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Abstract

A female patient is described with clinical symptoms of both microphthalmia with linear skin
defects (MLS or MIDAS) and dental enamel defects, having an appearance compatible with X-
linked amelogenesis imperfecta (XAl). Genomic DNA was purified from the patient's blood and
semiquantitative multiplex PCR revealed a deletion encompassing the amelogenin gene (AMELX).
Because MLS is also localized to Xp22, genomic DNA was subjected to array comparative
genomic hybridization, and a large heterozygous deletion was identified. Histopathology of one
primary and one permanent molar tooth showed abnormalities in the dental enamel layer, and a
third tooth had unusually high microhardness measurements, possibly due to its ultrastructural
anomalies as seen by scanning electron microscopy. This is the first report of a patient with both
of these rare conditions, and the first description of the phenotype resulting from a deletion
encompassing the entire AMELX gene. More than 50 additional genes were monosomic in this
patient.
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Introduction

The microphthalmia with linear skin defects syndrome (MLS; OMIM309801) is a rare and
sporadic X-linked condition that is usually lethal in males. Females with this clinically
complex condition are characterized by irregular linear areas of erythematous skin
hypoplasia on the head and neck, microphthalmia, corneal opacities and orbital cysts
[Temple et al., 1990], but can have additional symptoms affecting brain and heart [Morleo et
al., 2005]. The variability in severity between affected females has been proposed to be due
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to the pattern of X-inactivation in this region of the X chromosome, the extent of the region
of monosomy and the nature of the chromosomal anomaly [Van den Veyver, 2002;
Kayserili et al., 2001]. The condition has also been referred to as Gazali-Temple syndrome
[Al-Gazali et al., 1990], or as MIDAS (microphthalmia, dermal aplasia and sclerocornea)
[Happle et al., 1993].

A minimal critical region for MLS of 610 kb at Xp22.2 was identified by cytogenetic and
breakpoint analyses of affected and unaffected individuals [Wapenaar et al., 1994]. Most
MLS patients have segmental monosomy in this region, which includes genes MID1, HCCS
and the 3' region of ARHGAPG [Schaefer et al., 1996; 1997]. Recently, MLS patients with
normal karyotype but short deletions or point mutations in the HCCS gene, which encodes a
mitochondrial protein involved in oxidative phosphorylation and apoptotic cell death, have
been reported [Wimplinger et al., 2006]. Mutations in HCCS explain both male lethality and
the clinical presentation in females because of the role of the HCCS protein in housekeeping
functions.

ARHGAPG includes AMELX entirely located within intron 1 in the opposite orientation
[Prakash et al., 2000]. Mutations within AMELX lead to a group of dental enamel defects
referred to as X-linked amelogenesis imperfecta (XAl; MIM300391) in which patients have
either hypoplastic enamel or enamel with various mineral defects, or both [Wright, 2006].

An 18-year-old female patient is described who presented with eye and skin defects,
characteristic of MLS syndrome, and vertical bands of normal and deeply pitted enamel,
characteristic of XAl. In addition, she had short stature, skeletal deformities, delayed bone
age and polycystic ovary syndrome, findings that were seen in patients with deletions of the
Short Stature Homeobox (SHOX) [Rao et al., 1997], as well as learning impairment and
autistic tendencies, findings that were seen in a patient with deletion of VCX3A (also called
VCX-A) and NLGN4X [Chocholska et al., 2006]. Both parents and her older sister appeared
to be clinically normal. Because the patient's clinical appearance was hypothesized to be due
to a deletion of contiguous genes, a DNA analysis was undertaken including the Xp22
region of her X chromosome, and three teeth extracted because of pain were evaluated for
histological or structural defects.

Materials and Methods

Clinical and histopathological examination of teeth

This study was approved by the Royal Liverpool and Broadgreen Hospitals NHS Trust and
Huntingdon Research Ethics Committee, and informed consent was obtained. For dental
histopathology, one extracted permanent molar and one primary molar were bisected with
one half used for decalcified sections and the other half for ground sections.

