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Abstract

Puberty is a highly variable developmental stage marked by the development of
secondary sex characteristics and the attainment of reproductive maturity. Variation
during childhood developmental phases correlates with altered disease risk in adulthood,
variation in pubertal growth and timing, in particular, correlates with adult risk for type 2
diabetes, obesity, adverse cardiovascular heath, and hormone-dependent cancers. While
normal variation in age at menarche (AAM) has recently been investigated in large-scale
genome-wide association (GWA) studies, the genetic regulation of male puberty remains
less understood. Moreover, extreme variation in pubertal timing is a common cause for
referral to pediatric specialists, while the underlying genetic factors are largely unknown.

This work aimed to identify both common and rare genetic variants influencing pubertal
growth and timing in both sexes. Utilizing Finnish population-based samples with
frequent height measurements across puberty, we ran GWA of growth during late puberty
and uncovered an association for variants near LIN28B, the most robust menarche-
associated locus. Investigation of the longitudinal effects of two partly-correlated
markers, one tagging a pubertal timing effect and one tagging an effect on adult stature,
revealed distinct sex-specific association patterns with height growth from birth until
adulthood. Thus, the LIN28B locus tags an important developmental regulator of both
growth and maturational development.

We then expanded to include European-wide samples within the Early Growth Genetics
(EGG) Consortium. Genetic mapping of three pubertal growth traits revealed 9 novel
pubertal growth variants in addition to LIN28B, 5 of which also associated with pubertal
timing, and one which associated with childhood and adult body mass index (BMI).
Longitudinal investigation of these variants showed diverse patterns of association with
height growth, some of which contradicted epidemiological correlations between rapid
prepubertal growth, advanced puberty, and reduced final adult stature. Given the complex
relationships between these traits, tracking individual unique effects across multiple
periods of growth may help uncover the pathways linking childhood development with
adult health outcomes.

Also within the EGG Consortium, GWA meta-analysis of Tanner genital and breast
staging data uncovered the first robust male puberty locus on chromosome 16 near MKL2,
a locus which also associates with advanced menarche, decreased pubertal growth, and
shorter adult stature. Furthermore, part of the genetic architecture underlying the onset of
puberty is shared between males and females, evidenced by the high correlation between
menarche-advancing alleles and earlier male genital development. However, while BMI-
increasing alleles strongly correlate with advanced breast development in girls, our data
shows that these variants play a more complex role in male puberty.



Finally, we performed targeted sequencing of the pericentromeric region of chromosome
2 previously robustly linked with constitutional delay of growth and puberty (CDGP), an
extreme delay in normal pubertal timing, in multiply affected Finnish families. Analysis
of shared low-frequency variation in genes and regulatory regions of the best functional
candidate genes revealed 6 protein-altering variants in a single gene, DNAHS6, in 10 of the
families. However, follow-up sequencing in an additional 135 Finnish CDGP cases failed
to provide evidence for enrichment of DNAH6 mutations compared to a large, unique set
of SISu Finnish population controls. DNAHG6 is potentially an appropriate candidate gene
that may be involved in the regulation of steroid hormone biosynthesis by the
cytoskeleton. This study highlights the difficulties of detecting susceptibility variants
under a linkage signal for complex traits.

Taken together, these results advance our understanding of the genetics of pubertal timing
and development in both sexes. However, more work is needed to understand how each
genetic locus functions in the biology of puberty and childhood growth, and further study
of the genetic loci highlighted in this work may help pinpoint the mechanisms that link
the timing of this important developmental stage with adult health and risk for common
diseases.

Keywords: puberty, development, growth, genome-wide association studies (GWAS),
targeted sequencing, constitutional delay of growth and puberty (CDGP)
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1 Introduction

In the news, stories report that puberty is advancing for both girls and boys. These reports
often link the advancement of puberty to rising levels of obesity, and sometimes to
endocrine-disrupting chemicals in the environment. While the timing of puberty has
captured the public’s attention because of the social implications of earlier-maturing teens,
earlier puberty also has important implications for health later in life. Yet when it comes
down to it, the basic biology of what triggers pubertal onset, and how the timing of this
developmental phase relates to adult health, is quite poorly understood. While it is clear
that changing environmental factors are important for driving secular advances in puberty
seen over the last century, it is shared genetic mechanisms that likely play a large role in
the links between early development, pubertal timing, and health in adulthood.

