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Abstract
Background—Turner syndrome (TS) is a developmental disorder caused by partial or complete
monosomy for the X chromosome in 1:2500 females. We hypothesized that single nucleotide
polymorphism (SNP) array genotyping can provide superior resolution in comparison to
metaphase karyotype analysis to facilitate genotype-phenotype correlations.

Methods—We genotyped 187 TS patients with 733,000 SNP marker arrays. All cases met
diagnostic criteria for TS based on karyotypes (60%) or characteristic physical features. SNP array
results confirmed the diagnosis of TS in 100% of cases.

Results—We identified a single X chromosome (45,X) in 113 cases. In 58 additional cases
(31%), other mosaic cell lines were present including isochromosomes (16%), rings (5%) and Xp
deletions (8%). The remaining cases were mosaic for monosomy X and normal male or female
cell lines. Array-based models of X chromosome structure were compatible with karyotypes in
104 of 116 comparable cases (90%). We found that SNP array data did not detect X;autosome
translocations (3 cases), but did identify 2 derivative Y chromosomes and 13 large copy number
variants that were not detected by karyotyping.

Conclusions—Our data is the first systematic comparison between the two methods and
supports the utility of SNP array genotyping to address clinical and research questions in TS.
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INTRODUCTION
Turner Syndrome (TS) is a developmental disorder caused by partial or complete loss of one
X chromosome that occurs in approximately 1 in 2500 live female births. TS women present
with multiple developmental defects, including skeletal abnormalities, cardiac defects and
premature ovarian failure.1 Approximately half of TS patients have a single X chromosome
in all somatic cells that are analyzed clinically, mainly lymphocytes. The others are mosaics
of 45,X and 46,XX cells or structural derivatives including isochromosomes, rings and
deletions. The severity of TS features are generally correlated with the percentage of cells
that harbor a single copy of Xp, but only one gene has been implicated in a specific
phenotype. Decreased expression of the SHOX gene in the pseudoautosomal region of Xp is
associated with short stature and skeletal deformities.2,3

Karyotype analysis of phytohemagglutinin-stimulated lymphocyte cultures has been the gold
standard for the diagnosis of TS. In a metaphase spread, clinical laboratories typically
evaluate 20–50 Giemsa-banded cells, and follow up abnormal results using fluorescence in
situ hybridization (FISH). However this may not be sufficient to detect low-level (<10%)
mosaicism. Differential growth of aneuploid cells may lead to their abnormal representation
in culture. In some cases, lymphocytes have even been shown to accumulate chromosomal
aberrations while in culture that are not detectable in whole blood.4,5 The likelihood that
these artifacts will occur depends on the manner in which the samples are prepared.
Cytogenetic analysis is a slow, labor intensive, multistep process that is difficult to
standardize and subject to considerable variability. As the cost declines and speed of
analysis increases, whole-genome microarray methods have become the diagnostic standard
for many chromosomal disorders, but not for TS.

We hypothesized that single nucleotide polymorphism (SNP) array genotyping can provide
superior resolution in comparison to karyotyping to facilitate rapid diagnosis and genotype-
phenotype correlations in TS. Here we present the first systematic comparison between the
two methods and provide evidence for the utility of SNP array genotyping to address clinical
and research issues in TS.

MATERIALS AND METHODS
Subject selection

All women who were diagnosed with Turner syndrome (TS) based on suggestive phenotypic
features were included in the study. For patients with peripheral blood cell karyotypes, an X
chromosomal abnormality was required to be present for inclusion. After reviewing the
clinical data, five patients were excluded from further study because they did not meet
diagnostic criteria for TS. These subjects had been labeled as ‘possible TS’ and had not
previously been genotyped. All other patients, including those with ring X chromosomes,
had typical TS features and X chromosome abnormalities consistent with TS.