Enamel mineral microdensity, microhardness and ultrastructure

A primary molar from the patient was embedded in methyl methacrylate. Mesio-distal
sections were polished to a thickness of approximately 100 um, etched for 15 sec with 35%
phosphoric acid and washed in distilled water. Mineral density across the full thickness of
enamel at 6 equi-distant sites was determined by quantitative transverse microradiography
(TMR) based upon a modification of the technique routinely used to quantify mineral loss in
dental decay [Angmar et al., 1963; DeJosselin De Jong et al., 1987]. The microradiographs
were analyzed using customized TMRW software (version 20.0.27.16, 2000; Inspektor
Research Systems, Amsterdam, The Netherlands). Microhardness analysis of the enamel
was by conventional testing [Koulourides et al., 1961] determined from 500 pum sections
using a Struers Duramin testing rig (Struers Ltd., Solihull, West Midlands, UK) equipped
with a Knoop diamond tip. A load of 100 g was applied at 6 different sites for 15 sec and the
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analysis carried out using Duramin™ 5 software. All measurements were compared to an
age-matched unaffected control tooth of the same type. For ultrastructural analysis, one of
the sections was mounted on an aluminum stub and sputter coated with gold before imaging
in a JEOL 35 scanning electron microscope fitted with the Deben “Genie” upgrade (Deben
Engineering, Debenham, UK).

Primer design and multiplex PCR

To investigate the hypothesis that the patient has an X-chromosomal deletion, primers for
PCR amplification (Table SI) were designed using the human genome reference sequence
(University of California Santa Cruz [UCSC] version HG 18; National Center for
Biotechnology Information [NCBI] Build 36) and MacVector or DS Gene software
(Accelrys, Burlington, MA). Genomic DNA was prepared from blood lymphocytes by
three-fold phenol/chloroform/isoamyl alcohol extraction, followed by precipitation with
ethanol. Semi-quantitative multiplex PCR was performed with the patient's DNA using the
Multiplex PCR Kit (Qiagen, Valencia, CA) as described [Woodward et al., 2005]. Two
primer pairs for regions flanking AMELX were multiplexed with primer pairs for two
regions of PLP1 on Xq, a region of DMD on Xp, a region of CFTR on chromosome 7, and a
region of SRY on chromosome Y. One member of each primer pair was labeled with TET.

Detection and quantitation of products were done using capillary electrophoresis on an ABI
Prism 310 Genetic Analyzer with Genescan software (Applied Biosystems, Foster City,
CA). Three normal female control DNA samples were included in each experiment along
with patient DNA. Average results of the normal control DNA samples were used to
calculate normalized ratios. If a region in or near AMELX was deleted on one allele in the
female patient, the expected normalized ratios of the region to the DMD control, to the PLP1
control and to the autosomal CFTR control were 0.5. If the region was not deleted, the
expected ratios were 1. No amplification was expected with the primers for the SRY gene
since all DNA samples were from females.

Array comparative genomic hybridization

High resolution fine-tiling array comparative genomic hybridization (aCGH) using the
HG18 CHRX FT array with median probe spacing of 340 bp (aCGH service, NimbleGen
Systems, Inc., Madison, WI) was used for identification of the extent of the deletion. Patient
and normal female DNAs were differentially labeled, mixed and hybridized to the array
chip. Two-color array data signal intensities were normalized to one another using gspline
normalization and expressed as log, ratio [Workman et al., 2002]. DNA segmentation
analysis for copy number was performed using CGH-segMNT analysis (NimbleGen). Genes
in the deleted region were identified using the human genome reference sequence hg18,
Build 36, release 49 (Ensembl) [Hubbard et al., 2007].

X-inactivation analysis

The X-inactivation pattern was evaluated by examining the methylation pattern at the AR
(androgen receptor) locus [Allen et al., 1992]. DNA aliquots of 250 ng were incubated in a
total volume of 12.5 ul with no enzyme, Ddel only, Hpall only, or Ddel and Hpall for 18 h
at 37 °C (New England Biolabs) using the manufacturer's instructions. Digestion with Ddel
can prevent falsely skewed X-inactivation patterns by allowing equal amplification of
methylated and unmethylated DNA [van Dijk et al., 2002]. Subsequently, regions of the AR
and JARID1C (formerly SMCX) loci were amplified by PCR in separate 25 ul reactions with
2.5 ul of the digested DNA by adding Taq Buffer (5x Taq Buffer is 83 mM Tris-HCI [pH
8.8], 850 mg/mL BSA, 83 mM (NH,4)2S04, 33.5 mM MgCl,, 34 mM EDTA, and 50mM B-
mercaptoethanol), 5% dimethyl sulfoxide, 12.5 pmol of each primer, 1.5 mM dNTPs, and
0.625 U AmpliTaq (Applied Biosystems). The JARID1C locus, which escapes X-
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inactivtion, was used as a control for complete digestion by Hpall. The conditions were as
follows: melting at 94 °C for 5 min; 25 cycles at 94 °C for 30 s, 55 °C for 30 s, and 65 °C
for 1 min; and a final extension at 65 °C for 6 min. Primers were AR F: 5'-
CCCCAGGCACCCAGAGGC and AR R-TET: GAGAACCATCCTCACCCTGC, SMCX
F: 5-ACCCATACCAGCCTATTTAGC and SMCX R-TET: 5'-
GCCTTCGCCACCACAGTTAC. PCR products were analyzed and quantification was
performed using an ABI 310 (Genetic Analyzer with Genotyper software (Applied
Biosystems).

