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Abstract

Tall stature and eunuchoid body proportions characterize patients with 47,XXY Klinefelter
syndrome, whereas patients with 45,X Turner syndrome are characterized by impaired growth.
Growth is relatively well characterized in these two syndromes, while few studies describe the
growth of patients with higher grade sex chromosome aneuploidies. It has been proposed that tall
stature in sex chromosome aneuploidy is related to an overexpression of SHOX; although the copy
number of SHOX has not been evaluated in previous studies. Our aims were therefore: (1) to
assess stature in 305 patients with sex chromosome aneuploidy and (2) to determine the number of
SHOX copies in a subgroup of these patients (n =255) these patients and 74 healthy controls.
Median height standard deviation scores in 46,XX males (n =6) were -1.2 (-2.8 to 0.3), +0.9
(-2.2 to + 4.6) in 47, XXY (n =129), +1.3 (-1.8 to +4.9) in 47,XYY (n =44), +1.1 (-1.9 to +3.4) in
48,XXYY (n =45), +1.8 (-2.0 to +3.2) in 48,XXXY (n =9), and 1.8 (-4.2t0 —-0.1) in

49, XXXXY (n =10). Median height standard deviation scores in patients with 45,X (n =6) were
-2.6 (-4.1t0 —1.6), +0.7 (-0.9 to +3.2) in 47,XXX (n =—40), —0.6 (1.9 to +2.1) in 48,XXXX (n
=13), and —1.0 (-3.5 to —0.8) in 49,XXXXX (n =3). Height increased with an increasing number
of extra X or Y chromosomes, except in males with five, and in females with four or five sex
chromosomes, consistent with a nonlinear effect on height.
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INTRODUCTION

Patients with 47,XXY Klinefelter syndrome tend to have eunuchoid body proportions and a
final height above what is predicted for mean parental height, whereas, in contrast, patients
with 45,X Turner syndrome have impaired growth. Growth is relatively well described in
these two syndromes, while few studies, mainly based on single case reports, describe the
stature of patients with higher grade sex chromosome aneuploidies. Patients with Klinefelter
syndrome are characterized by hypergonadotropic hypogonadism and this has previously
been considered the main explanation for the excessive growth. However, tall stature in these
patients is present from early childhood [Aksglaede et al., 2008], suggesting that
hypogonadism in puberty and young adulthood cannot solely explain their tall stature. The
fact that males with 47,XYY and females with 47,XXX are equally tall even though they do
not have hypogonadism supports the hypothesis that other factors are involved.

Although the interaction of sex steroids and the growth hormone and insulin-like growth
factor axis is important in regulating postnatal growth, multiple genetic factors, especially
genes located on the sex chromosomes, also play a role. With the discovery of the sex
chromosome-related short stature homeobox-containing gene (SHOX) located in the
pseudoautosomal region (PAR1) which is not inactivated [Rao et al., 1997b], a new
perspective was added to the understanding of the regulation of growth. The short stature of
patients with Turner syndrome is now considered a consequence of SHOX
haploinsufficiency, although other factors may play a role. Many have suggested that tall
stature in patients with additional sex chromosomes is associated with an overdosage of the
SHOX gene [Ogata et al., 2001; Aksglaede et al., 2008; Thomas et al., 2009], this has not
been measured, except in a few case reports, which have suggested that SHOX overdosage
may result in excessive growth [Ogata et al., 2001; Kanaka-Gantenbein et al., 2004].
However, the presence of a duplication of this genomic region does not always results in tall
stature, most likely due to differences in the size and position of the duplication including
flanking sequences and involvement of transcriptional enhancers [Thomas et al., 2009].

In this study of 305 patients with sex chromosome aneuploidy we aimed to compare stature
in patients with different forms of sex chromosome aneuploidy, and to quantify the number
of SHOX genes in a subgroup of these patients (n =255).

