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Abstract

Context: Twin studies indicate that the timing of pubertal onset is under strong genetic control.
However, genes controlling pubertal timing in the general population have not yet been identified.

Objective: To facilitate the identification of genes influencing the timing of pubertal growth and
maturation, we conducted linkage mapping of constitutional delay of growth and puberty (CDGP),
an extreme variant of normal pubertal timing, in extended families.

Participants and methods: Fifty-two families multiply affected with CDGP were genotyped
with 383 multiallelic markers. CDGP was defined based on growth charts (the age at onset of
growth spurt, peak height velocity, or attaining adult height taking place at least 1.5 SD later than
average). Chromosomal regions co-segregating with CDGP were identified with parametric
affected only linkage analysis using CDGP as a dichotomized trait.

Results: The genome-wide scan detected linkage of CDGP to a region on chromosome
2p13-2g13. The two-point HLOD-score was 1.62 (a. 0.27) and the corresponding multipoint
HLOD 2.54 (a 0.31). Fine-mapping the region at 1 cM resolution increased the multipoint HLOD-
score to 4.44 (a 0.41). The linkage became weaker if also family members diagnosed with CDGP
without growth data were included in the analyses.

Conclusions: The pericentromeric region of chromosome 2 harbors a gene predisposing to
pubertal delay in multiply affected pedigrees. Our data suggest that this locus may be a component
of the internal clock controlling the timing of the onset of puberty.
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Introduction

Significant concordance in the timing of puberty between monozygotic twins (1, 2) and
similarities in pubertal timing between family members (3-5) indicate that the onset of
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puberty is genetically determined. Furthermore, the hypothalamic neuroendocrine network
initiating puberty seems to be influenced by a complex interplay of signals from peripheral
tissues (e.g. body energy stores) (6) and environment (e.g. climate and light) (7, 8).
However, the exact mechanisms of these impacts and the precise mechanisms controlling
the onset of puberty are still poorly characterized.

The continuous distribution of the timing of puberty in the general population (9) suggests
that multiple regulatory genes are involved, with possibly relatively small effect of a single
gene. In support of genetic heterogeneity, two recent studies mapping genes influencing the
continuous trait age at menarche both reported significant LOD-scores, but none of the
identified genomic regions overlapped between the studies (10, 11). However, even though
the regulation of the timing of puberty may be complex at the population level, the genetic
makeup of individuals at the extreme ends of the normal spectrum is likely to represent a
more homogenous genetic structure than the overall population. Furthermore, at the tails of
the distribution, genetic variants with a strong impact on the trait may be expected.
Supporting oligogenic inheritance, we and others have shown that constitutional delay of
growth and puberty (CDGP), an extreme variant of normal pubertal timing strongly clusters
in families and often segregates in an autosomal dominant pattern (4, 5). Therefore, in the
present study, we set out to identify genes conferring susceptibility to pubertal delay by
linkage mapping in extended pedigrees multiply affected with CDGP. We defined CDGP
based on objective evidence of delayed pubertal growth spurt, thus avoiding the potential
confounding ambiguity introduced by subjective recall of the phenotype. Furthermore,
similar criteria for delayed central onset of puberty could be applied in both genders. Our
family collection was maximized for a homogenous genetic composition and can be
anticipated to be enriched for high-impact alleles that are amenable to linkage mapping.

Materials and methods

Identification of probands

Patients referred during 1982 through 2004 to specialist pediatric care due to delayed
puberty were identified from the hospital discharge records of Helsinki, Kuopio, Tampere
and Turku University Hospitals and two municipal hospitals in southern Finland. Patients
fulfilling the diagnostic criteria for CDGP, defined as 2 SD later than average pubertal
development (Tanner genital stage 11, testis volume of more than 3 ml, beyond the age 13.5
yr in boys and Tanner breast stage Il beyond the age 13.0 yr in girls) (12, 13) were included.
Medical history, clinical examination, or routine laboratory tests failed to reveal any signs of
chronic illnesses accounting for the delayed puberty, and hypogonadotropic hypogonadism,
if suspected, was excluded by GnRH testing and by clinical follow-up ensuring spontaneous
pubertal development. Pubertal growth spurt in probands was more than 2 SD later than
average; age at acceleration of pubertal growth (take-off) beyond 13.8 and 12.2 yr, and age
at peak height velocity (phv) later than 15.6 and 13.7 yr, in males and females, respectively
(14).