PCR products obtained before Hpall digestion were from both the active and inactive X
chromosomes and those obtained after Hpall digestion were from the inactive X
chromosomes only.

DNA sequence analysis

Results

Genomic DNA was subjected to PCR amplification and sequence analysis either directly or
after cloning into the TA vector pCR4-TOPO (Invitrogen, Carlsbad, CA) using primers that
are specific for coding exons as described previously [Collier et al., 1997].

Clinical characterization

The patient was a 20-year-old female, born after a normal pregnancy at 41 weeks, and
weighing 2636 g. At birth, no limb abnormalities were noted, but she had microphthalmia of
the right eye and corneal opacity of the left. There were ‘weeping raw’ skin areas on her
face and neck.

By 3 years of age, delays in her development were noted and her height was below the 3™
centile. Her right eye had a perforated cornea and the prolapsed iris was enucleated, but her
left eye was noted to have only a small corneal opacity, a clear lens and normal intraocular
pressure. The skin lesions were described as eczematous in appearance.

At 12 years of age, her medical reports note short stature with height below the 39 centile, a
bone age of 1.7 years lower than her chronological age, learning difficulties and autistic
tendencies.

By 14 years of age, she still had short stature, which had not responded to growth hormone,
and she was diagnosed with thoracic scoliosis. Although she still had learning difficulties,
improvements in comprehension and speech were noted. Following laser treatment of the
skin, the lesions had improved but residual scarring of the face and neck was present (Fig.
1A). Menarche, pubic hair and breast stage development were all within normal limits. She
had polycystic ovary syndrome, with hirsutism, irregular periods, a reverse FSH/LH and
high testosterone level.

At 20 years, she is 142 cm tall. The scoliosis is stable and no surgery is planned. The vision
in her left eye is stable, and she has no hearing problems. Her learning difficulty is moderate
and her autistic tendencies, e.g. obsessive behaviors, routines, lack of empathy, continue.
The symptoms of polycystic ovary syndrome are controlled by medication.

At the first dental examination by AHB at 12 years of age, the permanent upper left lateral
incisor was absent and the permanent upper right lateral incisor was microdont. Generalized
enamel defects, which were predominantly hypoplasia with a vertical presentation, were
present, but there were also several opacities (Fig. 1B). A striking finding was the
asymmetry of the hypoplastic defects between the left and right sides, as shown for example
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between the lower canine teeth (Fig. 1B). Non-carious enamel breakdown was apparent on
three of the permanent molars on the right side. Radiographs showed areas of enamel with
normal thickness and radiodensity while other areas of enamel were deficient. The molar
teeth were taurodont.

Measurements of physical properties of the enamel layer and ultrastructural appearance

Quantitative transverse microradiography was used to determine mineral density for both
enamel and dentine; both were within the normal range for primary teeth (Table I). Dentine
microhardness was also within the normal range, but the enamel was 91% harder than that
of similar control teeth (Table I). Only one tooth was available for these analyses but the
results are included here as the findings regarding microhardness were startlingly different
than the expected norm. Scanning electron microscopy revealed areas of pitting (Fig. 2A)
and disturbed enamel architecture (Fig. 2B) interrupted by areas of what appeared to be
normal prismatic structure (Fig. 2C). A normal control is shown (Fig. 2D) for comparison.

Identification of the deletion

Semi-quantitative multiplex PCR experiments using primers listed in Table Sl revealed that
the ratio of amplification from each of the AMELX primer pairs to each of the other primer
pairs was half that seen with the average of three normal control females (Table I1),
indicating that the patient had a deletion on one X chromosome extending at least from
bases 11221896 to 11229693. This includes the 5’ end of AMELX to exon 7, and a region of
intron 1 of ARHGAPG (Fig. 3A).