MATERIALS AND METHODS

Patients

Patients with sex chromosome aneuploidy and healthy controls were recruited from four
centers: Copenhagen, Denmark (n =107), Aarhus, Denmark (n =78), California, USA (n
=119), and Denver, USA (n =75). Height was measured to the nearest 0.1 cm and was
available in 369 patients and controls (Table I), whereas parental heights were only available
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in 155 patients. In girls with Turner syndrome, height was measured before initiating growth
hormone treatment. Target height was calculated as 0.5 x(height of mother +height of father)
x6.5 in boys and girls, respectively. All heights were expressed as SD scores (SDSs) using
standard references according to age and sex [Andersen et al., 1982]. Nearly all patients
were white, except 14 (Hispanic (n =6), Asian (n =4), and African American (n =4)).
Patients from the USA and Denmark were equally distributed among the different
karyotypes. DNA samples were obtained from a total of 306 patients and controls (Table I).

Karyotyping—~For karyotyping, routine G-banding was performed, including counting of
at least 10 metaphases, three of which were fully analyzed.

DNA isolation—DNA from patients in the Copenhagen group was purified using the
QuickGene-810 Nucleic Acid Isolation System (Fujifilm, Life Science-Products, Tokyo,
Japan) by means of the QIAmp 96 DNA, Blood kit (Qiagen, Inc., Chatsworth, CA), or
Nucleo Spin, 96 Blood kit (Macherey-Nagel, Select Science Ltd, Corston, UK). The
Chemagic DNA Blood kit (Chemagen Parral-labs, Inc., Worchester, MA) was used in the
Aarhus group, and the Puregene DNA isolation kit (Puregene, Gentra Systems, Inc.,
Minneapolis, MN) in the American group.

gPCR measurements of SHOX numbers—All g°PCR measurements were carried out
in Copenhagen performed on the Mx3000P platform (Stratagene, Cedar Creek, TX). The
detailed protocol of the method was described previously [Ottesen et al., 2007; Juul et al.,
2009]. The primers designed for SHOX were: forward (Fw) 5’-CTC CTA CCC GCC TGT
CCA-3’ and reverse (Rev) 5'-TCC GCG CGT CTC TTT CTA CT-3’, and for the reference
gene GAPDH: (Fw 5’-CTC CCC ACA CAC ATG CAC TTA-3" and Rev 5’-TTG CCA
AGT TGC CTG TCC TT-3") (DNA Technology A/S, Arhus, Denmark). The SHOX copy
numbers of specimens from each center were specifically validated using a local individual
control.

Multiplex ligation-dependent probe amplification (MLPA)—DNA samples from six
patients with discordant results between qPCR and karyotype were analyzed by means of the
MLPA technique using the SALSA MLPA kit P018-D1 SHOX probemix (MRC-Holland,
Amsterdam, the Netherlands). The protocols for sample preparation and analysis were
according to the manufacturer.

Fluorescence in situ hybridization analysis (FISH)—Fluorescence in situ
hybridization (FISH) was performed using metaphase spreads of lymphocytes prepared
according to standard protocols, or interphase leukocytes enriched by buffy coats. For
analysis of the presence of the SHOX gene, a fluorescent DNA probe locus specific for
SHOX (probe 1145-L.00702) and a control probe for chromosome X (KB-40112, Poseidon
DNA Probes, Kreatech Biotechnology B-V, Amsterdam, the Netherlands) were hybridized,
and signals from 10 nuclei were scored.
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Statistical Analyses

Ethics

RESULTS

Comparison of height SDS and target height SDS was performed using a paired #test
(paired difference). The copy numbers of SHOX in each karyotype are presented as median
and percentiles. All statistical calculations were performed using the statistical software
SPSS (version 17; SPSS, Inc., Chicago, IL).

The protocol was approved by the Copenhagen Ethics committee (KF-01-26 5848), Aarhus
County Ethical Scientific Committee (# 20010155), the Danish Data Protection Agency,
Colorado Multiple Institution Review Board (# 080953), and the UC-Davis Institutional
Review Board (protocol number #200412687).

