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Background: Many genome-wide scans aimed at complex traits have been statistically underpowered due
to small sample size. Combining data from several genome-wide screens with comparable quantitative
phenotype data should improve statistical power for the localisation of genomic regions contributing to
these traits.
Objective: To perform a genome-wide screen for loci affecting adult stature by combined analysis of four
previously performed genome-wide scans.
Methods: We developed a web based computer tool, Cartographer, for combining genetic marker maps
which positions genetic markers accurately using the July 2003 release of the human genome sequence
and the deCODE genetic map. Using Cartographer, we combined the primary genotype data from four
genome-wide scans and performed variance components (VC) linkage analyses for human stature on the
pooled dataset of 1417 individuals from 277 families and performed VC analyses for males and females
separately.
Results: We found significant linkage to stature on 1p21 (multipoint LOD score 4.25) and suggestive
linkages on 9p24 and 18q21 (multipoint LOD scores 2.57 and 2.39, respectively) in males-only analyses.
We also found suggestive linkage to 4q35 and 22q13 (multipoint LOD scores 2.18 and 2.85, respectively)
when we analysed both females and males and to 13q12 (multipoint LOD score 2.66) in females-only
analyses.
Conclusions: We strengthened the evidence for linkage to previously reported quantitative trait loci (QTL)
for stature and also found significant evidence of a novel male-specific QTL on 1p21. Further investigation
of several interesting candidate genes in this region will help towards characterisation of this first sex-
specific locus affecting human stature.

T
he search for genes underlying human complex traits has
proven to be a more formidable task than many had
anticipated. For the identification of novel genes and loci,

linkage analysis using marker maps spanning the whole
genome represents a hypothesis-free approach. However,
success in consistent identification of chromosomal regions
involved in the aetiology of complex traits has been relatively
modest. Several factors contribute to this: (1) environmental
factors make a significant contribution to complex pheno-
types; (2) misdiagnoses and phenocopies introduce noise into
the analyses, and (3) the linkage analysis has inherent
limitations in detecting genes of modest to moderate effect.1

In a review of 101 published genome-wide scans carried out
to identify loci for 31 different complex phenotypes, it was
concluded that the most critical parameters associated with
increased success in locus finding were an increase in sample
size and an attempt to genetically homogenise the study
sample (that is, draw the sample from a single ethnic group).2

Combining data from previously conducted genome scans in
various study samples is an obvious step to increase the
sample size. This has proven to be a powerful strategy in gene
mapping of several complex traits.3–6

There are a number of measurable quantitative phenotypes
which are systematically collected in conjunction with
genome scans but are merely used for ascertainment or
adjustment purposes. With proper informed consent, these
data should also be used for genetic analyses. We have
chosen one such trait, stature (that is, adult height), for
quantitative trait locus (QTL) analysis; stature is one of the
most frequently collected traits in study samples and is thus

highly suitable for pooling of data across studies. Stature as a
quantitative trait has also some advantages for genetic
analysis: it is highly heritable with an estimated contribution
of genetic components ranging from 68% to 93% of the total
phenotypic variance7 8 and it can be easily and unambigu-
ously measured, thus minimising the noise produced by
measurement errors. Our strategy was to combine the
primary genotypes produced in four genome scans performed
in families ascertained for type II diabetes,9 10 familial
combined hyperlipidaemia (FCHL),11 12 and low high-density
lipoprotein cholesterol (HDL-C),13 14 and carry out a combined
linkage analysis for stature in the pooled dataset of 1417
individuals. The linkage analysis of the pooled study sample
provided suggestive evidence for two genetic loci on 4q35 and
22q13, controlling stature when phenotypes of both sexes
were used in the analyses. Sex-specific linkage analyses
implied three genetic loci on 1p21, 9p24, and 18q21
controlling male stature and one on 13q12 controlling female
stature. After assessment of the empiric genome-wide
significance for each of these findings, only the locus on
1p21 linked to male stature remained significant (p,0.01).