Samples
We studied 192 samples from females of European ancestry. We obtained 111 samples from
the National Registry of Genetically Triggered Aortic Aneurysms and Other Cardiovascular
Conditions (GenTAC, Rockville, MD). GenTAC is a consortium of eight institutions that is
coordinated by the National Heart, Lung and Blood Institute, which maintains a central
repository of tissue, DNA and limited phenotypic data on patients with congenital heart
disease, including TS. We also obtained 75 samples from the National Institute of Child
Health and Human Development (NICHD). An additional six samples were from Baylor
College of Medicine (two) and University of Texas Health Science Center at Houston
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(UTHSC-H) (four). Reports of karyotypes were available for 116 cases (60%). All
karyotypes were post-natal. Of 44 reports with mosaic cell lines, 27 reported 50-cell
karyotypes and 9 reported karyotypes of 30 or fewer cells. The number of karyotyped cells
was not reported in the other cases. Samples were collected simultaneously from NIH
patients for karyotyping and genotyping. The relative timing of sample collections from
GenTAC patients was not known to the investigators.

Genotyping and Copy Number Analysis
All DNAs were obtained by extraction from whole blood. Sample processing, DNA
purification and hybridization were performed as previously described.6 Data for each
Omni-Express BeadChip (Illumina, Inc.) were normalized in Genome Studio using
information contained within the array. After allele detection and genotype calling, B allele
frequencies (BAF) and logR ratios (LRR) were exported as text files for analysis with
PennCNV software (www.openbioinformatics.org/penncnv).7 A second CNV detection
algorithm, CNVPartition, was run as a plug-in within the GenomeStudio browser.
Confidence thresholds and minimum number of probes per CNV were set to default values.
Control genotypes from unrelated individuals of European ancestry in the database of
Genotypes and Phenotypes were analyzed for copy number variation using the same
methods.8 DNA copy number and percent mosaicism were calculated using BAF and LRR
values for 18,239 SNPs along the length of the X chromosome. Non-mosaic 45,X genotypes
were identified by loss of heterozygosity (LOH) across the entire X chromosome. BAF
values were also used to determine the number of haplotypes present in isochromosome cell
lines and map crossover events. Calculation of percent mosaicism for X and Y chromosome
SNPs was based on the deviation of allele frequencies from expected values for copy losses
or copy gains according to the method of Conlin et al.9 To deduce the most likely genotypes
and estimate the percentages of mosaic cell lines, we compared mean BAF and LRR values
of segmental aneuploidies to expected values for monosomies and trisomies. Figure 1
illustrates these computations for a TS case with a non-mosaic, isodicentric X chromosome.
Array data and karyotypes were judged to be compatible if cell lines that were observed in
more than one G-banded cell were also present in the genotypes.

Statistical methods
Chi-squared or Fisher’s exact tests were applied to test quantitative parameters between the
different study groups. All tests applied were two-tailed, and a P value of 5% or less was
considered statistically significant.

Human subjects
Studies were carried out with the approval of the Committee for the Protection of Human
Subjects at the UTHSC-H, the GenTAC Scientific Advisory Committee (Rockville, MD)
and the NICHD Institutional Review Board. All samples were from de-identified individuals
who had been referred for clinical genetic testing. Karyotype information was provided by
the treating physicians. After collection, all samples were de-identified to preserve patient
confidentiality.

RESULTS
DNA samples from 187 TS patients (European American, average age 32 years) were
genotyped using 733,000 SNP marker arrays. 116 cases had karyotypes and 71 cases were
thought to have TS based on characteristic physical features including short stature,
premature ovarian failure and congenital cardiovascular defects such as bicuspid aortic valve
or coarctation (Table 1). Importantly, genotyping confirmed the presence of X chromosome
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aneuploidy consistent with the diagnosis of TS in all patients with a strong index of clinical
suspicion for whom karyotypes were not available.