Correlation Between Height and Sex Chromosome Number

Heights according to age and karyotype are presented in Figure 1 and Table I. Height and
final height (below and above 20 years) according to karyotypes are illustrated in Figure 2.
Height was significantly greater than target height in patients with 47,XXY (n =42, P
<0.0001), 47,XYY (n =27, P=0.001), 48, XXYY (n =34, £=0.001), and 47,XXX karyotypes
(n =25, £=0.009), whereas girls with 45,X were significantly shorter than their target height
(n =6, £=0.027). Availability of target heights was limited in patients with the remaining
karyotypes, and statistical comparisons were therefore not possible.

Copy Numbers of SHOX

The reference ranges for one, two, three, four, and five copy numbers by gPCR were
calculated as the 2.5 and 97.5 percentiles for karyotyped subjects in each category excluding
the six patients with an unexpected copy number (Table I1). None of the reference ranges
overlapped another range. In 98.4% (251/255) of cases, the SHOX gene copy humber was
within the predicted reference range and agreed with the number of sex chromosomes
observed on the karyotype. A comparison of copy numbers from the gPCR analysis of the
exon 1 region in the SHOX gene with the MLPA analysis of exon 1 of SHOX (probe 1145-
L00702) in the six subjects with an unexpected copy number is shown in Table I1I. Three of
six MLPA results (a—c), and a SHOX-FISH result (e) confirmed the gPCR results.

FISH Analysis of SHOX

Hybridizations using a SHOX-specific DNA probe, showed three SHOX signals and two
signals from the control probe of the Xq centromere region in 10 interphase and metaphase
cells from a patient (e) with Klinefelter syndrome (47,XXY). In 8 of 10 nuclei, one of the
three SHOX signals appeared more strongly fluorescent than the two other signals (Fig. 3)
indicative of four copies, which supports the SHOX-gPCT analysis. The strongly fluorescent
signals were most likely localized to one of the X-chromosomes deduced from the
proportions of the p- and g-arm demonstrated by the DAPI staining of the metaphase
preparation.
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DISCUSSION

In this cohort of 305 patients with sex chromosome aneuploidy we found a nonlinear effect
of the number of sex chromosomes on height. Thus, we report on increasing heights in
patients with increasing number of additional sex chromosomes. However, this association
became negative with the presence of four (in females) or five (in both males and females)
sex chromosomes.

Increased height in patients with additional sex chromosomes is recognized, but published
data on height in girls with 47, XXX, 48,XXXX, and 49, XXXXX karyotypes are sparse. In
males, we and others have reported on increased stature in subjects with 47,XXY, 47,XYY,
and 48,XXYY karyotypes [Schibler et al., 1974; Ratcliffe, 1999; Bojesen et al., 2006;
\orona et al., 2007; Aksglaede et al., 2008; Tartaglia et al., 2008]. In contrast, stature has
only been reported in single cases of males with 48, XXXY and 49, XXXXY karyotypes
[Linden et al., 1995; Peet et al., 1998; Visootsak and Graham, 2006].

The SHOX gene is located on the distal part of PAR1 of the sex chromosomes, a region of
the X chromosome escaping X inactivation [Rao et al., 1997a]. Thus, two active copies of
SHOX are present in both males and females [Rappold, 1993]. SHOX thereby exerts a
dosage effect in patients with supernumerary sex chromosomes [Rao et al., 1997b] and may
influence stature in these patients. SHOX is expressed in the zone of hypertrophic
chondrocytes of the growth plate [Marchini et al., 2004], and the protein is thought to be
involved in chondrocyte differentiation. In addition, MPPB, a gene that encodes brain
natriuretic peptide (BNP) as a transcriptional target gene for SHOX, has recently been
identified [Marchini et al., 2007]. Therefore, in patients with additional SHOX copies
increased BNP expression may induce increased growth and skeletal abnormalities including
scoliosis, as demonstrated in BNPtransgenic mice [Suda et al., 1998]. Accordingly, we
detected a minor thoracic scoliosis by X-ray in one patient with 49, XXXXY, which however,
could not explain the severe short stature of this patient. Below average stature was found in
all patients with five sex chromosomes.