METHODS
Study subjects
Genome-wide genotype information and phenotype data
were available for 1417 individuals from 277 families. In

Abbreviations: FCHL, familial combined hyperlipidaemia; HDL-C, high-
density lipoprotein cholesterol; HME, hereditary multiple exostosis; QTL,
quantitative trait locus; VC, variance components
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addition, the genotypes of 117 individuals who did not have
phenotypic information were retained for the analyses. Study
families were originally ascertained for type II diabetes
(Botnia and Helsinki study samples), familial combined
hyperlipidaemia (FCHL study sample), and low high-density
lipoprotein cholesterol (Low HDL-C study sample). More
detailed description of the patient selection is available
elsewhere.9–14 Written informed consent was obtained from
each study subject prior to participating in the study. Each
separate study design was approved by local ethics commit-
tees. Personal information identifying the participants was
not made available to the investigators performing the
genetic analyses.
The contributions of different study groups are as follows:

416 individuals from 58 families (mean family size 10.78)
and 668 individuals from 165 families (mean family size
7.63) from the two separate study groups ascertained for type
II diabetes, 139 individuals from 29 families ascertained for
FCHL (mean family size 7.09), and 194 individuals from 25
families ascertained for low HDL-C (mean family size 11.24).
Body height for the majority of individuals was measured at
health care centres with subjects in light clothing without
shoes, but for some individuals in the FCHL and low HDL-C
study groups only self reported height was available.
However, it has been shown in Finnish twins that the
correlation between self reported and measured height is 0.98
in males and 0.96 in females making self reported height a
reliable phenotype.15 The genotype and phenotype informa-
tion contribution of the study samples are summarised in
table 1 and the numbers of informative relationships in the
combined sample are summarised in table 2.

Genotyping and marker map construction
Genotypes were produced as described earlier.9 11 12 16 Original
genome-wide screens combined here were genotyped with
different marker sets; the Botnia and Helsinki samples were
genotyped with microsatellite loci selected from public
databases to provide an average marker spacing of ,10 cM,
while the FCHL and Low-HDL samples were genotyped using
Weber screening set 917 and a modified version of Weber
screening set 6,17 respectively.
Since the original genome scans differed in their selection

of markers, the first task was to construct a merged, well
ordered marker map across the four different studies. For the
purpose of marker map construction, we developed a web
based tool, Cartographer, which is available on our website

(http://www.bioinfo.helsinki.fi/cartographer). In brief,
Cartographer first looks up the physical location of the
markers on a locally stored copy of the UCSC database
(http://genome.ucsc.edu/) and orders the markers based on
the sequence information. The genetic location of each
marker is next defined using the published deCODE genetic
map locations,18 which are also stored in the UCSC database.
For markers not included in the deCODE genetic map,
Cartographer uses linear interpolation for obtaining esti-
mates of the genetic locations of these markers by using the
physical and genetic locations of the immediately flanking
deCODE markers. If the physical location from the UCSC
database and the genetic location from the deCODE genetic
map for a given marker are in disagreement, Cartographer
obtains an estimate of the genetic location via interpolation
using the nearest flanking deCODE markers that are in
agreement with the sequence information. Finally, the
marker genotype information for each genome scan is
combined to produce one shared marker map.

Error checking
Familial relationships were verified using the GRR program.19

The genotype and phenotype data of pairs whose reported
relationship were likely to have been misspecified were
removed prior to analysis. Genotypes were checked for
Mendelian inconsistencies with the program PedCheck20

and for Mendelian consistent genotyping errors with the
error checking option implemented in MERLIN.21 Some 0.1%
of the genotypes were determined by MERLIN to be unlikely
and were removed prior to analyses using the Pedwipe
program distributed with the MERLIN package.