Ascertainment of family members

Families of the CDGP patients were invited by a letter to participate. Information about
medical history and pubertal timing was obtained by structured interviews, and a blood
sample was drawn for DNA-extraction. Archived height measurement records were
collected to draw growth charts. Whenever possible, the timing of puberty was assessed
based on timing of pubertal growth spurt examined by three pediatricians in the group (KW,
TL, LD). The criteria for CDGP in probands' family members were one of the three
following: 1) age at take-off or 2) phv occurring 1.5 SD beyond the mean, i.e. age at take-off
exceeding 12.9 and 11.3 yr, or age at phv exceeding 14.8 and 12.8 yr in males and females,
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or 3) age at attaining adult height more than 18 or 16 yr, in males and females, respectively
(14). If growth charts were unavailable, the timing of puberty was based on interviews. In
that case the criteria for CDGP were: recalling having undergone pubertal development or
attained adult height more than 1.5 yr later than their peers (both sexes), or menarche after
14 yr. Those family members with chronic illnesses and other factors possibly affecting
growth and development in childhood were excluded. Only families of Finnish origin were
included.

Using growth chart based CDGP criteria we were able to identify 52 multiply affected
families that were informative for linkage, encompassing a total of 410 subjects (213 males,
197 females). Of these, 179 individuals (97 males, 82 females) were classified as affected.
The largest family contained 9 affected pedigree members. Of all families, 28 consisted of
affected sibling pairs. These affected individuals, diagnosed based on growth chart
information, were used in all primary linkage analyses. As an attempt to maximize the
linkage information, we also run a sub-analysis, which included 56 additional affected
subjects who had been classified as affected based on interviews alone. Thirty of these
belonged to the 52 multiply affected pedigrees identified by growth chart criteria. Of the
subjects, 26 classified as affected by interview belonged to 10 new multiply affected
families.

All participants and/or the parents/guardians gave their written informed consent. The study
protocol was approved by the Ethics Committee for Pediatrics, Adolescent Medicine and
Psychiatry, Hospital District of Helsinki and Uusimaa and was extended to encompass also
the sample collections at Kuopio, Tampere, and Turku University Hospitals. The study was
conducted in accordance with the guidelines of 7he Declaration of Helsinki.

Genotyping and marker maps

Genome-wide linkage mapping was carried out using ABI PRISM Linkage mapping Set
MD10 (Applied Biosystems). Standard PCR-protocols were used for the amplification of
fragments using 10 ng of genomic DNA as a template. The fluorescently labeled PCR
products were separated using ABI3730 (Applied Biosystems) automated electrophoresis
system and the genotype calls were made using GeneMapper3.7 software. All allele calls
were verified by two independent reviewers and any discrepancies were resolved.
Genotypes were retrieved for 383 markers spanning all autosomes and the X-chromosome.
The program GRR (Graphical Representation of Relationships) (15), which calculates the
average identical-by-state allele-sharing between all pairs in a data-set, was used to screen
for inconsistencies in familial relationships. Genotypes were checked for violation of
Mendelian segregation of alleles using PEDCHECK (16).

Marker locations were based on DeCode map distances. In case a marker had not been
placed on the DeCode map, estimates of their genetic locations were based on linear
interpolation by using the physical location and the genetic locations of the immediately
flanking deCODE markers in the University of California Santa Cruz (UCSC) database
using Cartographer (https://apps.bioinfo.helsinki.fi/software/cartographer.aspx). Fine-
mapping markers were selected from the UCSC database. Markers were selected one every
1 million bases preferentially picking markers with heterozygosity > 0.7.

Statistical analysis

Linkage analysis using pubertal delay as a dichotomized trait was carried out using the
program Merlin (17). Since the expressivity of potential alleles co-segregating with CDGP is
not known, the linkage analyses were run using the affected only approach, in which all
unaffected family members were scored having unknown phenotype. Three dominant
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models were tested. The penetrances for affected heterozygotes and homozygotes were kept
at 0.9 and unaffected in all models but the disease allele frequency was set to 0.01, 0.001
and 0.0001 in models 1, 2 and 3 respectively. The reported HLOD-scores are all obtained
with model 3. Merlin was also used to reconstruct likely haplotypes segregating in the
pedigrees corresponding to the most likely pattern of gene flow.

