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ABSTRACT

From Darwin’s “On the Origin of Species”, many years elapsed
before human diseases were considered in an evolutionary
framework. Besides theoretical and empirical advances, we are far
from the complete understanding of disease aetiology. Highly
penetrant disorders with Mendelian inheritance are mostly
explained by the mutation-selection balance model, which is
insufficient to describe the selective pressures acting on the full set
of alleles related to diseases. We show in the first two papers that
Next Generation Sequencing (NGS) technologies provide a unique
opportunity to investigate variation and contribute to the
understanding of the genetic architecture of disease. Besides
exploring the role of rare and copy number variants in Parkinson’s
disease (PD), we demonstrate the functional relation between
Mendelian and idiopathic PD. In the last paper, we report that
variation in genes previously related to Mendelian disorders has a
more important role in driving complex disease susceptibility than

genes associated only to complex diseases.
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RIASSUNTO

Dall’ “Origine delle Specie” di Darwin sono passati molti anni
prima che le malattie umane fossero considerate in un contesto
evolutivo. Nonostante i progressi teorici ed empirici, siamo ancora
ben lontani dalla completa comprensione della loro eziologia. Le
patologie altamente penetranti ad eredita Mendeliana sono in larga
parte spiegate da un modello basato sull’equilibrio mutazione-
selezione, che é insufficiente per descrivere la pressione selettiva
che agisce sulla totalita degli alleli associati a malattie. Nei primi
due articoli dimostriamo che le tecnologie di sequenziamento di
nuova generazione (NGS) forniscono una possibilitd unica per lo
studio della variazione genetica e contribuiscono alla comprensione
dell’architettura genetica delle malattie. Oltre a esplorare il ruolo di
varianti rare e varianti nel numero di copia nel morbo di Parkinson
(PD), dimostriamo la relazione funzionale tra la forma Mendeliana
e idiopatica di PD. Nell’ultimo articolo, riportiamo che Ia
variazione nei geni precedentemente relazionati a patologie
Mendeliane ha un ruolo piu rilevante nel regolare la suscettibilita
per le malattie complesse rispetto alla variazione osservata nei geni

associati unicamente a malattie complesse.
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PREFACE

Fatti non foste a viver come bruti, ma
per seguir virtute e canoscenza.

Canto XVI, Inferno. The Divine
Comedy. DANTE ALIGHIERI

The masterpiece “The Origin of the Species” of Darwin, published
in 1859, represents the cornerstone of life sciences and the
beginning of evolutionary biology. The properties of living
organisms at any scale were explained on the basis of their
environmental context and a precise framework was described to
explain how species interact among them and evolve in time.
Simultaneously, Mendel was working in hybridization experiments
and described the general rules of heredity, establishing the
theoretical bases of genetics. Only in 1918, with the work of Fisher
and the subsequent contributions of Haldane and Wright between
1936 and 1947, it was theoretically and mathematically
demonstrated that Mendelian inheritance was consistent with
natural selection, and the so-called “modern synthesis” became to a
large extent the current paradigm of evolutionary biology. The
discovery of the biochemical nature of genes and the description of
the DNA features between 1940 and 1960 gave insights into the
mechanical processes underlying species evolution and provided a

wonderful possibility to understand the biological processes

XV



occurring in living organisms, including genetic diseases.

Alleles underlying human diseases are introduced in the genetic
pool of populations by random mutations and eventually eliminated
by purifying selection, as this is the evolutionary force that keeps
deleterious alleles at low frequencies within populations. This
simple mechanism seems to be well suited for strong and highly
penetrant single gene disorders with Mendelian inheritance, but it is
insufficient to explain the whole spectrum of genetic diseases.
Many authors contributed in the last decades to develop alternative
theoretical frameworks for the evolutionary explanation of genetic
diseases. The recent technological developments and the advent of
the so-called “-omics” sciences furnished an additional opportunity
to describe the genetic variants underlying human diseases and
understand their pathogenesis. Even if most of risk factors remain to
be detected in most of the cases, in the last decade Genome Wide
Association Studies (GWAS) strongly contributed to the
understanding of the genetic architecture of complex polygenic
diseases. Currently, Next Generation Sequencing (NGS)
technologies represent an extraordinary attempt to bridge the gap
between genotype and phenotype and address part of the “missing
heritability” problem. Each single disease and phenotype can be
studied at an unexpected level of resolution compared to the past,
providing additional knowledge for the understanding of human