Table 1 Demographic characteristics of the study groups

Study group Phenotypes Genotypes Both

Age* (years) Stature (cm)

Mean (SD) Range Mean (SD) Range Skewness Kurtosis

Botnia
Males 216 217 211 58.7 (14.4) 23.6–84.2 174.7 (5.9) 157.0–193.0 0.18 0.42
Females 208 226 205 58.2 (14.8) 23.5–87.2 161.2 (5.9) 143.0–181.0 0.04 0.25

Helsinki
Males 337 293 288 56.6 (12.6) 25.9–82.4 174.4 (6.7) 153.7–197.0 20.01 0.33
Females 432 391 380 60.1 (12.8) 23.1–90.6 160.0 (6.3) 136.0–184.0 20.03 0.70

FCHL
Males 64 79 63 47.0 (12.7) 23.7–85.4 175.7 (5.9) 164.0–191.0 0.18 20.07
Females 76 103 76 51.4 (13.6) 23.0–82.7 161.5 (6.2) 147.0–176.0 20.07 20.08

Low HDL-C
Males 99 108 97 49.3 (14.3) 23.2–82.4 176.7 (6.2) 162.0–190.0 20.12 20.33
Females 99 111 97 50.0 (14.1) 23.5–90.7 164.2 (6.2) 149.5–179.0 0.21 20.01

Combined
Males 716 697 659 55.4 (14.0) 23.2–85.4 174.7 (6.4) 153.7–197.0 0.03 0.23
Females 815 831 758 57.6 (14.1) 23.0–90.7 161.0 (6.3) 136.0–184.0 0.01 0.46

Total 1531 1528 1417 56.6 (14.1) 23.0–90.7 167.4 (9.4) 136.0–197.0 0.07 20.49

*Individuals ,23 years of age excluded.
SD, standard deviation.

Table 2 Number of informative relative pairs where
both members have genotype and phenotype information

Female-
Female

Male-
Male

Opposite
sex pairs

All
pairs

Sib pairs 376 304 648 1328
Half sibs 12 5 21 38
Cousins 57 53 121 231
Parent-child 144 104 259 507
Grandparent-
grandchild

9 1 18 28

Avuncular 168 147 350 665
Total 766 614 1417 2797
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Statistical analysis
Preliminary analysis of the stature distribution was per-
formed with SPSS 11.5 (SPSS, Chicago, IL). In the combined
study group stature followed a standard normal distribution.
The trait distribution for each study group as well as the
combined study group are summarised in table 1. The sex
and age of each study subject at the time of phenotype
determination were used as covariates in the variance
components model. QTL analyses were performed using the
variance components method implemented in the program
MERLIN. The empirical significance of the obtained linkage
results was determined using the simulate option in MERLIN
as described in the Results section.

RESULTS
The mean family size in the combined sample was 8.56,
reflecting the large average size of the pedigrees and the high
number of potentially informative meiotic events in the
pooled study sample. The phenotypic characteristics of each
study sample as well as the combined data set are
summarised in table 1. The phenotypes of the study subjects
less than 23 years of age (n=57) were excluded from the
statistical analyses since these individuals may still be
growing. However, all the available genotypes were included
in the analyses to maximise linkage phase information.
Outliers in the combined sample (defined as deviating four
standard deviations (SD) or more from the sex-specific
mean) were excluded from the analyses. The heritability of
stature in the combined study group was <0.84, which
closely follows previous estimates.7 8

Although the number of the markers genotyped in four
genome scans was an impressive 1127, only 159 markers
(14%) were genotyped in the combined sample. A total of 686
markers (,62%) were genotyped in only one study sample,
142 (,13%) in two, and 120 (,11%) in three study samples.
After precisely ordering all the markers genotyped in various
genome scans on the genetic map using the Cartographer
program developed here, 20 out of 1127 markers genotyped
in the scans (<1.8% of all markers) could not be accurately
positioned due to missing or ambiguous sequence informa-
tion and they were excluded from the analysis. The average
marker heterozygosity was 0.74 (SD 0.02) and the average
information content of the markers in the combined data set
was 0.47 (SD 0.08).
Since stature is affected by both sex and age, these