Deficiency or mutations of the SHOX gene and in some cases a region downstream of the
gene are associated with the skeletal dysplasias, Léri-Weill dyschondrosteosis, and Langer
mesomelic dysplasia, which manifest short stature [Belin et al., 1998; Shears et al., 1998;
Benito-Sanz et al., 2005; Fukami et al., 2005; Huber et al., 2006; Sabherwal et al., 2007].
SHOX mutations including deletions of the gene or the downstream region are also found in
some cases of idiopathic short stature [Rao et al., 1997b; Benito-Sanz et al., 2005; Chen et
al., 2009]. In contrast, we here observe an increase in height with increasing copy number of
sex chromosomes and the SHOX gene although this effect was reversed with the presence of
four (females) or more (both sexes) copy numbers. As seen in Figure 2, the presence of three
sex chromosomes in males had the greatest impact on stature, whereas the presence of four
sex chromosomes did not positively affect height any further. This observation may,
however, be due to the relatively small number of subjects with four sex chromosomes
examined. The curve in Figure 2 gives the impression that the effect on height is already
reversed in males with four sex chromosomes. However, this is a statistical consequence of
the very low height SDSs in patients with five sex chromosomes. Our finding of a nonlinear
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effect of sex chromosome number on height suggests that genes or hormonal factors other
than solely the number of SHOX copies come into play with increasing copy number.
Patients with higher grade aneuploidies are most likely more severely affected at multiple
organ sites, possibly due to the influence of other genes located on the sex chromosomes
creating an overdosage effect, compared to patients with one or two additional sex
chromosomes. However, the specific explanation for their short stature remains unknown.

One limitation of our study is the comparison of nonfinal heights of growing children with
heights of adult patients. We therefore presented the height data as raw data in relation to
chronological age (Fig. 1), as well as age-corrected SDSs. When expressing height as SDSs,
the data become more comparable even between unequally aged populations, although an
age effect cannot be excluded.

We have previously described that patients with 47, XYY syndrome are taller than the
47,XXY boys [Aksglaede et al., 2008], although this difference was not statistically
significant in the present study. A difference in height in patients with 47,XYY compared to
those with 47,XXY could be explained by the presence of a double dosage of potential Y-
chromosome-specific growth genes in addition to a triple dosage of the SHOX gene. It
should be emphasized that we have not measured the actual number of transcriptionally
active copies of SHOX in our present study. A possible growth control gene located on the Y
chromosome (GCY) may be linked to the pericentromeric region of the long arm of the Y
chromosome, but to our knowledge no specific candidate genes have been identified [Kirsch
et al., 2004]. The presence of such gene(s) could be a part of the explanation of the height
difference in the sexes. This hypothesis would also explain both the reduced height of SRY-
positive males with 46,XX as compared with males with 46,XY, and the height of males
who are SRY-positive 46,XX being similar to that of females with 46,XX [Vorona et al.,
2007; Aksglaede et al., 2008].

In conclusion, we have demonstrated an association between increased number of sex
chromosomes and tall stature in this large cohort of patients with 47, XXX, 47,XXY,
47,XYY, 48, XXXY, and 48,XXYY karyotypes, but not in females with 48, XXXX and
49, XXXXX, or males with 49, XXXXY karyotypes, who are shorter than average,
suggesting a nonlinear effect of the number of sex chromosomes on height.
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Height (cm) according to chronological age in patients with sex chromosome aneuploidy
and healthy controls. A: Height in 129 patients with nonmosaic 47,XXY karyotypes, (B)
height in 44 patients with 47, XYY karyotypes, (C) height in 45 patients with 48, XXYY

karyotypes, 9 patients with 48, XXXY karyotypes and 10 patients with 49, XXXXY

karyotypes, (D) height in 6 patients with SRY-positive 46,XX-male karyotypes and 43

healthy male controls, (E) height in 40 patients with 47, XXX karyotypes, 13 patients with
48,XXXX karyotypes and 3 with 49, XXXXX karyotype, (F) height in 6 patients with 45,X
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karyotypes and 21 healthy female controls. Lines represent mean + 2 SD in healthy Danish
boys (A-D) and girls (E,F), respectively [Andersen et al., 1982].
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Height (SDS)
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Females Males

