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Abstract
X-chromosome inactivation is an epigenetic process used to regulate gene dosage in mammalian
females by silencing genes on one X-chromosome. While the pattern of X-chromosome
inactivation is typically random in normal females, abnormalities of the X-chromosome may result
in skewing due to disadvantaged cell growth. We describe a female patient with an X;1
translocation [46,X,t(X;1)(q28;q21)] and unusual pattern of X-chromosome inactivation who
demonstrates functional disomy of the Xq28 region distal to the translocation breakpoint. There
was complete skewing of X-chromosome inactivation in the patient, along with the atypical
findings of an active normal X chromosome and an inactive derivative X. Characterization of the
translocation revealed that the patient’s Xq28 breakpoint interrupts the DKC1 gene. Molecular
analysis of the breakpoint region revealed functional disomy of Xq28 genes distal to DKC1. We
propose that atypical X-chromosome inactivation occurred in the patient due to a post-inactivation
cell selection mechanism likely initiated by disruption of DKC1. As a result, the pattern of X-
chromosome inactivation is opposite that of the expected for an X;autosome translocation.
Therefore, we suggest the phenotypic abnormalities found in the patient are a result of functional
disomy in the Xq28 region.
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INTRODUCTION
X-chromosome inactivation (XCI) is a critical epigenetic process that regulates gene dosage
in mammalian females [Lyon, 1961]. Cytogenetic or molecular abnormalities on the X-
chromosome may influence XCI, resulting in a non-random or “skewed” pattern due to a
survival disadvantage of cells containing an imbalance in genetic material [Disteche et al.,
1979; Mattei et al., 1982]. Skewed XCI is a common finding in a balanced X;autosome
translocation, with the derivative X chromosome [der(X)] typically remaining active and the
normal X inactivated.

Correspondence to: Julie M Gastier-Foster, Nationwide Children’s Hospital, 700 Children’s Dr., C0837, Columbus, OH 43205,
Julie.Gastier-Foster@nationwidechildrens.org, 614-722-2866 (phone), 614-722-2887 (fax).

NIH Public Access
Author Manuscript
Am J Med Genet A. Author manuscript; available in PMC 2010 March 1.

Published in final edited form as:
Am J Med Genet A. 2009 March ; 149A(3): 408–414. doi:10.1002/ajmg.a.32699.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the case of a balanced X;autosome translocation, the potential consequences of atypical
XCI include monosomy of autosomal genes (due to the spread of XCI) and functional
disomy of chromosome X genes [Schmidt and Du Sart, 1992]. Digression from the expected
XCI pattern has been cited as the cause of phenotypic abnormality in a number of
X;autosome translocation patients [Wolff et al., 2000].

In this report, we describe a female patient with an X;1 translocation and an unusual pattern
of XCI. Interpretation of the patient's cytogenetic Xq28 breakpoint and examination of
phenotypic features initially led to a diagnosis of Otopalatodigital syndrome (OPD) type I,
known to be caused by mutations in the FLNA gene [Robertson et al., 2003]. Despite a
thorough genetic analysis, no FLNA defect was identified suggesting an alternate underlying
cause of the patient's phenotype. Based on successive analyses we propose that the patient's
abnormal phenotypic features arose due to atypical XCI and subsequent Xq28 functional
disomy.

MATERIALS AND METHODS
Subjects and Consent

Informed consent was obtained for the patient and her parents with IRB approval granted by
The Research Institute at Nationwide Children's Hospital.

Tissue Sources, Cell Lines, DNA and RNA Preparations
Peripheral blood lymphocytes (PBL) and buccal swabs were obtained from the patient and
parents. PBL were used to create immortalized lymphoblastoid cell lines (LCL) by Epstein-
Barr Virus (EBV) transformation using the Marmoset cell line GM07404E (Coriell,
Camden, NJ). Somatic cell hybrid (SCH) lines were established as previously described
[Cirullo et al., 1983]. Separate hybrid cell lines containing a normal X chromosome, a
der(X) chromosome, a normal chromosome 1, or a derivative chromosome 1 were isolated.