parameters were used as covariates in the variance compo-
nents model. Also, to control for potential heterogeneity
between the different study samples, we used the study
sample identifier (Botnia, Helsinki, FCHL, or Low HDL-C) as
a covariate in the variance-component model. We also
examined if affection status for type 2 diabetes, FCHL, or
familial Low-HDL affects adult stature by adding this
information to the variance components model; this, how-
ever, did not affect the results significantly (data not shown)
and the results reported here were obtained using age, sex,
and study sample identifier as covariates in the model.
Multipoint LOD scores over 2.0 were observed with markers
located on 4q and 22q where the highest LOD scores were
obtained with markers D4S426 (LOD score 2.18) and
D22S282 (LOD score 2.85) in the combined sample. In the
two-point variance component analyses, the LOD scores for
the markers were 1.15 for D4S426 and 1.49 for D22S282.
We also analysed stature for both genders separately by

ignoring the phenotype data of all individuals from one
gender while retaining genotypes from both genders. In these
sex-specific multipoint analyses, three loci showed evidence
for linkage in males: 1p21 with marker D1S1631 (LOD score
4.25), 9p24 with marker D9S2169 (LOD score 2.57), and
18q21 with marker D18S60 (LOD score 2.39). In females

these loci showed no evidence of linkage: the respective
multipoint LOD scores were 0.00 for D1S1631, 0.00 for
D9S2169, and 0.00 for D18S60. The LOD scores for the
markers in the two-point variance component analyses in
males were 4.81 for D1S1631, 3.17 for D9S2169, and 1.74 for
D18S60. The two-point LOD scores for these markers in
females were 0.11 for D1S1631, 0.00 for D9S2169, and 0.00
for D18S60. One locus on 13q12 at marker D13S221 (multi-
point LOD score 2.66, two-point LOD score 1.02) showed
suggestive evidence for linkage in females. No evidence for
linkage was found at this marker (multipoint and two-point
LOD scores 0.00) in males.
To assess the significance of the obtained linkage results,

we simulated 100 genome scans using the simulate option of
MERLIN. This option generates simulated chromosomes for
the founders conditional on the allele frequencies at each
marker and segregates these in the pedigrees described in the
actual data set while retaining the genetic map as well as the
missing data patterns and phenotypes for each individual.
The same analyses that were conducted with the actual data
(multi- and two-point VC analyses on both sexes separately
and jointly) were repeated for each of the simulated
genomes. Since any evidence of linkage found in the
simulated genomes is due to chance, only these simulations
allowed us to evaluate the false-positive rate. These simula-
tions were automated using AUTOGSCAN.22 Since not all of
the individual multipoint LOD scores are independent, we
determined the empirical genome-wide significance of a
given LOD score as the fraction of simulated genome scans in
which this LOD score was reached or exceeded. The most
significant LOD scores and their empirical genome-wide
significance are listed in table 3. The only linkage that
remained significant was the linkage to male stature on 1p21
(p,0.01). However, it must be noted that since we were
restricted to performing only 100 simulated genomes due to
computational restraints, the confidence intervals for the
empirical genome-wide significances reported in table 3 are
quite large. For example, using the recommended23 24

approach by Wilson,25 the corresponding 95% confidence
intervals for empirical p values p,0.01, p=0.08, and p=0.10
are 0 to 0.037, 0.041 to 0.150, and 0.055 to 0.174, respectively.

DISCUSSION
Many loci have been implicated for linkage to stature in a
number of genome-wide screens,3 26–33 with some chromoso-
mal regions such as 5q31, 6q25, and 7q35–36 being reported
by multiple authors (see table 4). We combined the primary
genotype and phenotype data of four genome scans
comprising 1417 individuals from 277 families in study
samples ascertained for type II diabetes (Botnia and Helsinki
samples), familial combined hyperlipidaemia (FCHL sample),
and low high-density lipoprotein cholesterol (HDL-C sam-
ple), and performed variance components linkage analysis for
stature (fig 1). Pooling of primary data usually yields greater
statistical power and also fewer false-positives than meta-
analysis of initial results because of the reduced number of
statistical tests performed.34 35 Since some genetic effect on
stature is expected to be sex-specific, we also analysed males
and females separately in our combined sample.
The original genome-wide screens differed in their choice

of genetic markers, so prior to combining the genotype data it
was necessary to place all the markers genotyped in the
original samples in a shared marker map. Because the power
and accuracy of multipoint linkage analysis to map trait loci
is highly dependent on the genetic map used,36–38 we made
every effort to utilise the most current data in the construc-
tion of the marker map. Since the order of markers in genetic
maps is obtained from observed meiotic information by
statistical inference, physical evidence of marker order