Height (expressed as SDS) in the patients and healthy controls according to karyotype;
female patients in red, male patients in blue. Within each karyotype group, results are
grouped according to age; <20 years of age (%), =220 years (A). Curves indicate the influence
of the number of sex chromosomes and hypothetically the SHOX copy number on height as
indicated by the best-fitted polynomials for girls and boys, respectively. Note the decline in
the curve according to height in males with 48,XXXY, which is an artifact due to the very
low height SDS in patients with 49, XXXXY.

Am J Med Genet A. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ottesen et al.

Page 12

FIG. 3.
Two-color FISH analysis of gene copy number of SHOX. The green spots represent the

signals from the control probe on chromosome X, and the red spots show the locus-specific
SHOX probe on Xp and Yp. A: SHOX-FISH analysis of a metaphase of case e (47,XXY).
The white arrows point to the duplication of SHOX in both A and B; (B) SHOX-FISH
analysis of an interphase with split spots from the same case e; (C) SHOX-FISH analysis of
an interphase of a normal male (46,XY).

Am J Med Genet A. Author manuscript; available in PMC 2017 June 02.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ottesen et al.

TABLE |

Page 13

Clinical Presentation of the 305 Patients With Sex Chromosome Aneuploidy and 74 Healthy Controls

Karyotype
45X

Female controls (not
karyotyped)

47, XXX

48, XXXX

49, XXXXX

SRY-pos 46,XX-males
46,XY

Male controls (not karyotyped)
47, XXY

47, XYY

48 XXXY

48 XXYY

49, XXXXY

Number of
subjects (height Number of SHOX
available) measurements
6 (6) 6
21 (21) 21
40 (40) 18
13 (13) 3
3(3) 1
6 (6) 6
29 (23) 29
24 (20) 24
129 (129) 129
44 (44) 31
9(9) 2
45 (45) 34
10 (10) 2

Median age (years)
(range)

5.6 (3.8-10.7)
15.3 (8.2-19.9)

9.9 (1.4-20.0)
7.1 (4.2-24.0)
5.9 (1.9-19.0)
27.2 (13.8-39.9)
28.3 (3.7-56.2)
19.1 (18.0-28.6)
27.7 (1.1-66.3)
11.3 (1.0-36.5)
14.6 (0.5-31.8)
14.6 (1.9-35.3)
4.9 (1.8-17.5)

Median height SDS (range)

-2.6 (-4.1t0 -1.6)
0.2 (-0.5 to 1.0)

0.7 (-0.9t0 3.2)
-0.6 (-1.9t02.1)
-1.0 (-351t0-0.8)
-1.2(-2.8100.3)

0.2 (1.6 t0 2.0)

05 (-2.1to 2.5)

0.9 (2.2 to 4.6)

1.3 (-1.8 10 4.9)

1.8(-2.0103.2)

1.0 (-1.9 to 3.4)
-1.8(-4.2t0-0.1)

SRY, sex determining region of the Y chromosome.
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TABLE Il
Summary of the Statistics of the gPCR Data
Number of sex chromosomes 1 2 3 4 5
Number of samples 6 35 178 39 3
Median copy number 0.9 19 29 3.9 4.7
2.5-97.5 percentiles 0.6-09 17-22 26-33 3543 4.6-50
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TABLE Il

Copy Numbers of the SHOX Gene Using Two Different Techniques

Specimen
a
b

C

Karyotype
47 XXY
47, XXY
47 XXY
47, XYY
47, XXY

46,XX4

SHOX expected copies SHOX-qPCR copy humber ~ SHOX-MLPA copy number

3

N W W W w

2
2.2
3.8
4
4.2
3.0

1.8
2

3.6
3.4
3.7
25

a .
SRY positive.
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