Molecular and Cytogenetic Breakpoint Mapping
Nick-translated biotin-labeled BAC clones from the RPCI-11 panel (Invitrogen, Carlsbad,
CA) were used to map the X-chromosome breakpoint region by fluorescence in-situ
hybridization (FISH). Information on mapping and sequence data was obtained from the
Ensembl Genome Browser (http://www.ensembl.org), the National Center for
Biotechnology Information, (http://www.ncbi.nlm.nih.gov), and the University of California
Santa Cruz (http://genome.ucsc.edu). Concurrent with the effort to map the breakpoint by
FISH, SCH lines were analyzed for the presence or absence of markers in Xq28 and 1q21 by
locus-specific PCR.

X-Inactivation Analysis
To determine XCI pattern, a CAG triplet repeat in the first exon of the androgen receptor
(AR) gene (Xq11.2-Xq12) was analyzed by methylation-specific PCR as described by
Kubota [1999]. Reaction products were electrophoresed on an AB 310 or 3130 Genetic
Analyzer and genotype determined using Genescan or Genemapper software (Applied
Biosystems, Foster City, CA).

Expression by RT-PCR
Reverse-transcription PCR (RT-PCR) was used to study the expression of genes near the
translocation breakpoints. Total RNA extracted from EBV-LCL and SCH lines (RNeasy
Mini Kit, Qiagen, Valencia, CA) was used for first strand cDNA synthesis (Superscript II
RT, Invitrogen, Carlsbad, CA).
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Sequencing
After PCR analysis to refine the breakpoint region to less than 1 kb, primer pairs were
designed to amplify across the breakpoint on each derivative chromosome and the resulting
products were analyzed by bi-directional sequencing. BLAST was used to determine the
origin of the sequence inserted into the derivative X breakpoint region [McGinnis and
Madden, 2004]. Transfac Matrix Database (v7.0), Biobase was used to screen for
transcription factor binding sites and sequence conservation was evaluated using the
Vertebrate Multiz Alignment & PhastCons Conservation (28 Species) track on the UCSC
Genome Bioinformatics website [Karolchik et al., 2003; Matys et al., 2003; Siepel et al.,
2005]. Big Dye version 1.1 dye terminator chemistry was used in all sequencing reactions
and the products were separated by capillary electrophoresis on an AB 3130 genetic
analyzer (Applied Biosystems, Foster City, CA).

Expression Array Analysis
Patient and parental RNA (isolated from PBL) was converted to cDNA for use in microarray
analysis (NuGEN Inc, San Carlos, CA). For each array, 2.2 µg of cDNA was hybridized to
Human 133 Plus 2.0 GeneChips (Affymetrix Inc., Santa Clara, CA). The probe set signals
were generated using the RMA algorithm in ArrayAssist 3.4 (Stratagene, La Jolla, CA) and
were used to determine differential gene expression by pair-wise comparisons.

RESULTS
Clinical Report

The patient was born to a 30-year-old, gravida 2, para 2 female. A cleft lip was detected on
prenatal ultrasound. Subsequent amniocentesis revealed an apparently balanced X;1
translocation [46,X,t(X;1)(q28;q21)dn] (Fig 1). On neonatal examination a unilateral cleft
lip, midline cleft palate, hypertelorism, a broad and flat nasal bridge, small low-set ears,
preauricular pits, proximally positioned thumbs, short distal phalanges, fifth digit
clinodactyly, camptodactyly, and a hemangioma over the sacrum were documented. A brain
MRI revealed an abnormal, hypoplastic corpus collosum.

The patient was followed on a regular basis by a clinical geneticist (AS). Despite receiving
growth hormone therapy for several years, the patient continued to be extremely small in
size with her height and weight proportionate (Fig 2). At the age of 8 years she was 115.5
cm tall (below the 3rd centile), weighed 22.1 kg (at the 3rd centile), and head circumference
measured 50.5 cm (10th centile).