The genome was screened with 383 microsatellite markers in 52 families to identify
chromosomal regions co-segregating with CDGP as diagnosed from growth charts. The
average marker success rate was 98.0%, and the average information content 0.87. A
graphic representation of all HLOD-scores obtained with parametric linkage analysis and a
summary of loci yielding HLOD-scores above 1.5 are shown in Figure 1 and Table 1. The
highest HLOD-score obtained with two-point analysis was detected at marker locus
D1S2697 (HLOD 1.82; a 0.45). In addition, two-point analyses identified three other loci
with HLOD-scores exceeding 1.5; on chromosome 2 (D2S52216, HLOD 1.62; a 0.27) and
chromosomes 7 and 18 (Figure 1, Table 1). Of these four loci, only the locus on
chromosome 2 was supported by multipoint analysis, which at marker locus D252216
resulted in an increase of the HLOD-score to 2.54 (a 0.31). Further support for linkage to
CDGP was obtained from the neighboring loci D252333 and D2S160 yielding HLOD-
scores of 1.79 and 2.18, respectively (Table 1). Multipoint analysis did not detect any other
HLOD-scores exceeding 1.5.

To further test whether the initial linkage signal on chromosome 2 would represent true co-
segregation of the chromosomal region with CDGP or would be a false positive result
associated only with the single marker D2S2216, we fine-mapped the region on
chromosome 2p13-2q13. All family members were genotyped for 25 additional
microsatellite markers covering the region at 0.97 cM intermarker distance increasing the
overall multipoint information content to 0.97. Adding these markers to the linkage analysis
clearly supported the initial linkage finding (Table 2, Figure 2). The highest two-point LOD-
score was obtained at marker locus D252364 (HLOD 3.70; a 0.62). In addition, there were
6 loci yielding HLOD-scores exceeding 2. The highest multipoint LOD-score in the region
(HLOD 4.44; a. 0.41) was obtained at 119.0 cM (Figure 2). Adding individuals (n=56) with
only interview-based phenotypes available did not improve the linkage signal (data not
shown).

Finally, we aimed at testing the hypothesis, whether stratifying the families based on place
of origin would reduce the allelic heterogeneity. Most of our families were ascertained from
southern and western Finland, but 7 families were living in the central and eastern parts of
the country. The geographical origin of these families was not traced further back than to the
1940's, but according to previous works on monogenic disorders in Finland, this should
suffice to trace the ancestry of disease-carrying alleles with a reasonable precision (18).
Running these 7 families alone in the linkage analysis showed that they contributed to a
substantial proportion of the linkage signal at chromosome 2. Multipoint analysis of the 7
families for all markers on chromosome 2p13-2q13 yielded a HLOD-score of 3.46 (a 0.75).

We then went ahead and scrutinized the segregating haplotypes in the 5 families
contributing to the linkage signal. Based on two crossing-over events in the family yielding
the second highest LOD-score, the minimal shared segment was spanning 6 Mb between
markers D252209 and D2S5293. None of the 5 families shared a haplotype pattern spanning
more than 2 markers (Table 3). At marker locus D2S373 the allele 237 was co-segregating
with delayed puberty in half of the families from eastern Finland. However, the frequency of
that allele was very high also in families not showing evidence for linkage to chromosome
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2011-2912, i.e. 0.5 as estimated from 167 founder chromosomes of the 30 families yielding
the lowest LOD-scores at that locus. Nevertheless, the two families with the highest LOD-
scores in Table 3 have almost similar looking haplotypes at marker loci D2S373, D252364
and D2S2229. The two haplotypes co-segregating with pubertal delay in each family, are
distinguished only by 1 repeat unit at marker D252364, and could therefore theoretically
represent the same ancestral chromosome with a mutation at marker locus D252364.
However, the alleles present on these haplotypes were rather common with allele
frequencies at the level of 0.35 — 0.45. The 273-[101/99]-181 haplotype was also present on
9% of the founder chromosomes of the 30 families yielding the smallest LOD-scores at
chromosome 2gq11-2q12.

Discussion

We here report the results of the first genome-wide search for genes conferring susceptibility
to constitutional delay of growth and puberty (CDGP). By utilizing the linkage mapping
approach, we successfully mapped a locus co-segregating with CDGP to the pericentromeric
region on chromosome 2.

