected in the
germline in ATR-X syndrome and as a somatic
change in the hematopoietic cells in ATMDS,

the thalassemic phenotype is consistently more
extensive in ATMDS than in ATR-X. For in-
stance, a boy with germline ¢.576G > S,
p-L192F ATRX mutation had 0.1% HbH, where-
as a man with ATMDS who had the identical
mutation as an acquired phenomenon had
50% HbH. The reason for this striking differ-
ence is unclear, and is suspected to be depen-
dent on the cellular context, perhaps pointing
to an interaction between ATRX mutations and
a disturbed genetic or epigenetic background
in MDS cells that is due to other mutations
not present in boys with inherited ATR-X syn-
drome.

Role of ATRX Mutation in ATMDS
and Other Neoplasms

It is debatable whether the ATRX mutations are
driver or passenger changes. The loss of detect-
able HbH and loss of the ATRX mutation with
time in an individual with ATMDS suggested
the latter (Steensma et al. 2004a). The recent
identification in a variety of cancers of frequent
mutations in ATRX, its partner protein Daxx, or
the histone variant H3.3 that ATRX/Daxx de-
posit into chromatin has reignited the issue
(Heaphy et al. 2011; Jiao et al. 2011; Schwart-
zentruber et al. 2012). What links the affected
cancers is that they appear to show a telome-
rase independent mechanism for maintain-
ing their telomeres—alternative lengthening of
telomeres—involving an aberrant from of ho-
mologous recombination. It is of course of con-
siderable interest to determine whether ATMDS
shares this characteristic and how the absence of
ATRX is associated with this phenomenon.

CONCLUDING REMARKS

Both ATR-X syndrome and ATMDS have re-
vealed the pivotal role of chromatin remodel-
ing in the expression of the a-globin genes. This
emphasizes the value of studying orphan diseas-
es to reveal previously unknown biology. Fur-
thermore, this pathway may provide a therapeu-
tic target for manipulating a-globin expression
with a view to reducing the toxic effects of the
excess a-globin chains seen in (3 thalassemia.
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