Facial features at age 8 included persistent hypertelorism (with an inner canthal distance of
3.7 cm, >99th centile, and an outer canthal distance of 9.3 cm, >97th centile, as measured at
age 6) and a very broad, depressed nasal bridge with a prominent tip. Her cleft lip and palate
were repaired. She had small, cup-shaped auricles and hypermobile small joints. Her
extremities were symmetrical, with all digits tapering distally, ulnar deviation of both index
fingers, and 5th finger clinodactyly.

Radiological findings included a delayed bone age, bilateral coxa valga and a steep left
acetabular angle. An MRI of the brain revealed a very small corpus callosum, with almost
no splenuim or posterior elements; the myelination pattern was normal. She had some
developmental delay. At age 8 years, she was in 3rd grade in a special needs school and
doing well, however, she was still not toilet trained. Her speech had been improving. The
family history was negative for birth defects, mental retardation, or genetic disease.
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Breakpoint Characterization
Cytogenetic and molecular techniques were used to define the patient’s translocation
breakpoints. Multiple BAC clones in the Xq28 region were used to narrow the critical region
by FISH (See Supplemental Table I available online), and BAC RP11–115M6 was found to
span the Xq28 translocation breakpoint in the patient (Fig 3). Mapping of the SCH lines by
PCR identified the X-chromosome breakpoint to basepair 153,644,715 (Mar 2006, NCBI
Bld 36.1) within the first intron of the DKC1 gene on Xq28. The breakpoint at 1q21 was
located at basepair 153,386,489 (Mar 2006, NCBI Bld 36.1) within the 35 kb intergenic
span between the DPM3 and KRTCAP2 genes. Sequencing across the breakpoints of both
derivative chromosomes revealed a deletion of 16 bp of chromosome X involving bps
153,644,716 to 153,644,731 (Mar 2006, NCBI Bld 36.1) and 36 bp from chromosome 1
involving bps 153,386,474–153,386,509 (Mar 2006, NCBI Bld 36.1). In addition, a
duplicate copy of 93 bp from 153,384,859–153,384,951 (Mar 2006, NCBI Bld 36.1) of
chromosome 1 was inserted at the breakpoint on the derivative X (See Supplemental Figure
1 available online). None of these, nor the surrounding sequences were within highly
conserved regions, except the nearby DKC1 exons. The chromosome 1 breakpoint was
within a simple (TA)n repeat bounded by two SINE alu repeats, and the chromosome X
breakpoint region fell within a region of regulatory potential [King et al., 2005].

X-Chromosome Inactivation Status
X-chromosome inactivation analysis was performed on patient DNA from buccal cells,
PBL, EBV-LCL and SCH lines (Fig 4). The patient displayed a completely non-random XCI
pattern with near 100% skewing found in all sources (within a 5% limit of detection).
Analysis of SCH lines established that the patient’s normal X was active and maternally
inherited, while the der(X) was inactive and of paternal origin. Analysis of maternal PBL
DNA revealed a random pattern of XCI.

RT-PCR Results
The expression of critical genes near the breakpoint regions was determined by RT-PCR
(Table I). Examination of the SCH containing the normal X indicated it was the active X-
chromosome, as transcripts were detected for all X-chromosome genes studied. Analysis of
the SCH containing the der(X) revealed a pattern representative of an inactive X-
chromosome with a majority of genes not actively producing transcripts.

Gene expression distal to each breakpoint (1q21 and Xq28) was studied in the SCH lines
containing the derivative chromosomes to determine if partial monosomy or functional
disomy was occurring in these regions. The spread of XCI was not detected in RT-PCR
analysis of chromosome 1 genes, as genes distal to the 1q21 breakpoint were expressed in
the SCH with the isolated der(X). In Xq28, RT-PCR results suggest that genes distal to the
breakpoint were expressed from both the normal X-chromosome and from the translocated
Xq28 material on the der(1), indicative of functional disomy for this region. The expression
of DKC1 occurred solely from the normal active X-chromosome, apparently due to the
disruption of the gene on the der(X) by the translocation breakpoint.