Puberty is a developmental stage that all adolescents go through. However, the most
commonly used marker of puberty is age at menarche, when girls experience their first
period. Since there is no non-invasive, easy-to-assess marker similar to menarche in boys,
male puberty is understudied. One trait that occurs in both sexes is the pubertal growth
spurt. The timing and magnitude of the pubertal growth spurt correlate closely with the
central onset of puberty. Additionally, the pubertal growth spurt contributes up to 15-20%
of final adult stature (1), so genetic variants associating with the growth spurt may also
represent genetic height growth potential (2, 3). Finally, the pubertal growth spurt is
associated with adult health outcomes, making it a promising avenue for the exploration of
the genetic mechanisms underlying puberty, growth, and their associated health risks later
in life.

Another measure of pubertal development that is collected in some childhood cohort
studies is the Tanner pubertal development scale, a 5-stage scale of male genital
development and female breast development ranging from childlike to adult morphology.
Both genital development and breast development begin early in puberty, closely
following central activation in the hypothalamus. These markers are likely to tag the
timing of pubertal onset more closely than age at menarche, since the tempo of pubertal
development varies and because menarche occurs on average 2 years after puberty begins.
Thus, studying these traits may reveal genetic pathways that are more closely related to
the mechanisms which trigger central pubertal onset.

Finally, the most common cause of referral to pediatric specialists is extremely early or
delayed puberty. For pubertal delay in particular, very little is known about the molecular
mechanisms involved. At the extreme late end of the normal population distribution,
constitutional delay of growth and puberty (CDGP) represents a little over 2% of the
population, and carries risks for short adult stature, decreased bone mineral density, and
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psychosocial problems. Despite the prevalence of late growth and puberty, only a small
handful of genetic variants are known which predispose this delay in pubertal onset.

In this thesis, our primary aims were to map common variants associating with pubertal
growth and timing in both males and females, and to localize less common variation that
might predispose late puberty in CDGP families. Since the timing of this important
developmental phase may have psychosocial implications and correlates with risks for
adult obesity, type 2 diabetes, hormone-dependent cancer, and cardiovascular health,
determining which genetic variants impact developmental trajectories between puberty
and adverse health outcomes is an important public health question.

20



2 Literature review

2.1 Human genetics

Genetic variation contributes in some way to nearly every human ailment. Inherited
factors, interacting with diet, environment, and lifestyle, contribute substantially to our
risk for developing common diseases such as cancer, diabetes, and cardiovascular disease,
which together constitute the majority of the adverse health burden in the United States
(www.genome.gov). As genomic research advances, scientists are gaining powerful tools
for identifying and characterizing these genetic factors, which ultimately enable medical
researchers to improve health care at a personal level. While translating genetic findings
from the laboratory to the clinic takes time and effort, the pace of discovery over the past
few decades has been rapid, and genomic findings are beginning to find their way into
medical practice. For example, genetically inherited variation can affect how a person
responds to drug treatments, and knowledge gained from personal genetic profiles of
variants in genes encoding drug-metabolizing enzymes and drug transporter proteins will
allow better prediction and management of adverse drug reactions (4). As another
example, accurate prediction of tumor phenotypes in cancer using genomic data will have
a substantial impact on the diagnosis, personalised treatment, and prevention of cancer (5).
These are only a couple of examples of the promise that genetic discovery holds for the
future of medical science.

2.1.1 A brief history

Although the word genetics wasn’t coined until 1905, the history of genetics is often
traced back to the work of the Augustinian friar Gregor Mendel, who worked out the basic
laws of genetic inheritance in his studies of garden peas. Presented to the Natural History
Society of Brinn in 1865, Mendel’s Experiments on Plant Hybridization showed that
blocks of inheritance come in discrete units, some of which are dominantly expressed over
other variations of the trait (6). His important discoveries remained largely
underappreciated for nearly 40 years, but once they were rediscovered, renewed interest in
the study of the inheritance of traits began.