934 Sammalisto, Hiekkalinna, Suviolahti, et al
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obtained from the genome sequence may be more accurate.
Therefore, we carried out the construction of the common
marker map in three hierarchical stages utilising a custom-
made software tool: (1) we ordered the markers according to
their physical location obtained from the July 2003 release of
the human genome sequence stored in the UCSC database
(http://genome.ucsc.edu/); (2) we obtained the genetic
positions of the markers from the deCODE genetic map;
and (3) for those markers which were not included in the
deCODE marker map or were in disagreement with the
sequence information, we used linear interpolation for
genetic location estimation using the physical and genetic
locations of the immediately neighbouring deCODE markers.

This approach for constructing genetic maps based on
sequence information is similar to the strategy applied by
Nievergelt et al.39 However, to our knowledge this study is the
first in which a sequence based genetic map has been used to
guide the multipoint linkage analyses.
We found suggestive linkage on 4q35 and 22q13 when we

used phenotypic information from both males and females
adding sex and age as covariates in the variance components
model; however, neither of these was significant according to
simulations. Our results added additional support for the
linkage on 4q35 reported by Hirschhorn et al27 who noted
multipoint LOD scores of 1.73 at marker D4S1540 in their
Finnish cohort (included in our combined sample and

Table 3 Chromosomal regions showing multipoint LOD scores >2.0

Gender Chromosome Peak marker deCODE (cM) Multipoint LOD score Empirical genome-wide significance*

Males and females 4 D4S426 202.69 2.18 0.33
22 D22S282 50.81 2.85 0.08

Females 13 D13S221 16.26 2.76 0.10
Males 1 D1S1631 125.75 4.25 ,0.01

9 D9S2169 12.55� 2.57 0.19
18 D18S60 86.76� 2.39 0.33

*Determined from 100 simulated genome scans; �genetic distance interpolated from the neighbouring deCODE markers.
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Figure 1 Results of the multipoint variance components linkage analyses. The y axis represents the multipoint LOD score and the x axis the genetic
location according to the deCODE genetic map. Black lines show the results using all available phenotypes, red lines the results using only female
phenotypes, and blue lines the results using only male phenotypes.
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labelled ‘‘Helsinki’’ here) and 1.89 at markers D4S3051–
D4S426 in their Botnia cohort (also included in our combined
sample). In our combined sample the multipoint LOD scores
were 1.55 for D4S1540, 2.12 for D4S3051, and 2.18 for
D4S426, providing additional support for linkage to stature at
the latter locus. Also, the linkage reported by Hirschhorn et al
at marker D22S282 (multipoint LOD score 1.10) in the Botnia
cohort was further corroborated by our findings; in our
combined sample the multipoint LOD score at D22S282 was
2.85. Although neither of these loci seems significant
according to our simulations (genome-wide significance
0.23 and 0.06 for D4S426 and D22S282, respectively), it is
noteworthy that evidence for linkage was increased in our
combined sample, providing further support for the con-
tribution of these loci in the determination of adult height.
We identified a suggestive locus linked to female stature in

our combined analysis of 13q12 at marker D13S221 (multi-
point LOD score 2.66, empiric p value 0.06). This genome
region was also implicated by Hirschhorn et al in their
Finnish cohort (included in our sample and labelled
‘‘Helsinki’’ here). They reported a LOD score of 1.01 at
markers D13S221–GGAA29H03 when the analyses were
performed using the phenotypes from both genders (388
females and 314 males). They did not perform sex-limited
analyses and their study sample contained approximately
half as many females as our sample (388 v 758). This would
probably diminish the power of linkage assuming that the
locus truly is female-specific.
In males, the three loci 1p21, 9p24, and 18q21 showed