Expression Array Interpretation
An Affymetrix microarray chip was used to assess genome-wide expression in our patient
compared to parental controls. Gene expression that was increased or decreased by two-fold
as compared to parental samples was further analyzed in an attempt to explain the patient’s
phenotype. Additionally, genes near the translocation breakpoint regions were examined for
possible monosomic or disomic expression. Notably, FLNA and DKC1 gene expression
were found to be normal in the patient. Decreased expression of genes distal to the 1q21
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breakpoint was not observed. Evidence of functional disomy in Xq28 was apparent from the
microarray results, as genes distal to the breakpoint region demonstrated increased levels of
expression (Table I).

DISCUSSION
The X;1 translocation patient described in this study displayed an atypical pattern of XCI
and abnormal phenotypic features. Possible causative mechanisms for her phenotype
included a direct gene disruption due to the translocation breakpoint, a position effect
mutation, or altered gene dosage due to the consequences of her translocation and XCI
status.

A direct gene disruption was not the apparent cause of the phenotypic features described in
our patient, but it likely served as a contributing factor. Based on experimental evidence, it
was determined that DKC1 was interrupted in our patient at the Xq28 translocation
breakpoint. The DKC1 gene encodes the 58kD dyskerin protein that participates in rRNA
processing and functions in telomere maintenance [Marrone et al., 2005]. Mutations in
DKC1 are known to cause dyskeratosis congenita (DKC) [OMIM 30500], a disorder
characterized by nail dystrophy, hyperpigmentation of the skin, and leukoplakia associated
with aplastic anemia. Female carriers of a DKC1 mutation are reported to have a completely
skewed X-chromosome lineage, with the X-chromosome bearing the mutant allele
inactivated [Ferraris et al., 1997; Vulliamy et al., 1997]. One of the hallmarks of DKC is a
defect in cell proliferation due to bone marrow dysfunction. As a result, affected cells have a
survival disadvantage over normal cells, especially in rapidly dividing tissues. Therefore,
while the patient displayed no phenotypic features associated with DKC, it is probable that
the cause of the patient’s skewed XCI pattern in blood was due to the interruption of the
DKC1 gene by the translocation breakpoint.

A position effect mutation was also considered as a possible cause of the patient's clinical
phenotype. Position effect mutations have been reported to cause a variety of genetic
disorders. When originally considering a diagnosis of OPD I it was noted that the
translocation breakpoint in DKC1 lay distal to the FLNA gene by approximately 400 kb, a
distance well within the reported range of up to 1 Mb for position effect mutations to occur
[de Kok et al., 1996; Kleinjan and van Heyningen, 2005]. However, the patient’s X-
inactivation status was a confounding variable in the argument for a position effect
mutation. In buccal cells and lymphocytes, the patient displayed a completely skewed XCI
pattern with her normal X remaining active. This was unusual in a balanced X;autosome
translocation, as the der(X) is typically found to remain active, and suggests that a position
effect mutation due to the translocation breakpoint on the der(X) was not the root cause of
her clinical features. There was not strong evidence of a position effect mutation involving
chromosome 1, as all of the tested chromosome 1 genes were expressed from both the
normal 1 and der(X) chromosome. Furthermore, the chromosome 1 breakpoint did not
interrupt any genes or highly conserved regions. While skewing was observed in two types
of tissue (PBL and buccal cells), it is important to note that this pattern may not be
representative of all tissues in the patient.

We hypothesize that the most likely cause of the patient’s phenotypic abnormalities is
altered gene dosage caused by an X;1 translocation in combination with an atypical pattern
of XCI. Consequences of the patient’s XCI pattern, with the XIST locus translocated to the
der(1), included the potential for monosomy of 1q21-qter and functional disomy of Xq28.
The spread of XCI is known to occur in a discontinuous manner with the inactivation signal
capable of crossing over 100 Mb of DNA [White et al., 1998]. However, evidence for this in
our patient was not found.
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Genes distal to the Xq28 breakpoint were tested for functional disomy in our patient.
Findings were compared to published XCI data from human-mouse SCH lines in order to
confirm inactivation status [Carrel and Willard, 2005]. Functional disomy of Xq28 was
observed in a number of genes by RT-PCR and microarray analysis (Table I). Quantifiable
gene expression, as determined by microarray analysis, revealed that a majority of genes
distal to the breakpoint demonstrated increased expression in comparison to parental
controls.