Linkage analysis is, indeed, a powerful tool to identify rare high-impact alleles co-
segregating with specific traits in extended families. However, it is sensitive to
misspecification of the phenotype. Therefore, we took several measures to avoid
misclassification of the affectation status (i.e. delayed puberty). First of all, we chose to use
a unique resource of archived height measurement records, which enabled objective
assessment of the phenotype (i.e. timing of puberty) also in adults who had passed puberty
already a long time ago. Furthermore, we attempted to exclude both under-nutrition and
chronic illnesses by interviews, since both of them influence linear growth and pubertal
maturation (19, 20). We also sought to exclude hypogonadotropic hypogonadism as it is
characterized by later than average development and growth spurt during pubertal years,
although in contrast to CDGP, spontaneous maturation is usually absent (21). The criterion
for defining delayed puberty onset for some subjects was the age at attaining adult height.
This phenotype could potentially also be caused either by estrogen receptor defects (22) or
aromatase deficiency (23), which both will result in a prolonged growth period affecting the
age at attaining adult height, because estrogen is the main regulator of epiphyseal closure
(24). These conditions are, however, extremely rare and we only occasionally used the age
at attaining adult height as the only criterion for CDGP, i.e. only when the growth
measurements were too infrequent to allow estimation of the timing of acceleration or peak
height velocity of pubertal linear growth.

The chromosomal region linked to delayed pubertal growth spurt in the present study did not
coincide with the results of two previous studies mapping genes affecting another puberty
timing phenotype, age at menarche (10, 11). Neither did it overlap with the genomic regions
implicated in a genome-wide screen of idiopathic short stature (25), a phenotype also
affecting longitudinal growth and partly overlapping with CDGP. These divergent results
are likely to be reflections of phenotypic and genetic heterogeneity, as well as different
study designs. After the activation of the hypothalamic-pituitary-gonadal (HPG) -axis,
secondary sexual characteristics appear usually in a certain sequence with breast tissue
growth and pubertal acceleration of linear growth being the first markers in girls (13, 14). In
contrast, menarche is a late phenomenon in female puberty indicating that pubertal
maturation is almost completed (13). Furthermore, there may be only a moderate correlation
between age at menarche and timing of breast development (r = 0.37) (26). Pubertal growth
spurt is regulated mainly by sex steroids, specifically estrogen, in both genders (27) and
therefore reflects the full activation of the HPG-axis. In boys, pubertal growth spurt occurs
later along somatic maturation than in girls (12, 14), but probably because estrogens in boys
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are derived from androgens by aromatization (28). Therefore, the timing of pubertal growth
spurt may serve as a marker for central onset of puberty similarly in both genders.

In addition to using different markers for puberty onset, our study differs from the previous
ones also by study design. First of all, as a consequence of studying age at menarche, only
females were included in the previous scans (10, 11), while our analysis encompassed both
genders. Secondly, the genome-wide screens of age at menarche both used the phenotype as
a quantitative trait in the analysis, thus mapping genes affecting the whole distribution of
pubertal timing present in the population. In contrast, our study population was selected
from the extreme end of the continuous distribution of pubertal timing, i.e. probands with
clinically verified CDGP (puberty taking place more that 2 SD later than average) and their
relatives with pubertal growth spurt taking place more than 1.5 SD later than average,
representing less than 10% of the general population. Individuals at the tail of a genetically
determined continuous distribution might either be carrying a single allele with a strong
impact on the phenotype, or alternatively multiple low- or medium-impact susceptibility
alleles. By selecting extended families segregating CDGP in an autosomal dominant fashion,
our study was clearly biased to detect rare alleles with a large impact on the phenotype. At
present, when majority of the genetic structure underlying any complex trait still remains
unidentified, it is not known how much overlap can be expected in the genetic variation of a
complex continuous trait versus a complex discrete phenotype, such as pubertal timing
versus CDGP. As an example, recent genome-wide association studies, ideally suited for
detecting low-impact alleles, have successfully identified more than 40 loci associated with
adult height (29-32). Still, majority of the genetic background of adult stature remains
unaccounted for. Typically, these identified genetic regions don't overlap with height
associated chromosomal regions identified by linkage mapping or with loci causing extreme
height phenotypes, but HMGAZ representing the strongest identified association signal (29),
also has alleles with large impact on height, causing short length in mice (33) and extremely
tall stature in humans (34). Not finding any overlap between the loci implicated in the
previous genome-wide scans of age at menarche and our own study might thus be a
consequence of different mapping approaches targeting distinct milestone events of pubertal
maturation. Regarding the differences between implicated chromosomal regions in the
current study and the study on idiopathic short stature (25), it is likely that the majority of
the individuals included in the idiopathic short stature study represent a completely distinct
phenotype compared to CDGP studied by us. Finally, the lack of overlap of implicated
chromosomal regions between the menarche scans further point to genetic heterogeneity of
that phenotype.