some evidence for linkage to stature. Marker D1S1631 was
significantly linked to male stature according to our simula-
tions (multipoint LOD score 4.25, empiric p value ,0.01).
This locus has been implicated previously for suggestive
linkage to stature by Wu et al3 who reported a LOD score of
2.25 for stature on 1p21 at the same marker D1S1631 in an

African American population ascertained for essential hyper-
tension. However, in their sample only 34.5% were males and
they did not perform sex-limited analyses. Our linkage result
on 9p24 (multipoint LOD score 2.57, empiric p value 0.15) is
also highly interesting since Mukhopadhyay et al,33 who
analysed sex-limited effects in a manner comparable to ours,
reported a male-specific linkage finding on chromosome 9,
approximately 40 cM away from our linkage peak (multi-
point LOD score 1.65 at marker D9S319). It is also interesting
that the locus linked to male stature on 18q21 (multipoint
LOD score 2.39 at marker D18S60) is located ,20 cM
upstream of linkage peaks reported by Hirschhorn et al:
D18S541–D18S1121 in their Botnia cohort (multipoint LOD
score 1.58) and D18S1121 in their Finnish cohort (multipoint
LOD score 1.77).
Although a substantial amount of our dataset (416

individuals from 58 Botnia families and 668 individuals from
165 Helsinki families) overlaps the study sample analysed by
Hirschhorn et al, we were unable to further corroborate other
loci identified by them in our combined study sample.
Previous reports of QTL genome scans have demonstrated
that linkage peaks found in a subset of samples may not be
identified in a combined sample.3 40 There are at least two
likely reasons for this result. First, our combined analysis
used a different marker map and second, there may be locus
heterogeneity between the study samples included in our
combined analysis. The chance of the latter occurring does
not seem very likely since all the study individuals originate
from the fairly homogeneous Finnish population.
Perola et al reported two suggestive linkage peaks for

stature on 7q36 and 9q34 in a combined sample of five
Finnish genome-wide scans with total of 580 individuals.28

One of these study samples, the FCHL sample, was also
included in our combined sample. In our analyses, these loci
did not provide evidence for linkage; the maximum LOD

Table 4 Overview of results from genome-wide QTL screens for stature where multipoint LOD scores over 2.0 have been
reported