We identified a single X chromosome (45,X) in 113 cases (60%) and mosaic 45,X and
46,XX or 46,XY cell lines in 16 cases (9%). In 58 additional cases (31%), other structural
variants were present, including isochromosomes (16%), rings (5%) and Xp deletions (8%)
(Table 1). Arrays did not detect the presence of 3 or more cell lines in any sample, whereas
karyotyping identified a third cell line in a single case. Arrays did detect Y chromosome
material in 10 TS cases (5%), including all six cases with Y-positive karyotypes and two
cases that were not detected by karyotyping. This distribution of genotypes is not
significantly different from that reported in the literature.10

Array-based models of X chromosome structure were compatible with karyotypes in 104 of
116 cases (90%) with available data (Table S1). Sixty-three of these cases (55%) had 45, X
genotypes, compared with 60% (113/187) of all cases (P>0.05). Array analysis showed that
19 of the 31 X isochromosomes include proximal Xp material and are actually isodicentric.
The breakpoints of these isochromosomes are clustered within a 5 Mb region of Xp11 that is
enriched for low copy palindromic repeats (Figure 1). Recurrent Xp deletions and
X;autosome translocations were also mapped to this interval.11,12 Our findings provide
further evidence that Xp11 is uniquely susceptible to chromosomal rearrangements.

Eight of 12 cases that were discordant between the SNP and karyotyped data involved
mosaic cell lines that were detected in one but not both assays. Four cases with 45,X
karyotypes were reclassified as mosaics according to SNP data, with a second cell line
containing an abnormal sex chromosome, or a normal cell line. Three cases had mosaic
karyotypes, but were found to be non-mosaic for monosomy X using SNP arrays. In five
cases, arrays and karyotypes identified discrepant X chromosome abnormalities. In four of
these cases, mosaicism was demonstrated in both arrays and karyotypes. These mosaic lines
comprised between 4 and 30% of sampled cells and included an intact X chromosome in 1
case and derivative chromosomes in 7 cases (Table 2). In 4 of these 8 cases, samples for
arrays and karyotypes were known to have been collected simultaneously. We also found
that the percentages of aneuploid cell lines as determined by arrays and karyotypes differed
by more than two-fold in 11 of 34 mosaic cases (32%).

In four cases, the SNP data were compatible with two possible genotypes that result in
identical array patterns: mosaics with equal 50% contributions of 46, X, i(X) and 45, X cell
lines, or non-mosaic Xp deletions (Table S1). To distinguish between these possibilities, we
evaluated the chromosomal regions of the breakpoints, searched for additional haplotypes
indicative of meiotic non-disjunction and precisely quantitated the logR ratio deviations.
Further analysis confirmed that the structural variants in all four of these cases were
isochromosomes.

Array data successfully identified four marker chromosomes whose chromosomal origins
were not identified in karyotypes as a Y chromosome, a derivative Y chromosome, a deleted
X chromosome and a ring X chromosome. SNP analysis of three TS cases with reported
X;autosome translocations (2%) showed that the translocations were unbalanced and
resulted in copy losses with breakpoints in Xp. Two of these translocations did not cause
autosomal copy changes. However, in the other case, unbalanced t(X;9) resulted in trisomy
9p. We were unable to determine whether typical features of the trisomy 9p syndrome
(dysmorphic facial features and mental retardation) are present in this individual.

Arrays also identified 13 large X chromosome copy number variants (CNVs > 100 Kb in
size) in 12 different individuals that were not detected by karyotyping (Table 3). Five of
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these CNVs were extremely rare and were present in fewer than 0.1% of controls. None of
these CNVs involved genes with known roles in TS phenotypes.