In the 19" century, there were other important advances. In 1871, Friedrich Miescher
discovered ‘“nuclein,” now known as nucleic acids (7), which we now know are the
building blocks of DNA. Chromosomes and mitosis were discovered in 1882 by Walther
Flemming (8), providing the first glimpse at how cells replicated and divided material into
daughter cells. Furthermore, Francis Galton developed a basic statistical model for
inheritance, proposing that offspring receive half their inherited characteristics from each
parent and a quarter from each grandparent (9).
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The first half of the 20™ century witnessed countless more seminal discoveries. Working
with Drosophila as a model organism, Thomas Hunt Morgan developed gene theory— that
traits are passed from parent to offspring via discrete genes — and the principal of linkage —
that certain alleles are somehow coupled and inherited together (10); Barbara
McClintock’s work in maize demonstrated chromosomal crossing-over, which is the
exchange of genetic material between homologous chromosomes (11); Avery, MacLeod,
and McCarty showed that the agent of inheritance was deoxyribonucleic acid (DNA) and
not protein (12); and Watson and Crick famously explained both the shape and function of
DNA simultaneously in their double helix model, in which DNA consists of two
backbones joined by the complimentary nucleic acid base pairs adenosine (A) — tyrosine
(T) and cytosine (C) — guanine (G) (13). In 1961 scientists cracked the genetic code,
showing that each codon (a triplet of bases) translates into a different amino acid (14).

The pace of advancement quickened further with the refinement of the polymerase chain
reaction (PCR) in 1985 (15), a method which uses successive cycles of heating and
cooling to amplify a tiny DNA sample exponentially in a short timeframe. Using this
technology, the first positionally cloned gene, CFTR, was published for cystic fibrosis in
1989 (16). This essential tool enabled DNA technology to speed forward, spurring the
launch of the Human Genome Project in 1990, a planned 15-year project aiming to fully
sequence the human genome and several model organism  genomes
(http://web.ornl.gov/sci/techresources/Human_Genome/index.shtml). With competition
heating up between the National Institutes of Health and the privately funded Celera
Genomics in the late ‘90s, the human genome first draft was published ahead of schedule
in 2000, and the final draft in 2003 (17, 18). In the meantime, the International HapMap
project (http://hapmap.ncbi.nlm.nih.gov/) was launched in 2002, aiming to more fully
understand genetic variation among individuals and populations, and was the first step
towards identifying genetic variation relevant for common complex diseases. Also
following the publication of the human reference genome, the Encyclopedia Of DNA
Elements (ENCODE) and Functional Annotation of the Mammalian Genome (FANTOM)
projects were created to provide high-quality, comprehensively annotated candidate
functional and regulatory elements in the human and mammalian genomes for hundreds of
different cell types, eventually providing scientists with a detailed map of how the genome
is built and functions (19, 20).

While genetics in the latter part of the 20™ century saw success in localizing and
identifying single genetic mutations leading directly to disease phenotypes (“Mendelian”
diseases), the cataloging of single nucleotide polymorphisms (SNPs) by the HapMap
project allowed dense genotyping chips to be developed, cost-effectively resolving the
variants present at thousands of positions along the genome in large-scale population or
birth cohorts. The combined availability of genotype data and densely phenotyped
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populations resulted in an explosion of phenotype-genotype associations for complex traits
and diseases. Additionally, advancements in sequencing technology brought down both
the cost and time needed to perform high-throughput sequencing, making whole-exome
and whole-genome sequencing common tools for detecting variants associated with traits
and diseases (21). Further, sequencing technology advancements have spurred large-scale
projects like the 1000 Genomes Project (22), aiming to discover lower-frequency and
structural variants in diverse global populations, and the International Cancer Genome
Consortium (23), coordinating cancer genome projects worldwide. These large, globally
collaborative projects promise to usher in a new era of scientific cooperation and
personalized genomic medicine (21).

2.1.2 A tour of the human genome

The human genome consists of 46 chromosomes, of which 23 are inherited from each
parent. These consist of 22 autosomes and 2 sex chromosomes (X and Y). The nucleus of
almost every cell in the human body contains the complete complement of chromosomes,
which are structures made up of DNA and tightly organized by proteins. Each of our cells
also contains a small amount of extranuclear DNA, contained in an organelle called the
mitochondria.