Locus Peak marker deCODE cM LOD score Population Reference

1p21 D1S1631 125.75 2.25 GENOA African American Wu et al3

2q11 D2S113 112.79* 2.23 Finland (Botnia) Hirschhorn et al27

3p26 D3S1297–D3S1304 4.94*–19.61 3.17 United Kingdom Wiltshire et al30

3p14 D3S1766 79.08 2.31 Finland Hirschhorn et al27

3q23 D3S1764 145.53 2.03 Multiple Wu et al3

3q26 D3S1763 168.52 2.06 GENOA European American Wu et al3

4q25 D4S1564 111.18 2.28 Finland (Botnia) Hirschhorn et al 27

5p14–p13 D5S2845–D5S1470 41.83*–53.87 2.04 Dutch Willemsen et al41

5q31 D5S816 138.04 2.26 HyperGen European American Wu et al3

5q31 144 cM (ABI)� NA 2.14 Nebraska Deng et al29

6q12 D6S1053 81.09 2.66 GENOA European American Wu et al3

6q12–q14 D6S1053–D6S1031 81.09*–89.14 2.32 Netherlands Willemsen et al41

6q25 D6S2436 161.27 3.06 Netherlands Xu et al31

6q25 D6S1007 166.61 3.85 Finland (Botnia) Hirschhorn et al27

7q21 D7S669–D7S630 89.39*–99.93 2.26 United Kingdom Wiltshire et al30

7q35 D7S2195 152* 3.40 Sweden Hirschhorn et al27

7q36 165 cM (Marshfield)� NA 2.91 Finland Perola et al28

7q36 D7S3058 175.87* 2.46 Multiple Wu et al3

8q24 D8S1100–D8S373 148.81–164.47 2.52 Finland Hirschhorn et al27

9q21 D9S1868 53.04 2.01 Finland (Botnia) Hirschhorn et al27

9p1 D9S301 66.99 2.09 Netherlands Xu et al31

9q34 159 cM (Marshfield)� NA 2.61 Finland Perola et al28

12p13 D12S341 0.68* 2.07 Finland Hirschhorn et al27

12q13 D12S1090–D12S398 NS–67.42 3.35 Finland Hirschhorn et al27

13q33 D13S779–D13S797 95.76–105.22 3.56 Finland Hirschhorn et al27

14q11 GATA74E02A 13.41 2.45 Framingham Heart Study, 70 year olds Beck et al32

14q23 D14S592 60.5 3.67 GENOA European American Wu et al3

17q21 D17S958 74.32 2.69 Finland (Botnia) Hirschhorn et al27

20p12 D20S66–D20S98 38.23–40.76 3.00 Pima Indians Thompson et al26

20q13 D20S96 66.55 2.51 Finland (Botnia) Hirschhorn et al27

*Genetic distance interpolated using the neighbouring deCODE markers; �authors did not report peak marker.
NA: deCODE genetic location could not be obtained; NS: sequence information not available in the UCSC database.
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scores on these chromosomes were 0.50 on 7q21 and 0.75 on
9q21. This is not too surprising since the relatively small
FCHL sample did not significantly contribute to the earlier
results (personal communication). The region on 7q was also
reported by Hirschhorn et al in a Swedish sample, which was
not included in our combined analysis, and by Wu et al3 in a
combined sample of multiple populations. Even though our
results did not yield substantial evidence for linkage to 7q,
there is accumulative evidence that there are true loci on 7q
that contribute to the variation in adult stature.
In our combined sample we observed some interesting

minor peaks on chromosome 6 which would provide some
support for previous reports of putative QTLs for stature. Xu et
al31 reported a LOD score of 3.06 at marker D6S2436 in a
Dutch sample, and Hirschhorn et al reported a LOD score of
3.85 at marker D6S1007 located ,5 cM downstream of
D6S2436 in a Botnia population. Both of these markers were
included in our combined sample and the respective LOD
scores obtained were 0.79 and 1.05. Interestingly, when we
analysed only males, the corresponding LOD scores were 1.19
and 1.49 at these markers. Another region on chromosome 6
has also been indicated for stature by two other studies by
Willemsen et al41 and Wu et al which yielded overlapping
results at marker D6S1053 with LOD scores of 2.32 and 2.66,
respectively. This marker showed no evidence for linkage to
stature in our sample (multipoint LOD score 0.05), but we
observed suggestive linkage ,50 cM upstream of this marker
where the highest LOD score obtained was 1.80 at marker
D6S1959. Since it is known that the confidence intervals for
QTLs implicated in genome-wide screens may cover wide
chromosomal regions,42 it is possible that our finding
represents the same underlying QTL for stature.
The one LOD drop critical region for the male-specific

linkage peak on 1p21 spans approximately 121–131 cM in the
deCODE genetic map, and is flanked by markers D1S2753
(120 cM) and D1S418 (133.99 cM). This region contains tens
of known genes as well as numerous predicted genes whose
function is currently unknown. Not surprisingly, this region
harbours three candidate genes of special interest for stature:
EXTL2, COL11A1, and CHI3L2. EXTL2 is an alpha-1, 4-N-
acetylhexosaminyltransferase involved in the biosynthesis of
heparin/heparan sulfate and is a member of the hereditary
multiple exostoses gene family of tumour suppressors.43–45