DISCUSSION
Early diagnosis of TS is essential for interventions to restore normal or near-normal adult
stature and for management of complications, including aortic coarctation, renal disease or
gonadoblastomas, which are prevalent in the subgroup with Y chromosome material.13 Four
NIH participants in this study underwent relevant evaluations, genetic counseling and
prophylactic gonadectomies according to the current standard of care after karyotypes
disclosed cryptic Y chromosomes.14 TS patients without 45,X genotypes tend to be
diagnosed later in life but have similar rates of cardiovascular complications.15 Current
PCR-based diagnostic methods have limited ability to detect the 40% of cases that involve
mosaicism or X chromosome structural variants.16 Cytogenetic analysis by karyotyping is
too labor intensive for rapid population-based screening and may not detect small fragments
of Y chromosome material. Our data show that SNP array genotyping is a feasible
alternative to karyotype testing for diagnosing TS. Moreover, the sensitivity and precision of
SNP arrays may lead to improved genotype-phenotype correlations in TS.

TS may be caused by loss of an entire X chromosome (45,X) in all cells, partial deletion of
one X chromosome in all cells, or X chromosome deletions in a subset of cells (TS
mosaicism). In almost all cases, the deletions cause partial or complete monosomy for Xp.
Variation of Xq dosage may be extensive and includes duplications of Xq due to
isochromosome formation in 15% of patients. SNP arrays were robustly able to detect all
four categories of TS cases. We also showed that SNP data led to the reclassification of four
reported 45,X karyotypes (8%) to mosaic TS cases and identified Y chromosome material
that was not detected in two karyotypes. Ten of the large X chromosome CNVs found in 6%
of cases are rare or absent in controls and involve genes that may modify TS outcomes. It is
important to note that rare CNVs were previously implicated in neurodevelopmental
disorders and thoracic aortic aneurysms and dissections, phenotypes that are both relevant to
TS.8,17 These data show that SNP arrays can provide additional prognostic value beyond
karyotyping alone in the evaluation of TS patients.

Arrays and karyotypes were most frequently discordant due to differences in the detection of
mosaic cell lines. In 4 of the 12 discordant cases, arrays led to incorrect interpretations of
rare cell lines that were present in fewer than 5% of sampled cells. This was most likely
caused by technical limitations of the array data. However, 6 cases involved much larger
variations in relatively abundant cell lines (greater than 10% mosaicism) that could impact
prognosis. We found no correlation between differences in the timing of sample collection
and these discrepancies. Because both techniques are sensitive enough to detect mosaicism
down to a level of 5%, we propose that these larger differences most likely arose or were
amplified during cell culture.9,18 Karyotypes are routinely produced after culturing
peripheral blood lymphocytes for up to 72 hours. Under similar conditions, aneuploid cells
have been shown to occur spontaneously in other human cell types, with the potential for
multiple different mosaic lines to arise in consecutive cultures from the same
individual.19–21 Aneuploid cells may also have a selective growth advantage or
disadvantage compared with co-cultured euploid cells from mosaic patients and may be
amplified or suppressed by current culture methods. Moreover, in comparison with euploid
cells, chromosomal instability appears to be more pronounced in TS patients.22–24

Mosaicism differences between karyotypes and arrays may also be accentuated due to
sampling bias, especially if fewer than 50 cells are counted. SNP array analysis of whole
blood eliminates the potential for selective pressure due to cell culture and may therefore
provide a more accurate representation of mosaicism in peripheral blood.
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One important limitation of this study is our inability to verify our findings using an
independent method such as FISH or by counting additional karyotyped cells. We found that
array data lacks sufficient resolution to identify some low abundance mosaic cell lines,
which may be more accurately assessed in karyotypes. We also confirmed that karyotyping
retains an important advantage over arrays to identify complex mosaicism, including
translocations and rare X chromosome structural variants. SNP genotyping is unable to
detect fully balanced X-autosome translocations, but these were not present in our series.