Our initial hypothesis was that a selected study sample of multiply affected extended CDGP
families would be enriched for high-impact alleles co-segregating with the phenotype. This
turned out to be the case but, nevertheless, genetic heterogeneity was present also in our
genetically fairly homogenous study population. Only forty percent of all studied families
contributed to the significant linkage signal on chromosome 2p13-2g13. Interestingly, we
found evidence for geographical stratification as majority of the linkage signal was
accounted for by a minority of the families originating from central and eastern Finland.
These regions represent the more recently settled parts of the country, to which the
population spread from the early settlement region of the southern and western coastlines
starting from the 16! century. Therefore, based on previous molecular characterizations of
Finnish Mendelian disease genes, rather long genetic distances of up to 10 ¢cM can be
expected to flank the disease gene provided that the mutation arose on one of the founder
chromosomes of the sub-settlement (18). In order to primarily verify the initial linkage
signal we genotyped the linked region at 1 ¢cM resolution. Even though the fine-mapping
results supported linkage, we did not find evidence for linked families sharing chromosomal
segments identical-by-descent. Therefore, the mutation co-segregating with CDGP might
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represent a common rather old genetic variant, which due to major bottle-necks and genetic
drift has been enriched in the subpopulation of central and eastern Finland. This finding also
implies that the detection of linkage disequilibrium surrounding the mutation is likely to
require a rather dense map. Mapping genes in population isolates, such as the Finnish
population, has several advantages including a more uniform genetic background (18), but
because of the unique population structure the pertinence of a mapped locus to other
populations is not automatically evident. Even though it is quite likely that the mapped allele
co-segregating with CDGP is present also in other European populations, perhaps at a
different frequency, it is nevertheless possible that it could represent a population specific
mutation that has occurred on an ancestral chromosome a few thousand years ago.

As we couldn't restrict the linked region by linkage disequilibrium mapping at 1 cM
resolution, we face the challenge of tracing the genetic variant conferring susceptibility to
pubertal delay in a large genomic region of some 6-20 Mb. None of the genes in this region
have previously shown involvement in HPG-axis functions, nor have they been implicated
in the phenotypically related condition of hypogonadotropic hypogonadism. Nevertheless,
there are a number of genes in the region with a potential connection to pubertal maturation,
a few examples of which will be discussed below. One example is GPR45 belonging to the
family of G-protein coupled receptors, which are widely expressed in the central nervous
system. Mutations in other G-protein coupled receptor genes, such as GNRHR (35), KISSIR
(36), and PROKRZ2(37) are known to cause hypogonadotropic hypogonadism. Another
example is POU3F3, also predominantly expressed in the brain and encoding for member of
the homeobox family of POU domain transcription factors. Because inactivating mutations
of another member of the POU family genes have been reported to cause combined pituitary
hormone deficiency (38), one might speculate that POU3F3 could be a factor in
development of the HPG-axis. Taken together, given the complexity of the phenotype and
the large range of potentially involved pathways, in addition to the large size of the
identified chromosomal region pinpointing the gene involved, identification of the causative
variant and the evaluation of the impact of the identified locus at the population level must
await follow-up studies.

The underlying genetic factors explaining the physiological variation of pubertal onset have
hitherto remained elusive. However, the importance of understanding the mechanisms
regulating the onset of pubertal growth and maturation is emphasized by the possibility of
global advancement in pubertal timing and the evidence that early pubertal development
may have long lasting implications (39, 40). In order to maximize the chances of identifying
genetic variants influencing the onset of puberty, we chose to study delayed puberty
representing the extreme tail of the normal distribution of pubertal timing. By locating a
novel gene locus predisposing to CDGP, we have now taken one step toward unraveling the
basic molecular mechanisms regulating the timing of the onset of puberty.
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FIG. 1.

HLOD-scores obtained from two- and multipoint linkage analyses of growth chart-based
constitutional delay of growth and puberty. The results of the two-point analyses are
represented by the blue line and the multipoint analyses by the red line.
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FIG. 2.

Multipoint HLOD-scores obtained by linkage analyses of constitutional delay of growth and
puberty after adding 25 microsatellite markers to the region on chromosome 2p13-2q13. The
linkage analysis was run sampling information at each marker locus and at 3 positions
between the markers.
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