Mutations in two other members of this gene family, EXT1
and EXT2, have been shown to cause hereditary multiple
exostosis (HME) syndrome types I (EXT1; MIM 133700) and
II (EXT2; MIM 133701). Approximately 50% of patients with
HME show short stature, linking this gene to abnormal
growth.45 46 Interestingly, Wicklund et al47 showed a signifi-
cant excess of male patients (104:76) and male probands
(28:15) with HME, suggesting some sex-specific effect.
Another interesting positional candidate gene COL11A1
encodes the alpha-1 subunit of collagen XI and is mostly
expressed in cartilage tissue. Li et al48 showed that the limb
bones of newborn COL11A1 null mice are wider at the
metaphyses than normal bones and only about half the
normal length, thus concluding that this gene is essential for
normal skeletal morphogenesis. In humans, a splicing defect
in COL11A1 has been shown to associate with Marshall
syndrome (MIM 154780) which includes symptoms such as
short stature and a stocky build relative to unaffected family
members.49 Mutations in COL11A1 have also been shown to
cause a related condition, Stickler syndrome, type II (STL2;
MIM 604841) with hallmark features of skeletal manifesta-
tions. A third positional candidate gene, CHI3L2, encodes a
chondrocyte protein which is highly expressed in cartilage
chondrocytes. Benz et al50 showed that the up regulation of
this gene characterises the stimulation of chondrocyte
growth. Since all these genes are likely to play important

roles in the normal function of growth plates of long bones,
they also represent excellent functional candidate genes for
fine mapping and gene identification efforts for human
growth genes. The character of this seemingly male-specific
locus on 1p21 influencing stature in our sample remains to be
elucidated. It is possible that some gene(s) in the region are
regulated via sex hormone related signalling pathways or
have epistatic interactions between genes that are expressed
differentially in males and females. We made an effort to
localise binding sites for transcription factors that would link
these candidate genes to sex hormone mediated pathways.
We used phylogenetic foot printing methods with pair wise
comparisons between human and mouse and between
human and dog, using two independent libraries of
documented transcription factor binding sites (TRANSFAC51

and JASPAR52) and four different analysis algorithms
(CONREAL,53 CONREAL and LAGAN,54 ConSite,55 and
rVista56). In addition to these phylogenetic foot printing
methods, we also searched for nuclear hormone receptor
binding sites utilising NHR-scan57 which implements a
Hidden Markov Model approach for detecting putative
binding sites. Using these computational methods, we found
a high number of potential binding sites within these genes
and their putative promoter regions (data not shown).
However, due to the well known false-positive rate of
contemporary bioinformatics methods including computa-
tional binding site prediction, these sites would have to be
experimentally verified, which falls beyond the scope of this
study.
For traits such as stature where there is a marked

difference in the trait mean between sexes, it may be
warranted to carry out sex-limited analyses in order to locate
loci with sex-specific effects. So far, this type of approach is
fairly uninvestigated in genome-wide scans aimed at com-
plex traits. The X chromosome has been implicated in at least
one genome-wide scan for stature29 as well as by sex
chromosome disorders such as Turner’s syndrome patients
and XYY men where stature is affected. Unfortunately, since
our samples were genotyped only with autosomal markers,
we could not investigate linkage of loci on sex chromosomes
to stature. However, studies of mother-daughter correlations
for females affected with Turner’s syndrome have shown that
it is likely that autosomes also contain loci contributing to the
normal variation in stature58 and it is possible that some of
these loci are expressed differentially in males and females.
In this study we were able to find significant evidence for a
male-specific locus, but only suggestive evidence for female-
specific loci linked to stature. Albeit assortative mating is
clearly an important confounding factor affecting heritability
estimates of height59 and might mask the effects of
environment, no sex-specific effects for assortative mating
were seen in a previous Finnish study,60 so its effect probably
does not explain the male-specific finding here. There may,
however, be stronger male-specific genetic determinants
controlling stature as suggested by the finding that in
females the effect of environmental factors may contribute
more to variation in stature compared to men.8 The locus on
1p21 identified in this study may represent such a QTL, but
further studies are needed to confirm this.
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