DNA is a chemical compound made up of a double helix consisting of two linear chains of
nucleotide bases, adenine (A), thymine (T), guanine (G), and cytosine (C). Each base
makes a pair with its complement in a predictable manner — A always pairs with T and G
always pairs with C. The human genome is made up of over 3 billion base pairs, and the
order of these base pairs determines the meaning of our genetic sequence. The minority of
this sequence is coding, containing the genes which are instructions for making proteins,
and other parts of the genome are non-coding, but still contain meaningful instructions,
directing when and how genes are expressed.

The publication of the complete human reference genome revealed some surprises about
the structure of the genome. Current estimates place the number of genes in the genome at
around 23,000, many fewer than previously thought, because the same gene can be
transcribed into multiple different proteins and adapted for use in different biological
contexts. The vast majority of these genes, while predicted computationally, correspond to
orthologous genes in the mouse genome, suggesting that they are truly biologically
relevant sequences. Many more ribonucleic acid (RNA) genes (around 6,500) and
pseudogenes (over 12,000) also populate the human genome (21).

Repetitive sequences account for at least half of the genome, a category made up of both
simple sequence repeats and segmental duplications (SDs), or copy number variants
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(CNVs). The breadth and distribution of SDs came as a surprise, representing as much as
5% of the genome in extensive inter- and intra-chromosomal duplications (21). Specific
SDs and CNVs are relevant for disease; for example, these have been associated with
autism, schizophrenia, and epilepsy (24).

Finally, the ENCODE project is beginning to reveal how the genome functions. A
functional element is defined as a region of the genome encoding a defined product, like a
protein, or containing a reproducible biochemical signature (such as transcription, or a
specific chromatin structure). These signatures are thought to mark genomic sequences
that have important functions, like exons (the coding part of genes), sites of RNA
processing, or regulatory elements like promoters, enhancers, silencers, or insulators.
While it is possible to associate certain signatures with specific functions, the ultimate
biological function or role of a given genomic element will require functional validation
(19) that could take decades to complete. Furthermore, biochemically active regions cover
a larger proportion of the genome than evolutionarily conserved regions, so a combination
of complementary approaches will be needed to sort out which elements really do function
in human biology and disease (25).

2.1.3 Gene mapping: methods for gene localization

Gene mapping is the process of localizing and identifying genes that underlie inherited
traits or diseases. Methods used for gene mapping are largely based on correlation
between measurable features of a trait or disease (known as phenotypes) and genetic
variants (genotypes) across the genome. Alternatively, a case/control approach may be
used which compares the frequency of genetic variants between two groups of study
subjects, those who have a disease (or surpass an arbitrary cut-off threshold of a
quantitative trait) and those who do not.

Since the 1980s, naturally occurring sites of genetic variation have been used as marker
tags for gene mapping. Types of genetic variation that can contribute to variation in the
development of a trait or disease include, but are not limited to, SNPs, or single base pairs
that are variable in the population, CNVs, short tandem repeats, and insertions-deletions
(indels). Early studies mapped many genes harbouring variants that caused rare Mendelian
(single-gene) disorders (26), and newer methods allow the discovery of genes containing
variants that associate with susceptibility to common diseases and variation in complex
traits, or quantitative trait loci (QTL). The type and number of markers used to tag the
genome has evolved from several hundred microsatellite tags to current “SNP chips,”
which genotype hundreds of thousands or even millions of SNPs per sample quickly and
cost-effectively in a single experiment. Along with imputation to fully sequenced
reference genomes, these advances bring the number of polymorphisms per individual to
more than ten million, densely tagging the entire genome. Additionally, the methods used
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have developed, allowing mapping not only of rare variants with strong phenotypic
effects, but also more common variants in genes contributing to complex, multigenic
traits, including common diseases such as diabetes and heart disease.

Approaches for mapping genes can be hypothesis-free or candidate gene-based. Two
examples of hypothesis-free methods are linkage and association. Linkage analysis was
first developed in the early 20th century for mapping genes in fruit flies. With the advent
of microsatellite markers and genome maps, this method was eventually successful for
mapping gene