Genomic DNA analysis by aCHG (NimbleGen) confirmed that the patient has an X-
chromosome terminal deletion extending from Xpter to Xp22.2 approximately at base
12,024,000 (Fig. 3A). Deleted genes and associated diseases are listed in Table SlI,
including genes responsible for Kallman Syndrome and Opitz G/BBB as well as genes
linked to autism, mental retardation and chondrodysplasia. No changes within coding
regions of the AMELX gene on the remaining X chromosome were detected by DNA
sequence analysis.

X-chromosome inactivation studies

We examined the X-inactivation status in the peripheral blood cells of the patient by
examining methylation at the AR locus. X-chromosome inactivation (XCI) was skewed in
the patient at a ratio of 15% to 85% (Fig. 3B). The direction of skewing was not determined.

Discussion

Understanding the underlying cause of MLS has presented a challenge as affected patients
have rare sporadic mutations, and affected individuals from a large kindred are not available
for confirmation by linkage analysis. Difficulties in distinguishing MLS from Aicardi and
Goltz syndromes were earlier thought to be due to variable patterns of X-inactivation in
females, but several clinical differences prompted the suggestion that these syndromes have
different genetic causes [Lindsay et al., 1994; Van den Veyver, 2002]. At this time, it is
known that focal dermal dysplasia or Goltz syndrome is caused by PORCN mutations
[Wang et al., 2007], but gene defects responsible for Aicardi syndrome have not yet been
established.

MLS was localized to a minimal critical region on Xp22, and candidate genes have included
MID1, ARHGAP6 and HCCS [Van den Veyver, 2002]. MID1 mutations are now associated
with Opitz G/BBB syndrome [Quaderi et al., 1997]. The conserved murine Arhgap6 gene

encodes a Rho GTPase activating protein, which has GAP activity for RhoA [Prakash et al.,
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2000]. Mice with a large engineered deletion in the minimal critical region including these
genes were able to survive when they expressed a human HCCS transgene, thereby linking
HCCS to the cause of male lethality in MLS [Prakash et al., 2002]. HCCS encodes a
mitochondrial holocytochrome c-type synthetase, and catalyzes a reaction leading to mature
cytochrome c in the mitochondrial respiratory chain [Schaefer et al., 1996]. The HCCS
protein is also implicated in regulation of decisions between apoptosis and necrosis [Prakash
et al., 2002]. HCCS mutations have been identified in several patients with MLS and in
patients with severe eye defects [Wimplinger et al., 2006; 2007], and it is now assumed that
defects in oxidative phosphorylation and apoptosis plus skewed X-inactivation contribute to
the observed MLS phenotypic heterogeneity.

The AMELX gene, located within an intron of ARHGAPG, encodes amelogenin proteins,
which represent 90% of the enamel organic matrix [Termine et al., 1980]. Deletions or point
mutations within AMELX lead to varied dental enamel defects, known collectively as X-
linked amelogenesis imperfecta or XAl [Wright et al., 2003]. Random X-inactivation is
thought to lead to the vertical ridges in incisor teeth of female XAl patients [Sauk et al.,
1972; Collier et al., 1997], where adjacent groups of ameloblast cells would produce enamel
in which either the normal or the mutated AMELX gene is active. The abnormal enamel in
these patients may be defective in thickness and/or in mineralization and may retain excess
organic material.

In the only other report of a large deletion in the AMELX gene causing XAl, a 5 kb deletion
involving five of the seven exons resulted in a phenotype of hypomineralized (softer than
normal) enamel in males, while females had vertically arranged ridges of normal and
abnormal appearing enamel [Lagerstrom et al., 1991; Lagerstrom-Fermer et al., 1993]. The
female patient reported here also had vertical ridges but with either normal enamel or
enamel reduced in thickness, so that the affected enamel was principally hypoplastic (Figs. 1
and 2) with some hypomature areas seen as opacities. Female mice generated to have a
heterozygous Amelx deletion also develop abnormal vertical ridges in their enamel [Gibson
et al., 2005].