Functional disomy in the Xq28 region has been reported previously in a number of patients,
and is thought to be associated with an abnormal phenotype. Sanlaville et al. [2005],
recently compiled the phenotypic findings among patients with functional disomy of the
Xq28 region. Common features among 19 patients include growth retardation,
microcephaly, hypotonia, feeding difficulties, developmental delay, abnormal palate,
hypoplastic genitalia, and increased susceptibility to infections. It is important to consider
that these patients represent a heterogenous group which includes members of both sexes
and that variable chromosomal mechanisms contributed to Xq28 disomy. Although no
balanced X;autosome translocation patients were presented, six patients with an unbalanced
form of an X;autosome translocation and Xq28 disomy were described. Clinical features
such as growth retardation, developmental delay and abnormal palate are shared in common
with our patient. Less frequently reported features also found in common with our patient
include agenesis of the corpus callosum, abnormally shaped ears, tapering fingers, and
clinodactyly [Akiyama et al., 2001; Sanlaville et al., 2005]. Overall, it appears that our
patient displayed a less severe phenotype as compared to other patients described in the
literature with Xq28 functional disomy. This is not unexpected as she carried a balanced
form of an X;autosome translocation and has a relatively small region of Xq28 that is
functionally disomic.

To summarize, our patient carried a balanced X;1 translocation and demonstrated an atypical
pattern of XCI which resulted in functional disomy for part of band Xq28. An XCI pattern
precisely opposite of that expected for an X;autosome translocation occurred and was likely
due to the selective pressure caused by an interruption of the DKC1 gene. As a result,
genetic imbalance occurred and was almost certainly the mechanism for the phenotypic
abnormalities found in our patient. This suggests that there are discreet loci within the
genome which serve such a critical genetic function that imbalance at a chromosomal level
is tolerated in order to preserve expression of vital genes. As Schmidt and Du Sart [1992]
have previously proposed, the pattern of XCI may not be expected to conform to the model
of least genomic imbalance if a metabolically important X-linked gene is disrupted. Such
may be the case if the interruption of DKC1 resulted in a post-inactivation growth
disadvantage for cells bearing an active der(X) chromosome in our patient. As a
consequence, in mature tissues, only those cells bearing an active normal X survived and the
result was a non-random pattern of XCI. This situation illustrates the need for XCI studies
and extensive genetic counseling in all patients referred for apparently balanced X;autosome
translocations. The use of microarray analysis may become an important means of
determining gene expression in translocation patients, and may serve as a critical instrument
for predicting phenotype.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cytogenetic characterization of the patient’s balanced translocation, 46,X,t(X;1)(q28;q21)dn
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Figure 2.
A. The X;1 translocation patient at age 3 years. Note the patient's abnormal facial features
including hypertelorism, clefting and a depressed nasal bridge with a prominent tip.
B. The patient at 5 years of age with significant growth and developmental delay.
C. Abnormalities of the patient’s hand include distally tapering digits, ulnar deviation of the
index finger, and 5th finger clinodactyly.
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Figure 3.
By FISH analysis, BAC RP11–115M6 (containing Xq28 sequence) spanned the
translocation breakpoint, as the probe hybridized to the patient’s normal X, der(X) and
der(1) chromosomes.
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Figure 4.
XCI analysis at the AR locus established that the patient inherited maternal allele 2 (M2) and
the paternal allele (P) as shown using unmodified DNA. Methylation specific PCR utilizing
bisulfite modified DNA revealed complete skewing in the patient in both PBL and buccal
cells. Analysis of SCH DNA determined that inactivation was biased toward the paternally
derived der(X) chromosome (P), with the normal X remaining active (M2).
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