In summary, the findings presented here indicate that SNP array analysis can be used to
diagnose TS and may provide distinct advantages over karyotypes in the evaluation of TS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SNP array genotypes of two TS cases illustrate the computation of X chromosome structure.
B allele frequencies (BAF) are plotted on the upper panel and corresponding LogR ratios
(LRR) on the lower panel. Mean values are indicated by red lines. Positive LRR values
represent copy gains and negative LRR values represent copy losses. The X chromosome
model corresponding to these values is illustrated on the right. Xp is white, Xq is black and
centromeres are oval. A. A TS case with 46,X,idic(X)(p11). Homozygosity and mean LRR
of −0.41 indicate segmental monosomy of Xpter-Xp11.22. The abrupt increase of LRR to
0.26 and division of BAF into four tracks (1.00, 0.66, 0.34, 0) indicate trisomy of Xp11-
Xqter. B. A TS case with 46,X,del(X)(p11.3). Homozygosity and mean LRR of −0.39
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indicate segmental monosomy of Xpter-Xp11.3. The abrupt increase of LRR to and division
of BAV into three tracks (1.00, 0.50, 0) indicate two copies of Xp11.3-Xqter. A mosaic such
as 45,X[50]/46,X,i(X)(p11.3)[50] would appear similar to 46,X,del(X)(p11.3) in the array
data, but could be distinguished from the deletion by combined analysis of B-allele
frequencies and LogR ratios.

Prakash et al. Page 9

Genet Med. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Location of 20 isochromosome breakpoints in Xp11.22-Xp11.1 in relation to an ideogram of
the X chromosome with the highlighted region and previously mapped low copy repeat
sequences (blue rectangles). The breakpoints cluster in a region between 52 and 56 Mb as
previously shown by Koumbaris et al. The array that was used in this study has an average
maximum resolution of 8000 base pairs.
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Table 1

Characteristics of 187 Turner Syndrome (TS) Cases

Mean Quartile 1 Quartile 3

Age (yrs) 31.6 17.9 44.8

Height (cm) 145.2 140 152

Weight (kg) 58.9 47.3 69.6

BSA (m2) 1.52 1.37 1.69

Number Percentage

BAV 68 35

Coarctation 29 15

Genotype

45,X 113 60

45,X/46,X,iso(Xq) 31 16

45,X/46,X,del(X) 16 8

45,X/46,XY 9 5

45,X/46,X,der(X) 8 4

45,X/46,XX 7 4

46,X,der(X)t(X;A) 3 2

Values are presented as means and interquartile ranges except for BAV and coarctation. There were no missing values for age, 3 missing values for
height and 2 missing values for weight. Der(X) indicates probable ring chromosome. Total of genotypes does not include translocations. BSA:
body surface area; BAV: bicuspid aortic valve.
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Table 2

Discordant Cytogenetic and Microarray Findings in 12 TS Cases

Cyto Array

45,X 45,X[83%]/46,X,der(X)(p22.12-q27.3)[17%]

45,X 45,X[75%]/46,X,del(Y)(q11.21)[25%]

45,X 45,X[85%]/46,X,idic(X)(p11.22)[15%]

45,X 45,X[83%]/46XX[17%]

45,X[80%]/46,X,r(X)[20%]c 45,X

45,X[96%]/46,X,r(X)[4%]b 45,X

45,X/46,X,iso(Xq)/47,X,iso(Xq),iso(Xq)c 45,X

46,X,del(X)(p11.1) 45,X

45,X[80%]/46,X,idic(Y)(q12)[20%]a 45,X[90%]/46,XY[10%]

45,X[88%]/46,X,psuidic(X)(q21)[12%]b 45,X[97%]/46,X,del(X)(q21.31)[3%]

45,X[98%]/47,XXX[2%]b 45,X[98%]/46,XX[2%]

45,X[85%]/46,XX[15%]a 45,X[91%]/46,X,del(X)(q21.1)[9%]

Clinical karyotypes (Cyto) were compared with the most likely karyotypes inferred from SNP array analysis (Array). The percentages of mosaic

cell lines in the sample are bracketed. For Cyto cases, these were extrapolated from the number of karyotyped cells: 20a, 50b or unknownc.
Breakpoints are in parentheses. iso: isochromosomes; idic: isodicentric chromosomes; der: derivative chromosomes, probably rings; del: deleted
chromosomes.
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