In the current study, the primary molar tooth subjected to microhardness testing had areas of
deep pitting in the enamel, increased microhardness, and regions of abnormal architecture.
The increase in enamel microhardness was remarkable given that mature enamel is the most
highly mineralized and hardest of all of the skeletal tissues. However, increased mineral
hardness has also been measured in transgenic mice when the ameloblasts over-expressed
certain dentin matrix proteins [White et al., 2007]. The mechanical properties of enamel are
related to both its high degree of mineralization and its characteristic structure. It is possible
that the increased hardness seen in this tooth was therefore related to its highly abnormal
structural organization. Normal prismatic structure was also observed in certain regions of
the enamel, presumably related to the macroscopic observations reported above, where
bands of “normal” enamel are seen and the “normal” AMELX gene is expressed. Apoptosis
of 25-50% of the enamel producing ameloblasts normally occurs during development in rat
teeth [Smith and Warshawsky, 1977], and therefore a defect in the apoptotic pathway due to
an HCCS mutation could be a contributing factor to an enamel defect in this patient. The
loss of other genes in the deleted region of the X chromosome may also contribute to
alterations in enamel structure or to changes in normal gene expression in enamel-forming
cells.

Although several syndromes are known to affect both eyes and teeth, this is the first report
of a patient with both MLS and Al, and other symptoms associated with deletions of this
region in females, including short stature and autistic tendencies. Our patient has a skewed
X-inactivation pattern in peripheral blood, as has been reported for other females with X-
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linked diseases caused by genomic copy number changes [Wells et al., 1991; Woodward et
al., 2000; [Megarbane et al., 2002]. Presumably, this is secondary skewing that occurred in
many tissues of the patient due to death of cells in which the normal X chromosome was
inactivated and it is probably a skewed pattern that allows the patient to survive when
deletion of so many genes would be lethal in a male. Our patient has linear defects of the
skin and teeth. Although not formally tested, it has been hypothesized that the linear defects
could be due to a mosaic pattern of XClI early in tissue development, with regions skewed
toward the normal X alternating with regions skewed toward the abnormal X [Morleo and
Franco, 2008]. Further, ameloblasts die after tooth formation, but in skin, the “sick” cells in
which the normal X chromosome is inactivated may die and be replaced by cells in which
the abnormal X is inactivated over time [Morleo, 2008]. Indeed, the skin lesions of MLS
patients are replaced by hyper-pigmented areas as they age.

In many MLS cases, the length of the X-chromosomal deletion does not correlate with
severity of clinical phenotype [see review Morleo and Franco, 2008]. Skewed XCI has been
reported in most MLS cases studied, generally done by analysis of patient blood cells. It is
likely that XCI will prove to vary between tissues in these patients, providing a mechanism
to explain heterogeneity of skin and eye defects. Phenotypic heterogeneity between teeth in
a single dentition or between affected members of a kindred with XAl has been repeatedly
observed, and is also expected to be due to variations in patterns of XCI. Management of
both MLS and Al involves treatment of the symptoms [Seow and Amaratunge, 1998], which
for MLS can change significantly over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Clinical appearance of patient. A. Lateral view of face and neck showing erythematous skin
lesions and scarring. B. Anterior view of permanent dentition, showing vertical bands of
normal and abnormal enamel which vary between different teeth.
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Fig. 2.
Scanning electron micrographs. A,B. Sections taken from an affected primary tooth revealed

areas with deep pitting (A) and disturbed enamel architecture with loss of typical prismatic
structure (B). C. Other areas within the same section revealed more normal prismatic
appearance. D. These more normal areas in (C) were comparable to that seen in the same
anatomical areas of matched control teeth.
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Fig. 3.

Molecular analyses of the patient's DNA. A. Semi-quantitative multiplex PCR using the
AMELX primers indicated by horizontal arrows and aCGH revealed that the patient has a
heterozygous deletion from Xpter to Xp22.2 and totaling 12 Mb. More than 50 genes were
deleted in the patient (SI1). Only those mentioned in the text are shown. B. Restriction
enzyme digestion with the Hpall enzyme that is sensitive to methylation revealed skewed X-
inactivation in the patient's peripheral blood lymphocytes.
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Measurements of enamel and dentine mineral density and microhardness

Affected Tooth: Enamel

Control Tooth: Enamel

Affected Tooth: Dentine

Control Tooth: Dentine

Mineral Density (Vol %)

86.0+7.6

83.0+1.0

433+51

347+31

Microhardness (kH)

607.2 £ 28.7

317.4+152

177.3+17.3

207.9 £10.3

Measurements for an affected compared to a matched control tooth. Measurements were made at 6 different locations across sections of both tooth

types, showing means and SDs.
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