genetic disorders.
In the current thesis, I procure a further contribution to the field
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using a bottom-up approach. First, we use Parkinson’s disease (PD)
as an example and we demonstrate that rare functionally relevant
variants play a role in complex diseases. In addition, we
demonstrate that familial and sporadic forms of PD are functionally
related and that rare variants may be at the basis of this relation.
Furthermore, we provide evidence that prediction tools based on
depth of coverage data correctly identify copy number variants
(CNVs) related to PD. The combined analysis of single nucleotide
polymorphism (SNPs), smalls indels and CNVs substantially
improves the detection rate of PD cases with causal genetic
alterations and demonstrates the validity of sequencing experiments
to describe different types of variants related to human diseases. In
the last part, we provide evidence for the widespread functional
interconnection between Mendelian and complex diseases. In
particular, we demonstrate that genes harboring causal variants for
strongly deleterious disorders with Mendelian inheritance
contribute to the aetiology of complex diseases beyond random

expectation.

A special thought to all the researchers curating the resources we
took advantage of and providing the theoretical and technological
tools needed for this work. This modest contribution would not be

possible without all of them.
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CHAPTER 1

BACKGROUND

Doubt is the origin of wisdom.
RENE DESCARTES

1.1 Rise and history of Homo sapiens.

According to paleontological and genetic records, the Homo genus
originated in Africa 2,000-2,500 KYA and gave rise to many extinct
lineages. Anatomically modern humans (Homo sapiens) emerged
~200 KYA in Eastern Africa and represent the only surviving
species. Several recent genetic analyses demonstrate that our past
history is far more complicated than was initially believed and the
relationships and the extent of admixture among hominin lineages
remain debated (Lalueza-Fox and Gilbert 2011). The advent of next
generation sequencing technologies and the improvement of DNA
isolation techniques from ancient samples allowed the publication
of the first Neanderthal genome in 2010 (Green et al. 2010).
Subsequent works demonstrate that our close relatives,
Neanderthals and Denisovans, diverged from modern humans
around 500-600 KYA and spread through the Middle East, Europe
and Central Asia (Prufer et al. 2014). Moreover, the fact that no



Homo sapiens fossil records older than 50 KYA exist outside Africa,
suggests that modern humans left Africa ~50 KYA and spread
slowly worldwide (Tattersall 2009). Notably, several emerging
evidences indicate that inter-species breeding occurred and traces of
these admixture events remain in the current genetic pool of
present-day human populations (Stoneking and Krause 2011). For
example, it has been calculated that ~1.5-4% of the European and
Asian populations genomes have a Neanderthal origin (Green et al.
2010), while an estimated 4-6% of the genome of Melanesians is

derived from Denisovans (Reich et al. 2010).

Homo sapiens
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Figure 1.1. Geographical distribution and temporal divergence of modern

and archaic humans. From Callaway 2011.



Interestingly, genetic variants inherited from Neanderthal increase
the risk for depression, mood disorders and actinic Kkeratosis
(Simonti et al. 2016), as well as for systemic lupus erythematosus,
primary biliary cirrhosis, Crohn’s disease and diabetes mellitus type
2 (Sankararaman et al. 2014), indicating that our past demographic
history is also relevant for the understanding of our susceptibility to
disease. Conversely, recent studies show that immunity genes and
innate immunity genes carry haplotypes that appear to have
introgressed from archaic hominin populations and Neanderthals
(Abi-Rached et al. 2011; Deschamps et al. 2016) and that may
protect against some infectious diseases. Around 10 KYA, with the
Mesolithic-Neolithic transition, the advent of agricultural practices
and animal domestication implicated a huge technological
revolution and a dramatic lifestyle change from nomadic hunter-
gatherer communities to sedentary agriculturalist ones. As a result
of the subsequent higher population density, the close contact with
domesticated animals and the use of inadequate sanitary practices,
infectious diseases started to spread easily. Together with the dietary
shift, the new conditions help to explain the rise in sickness
observed with the Neolithic revolution (Wolfe, Dunavan, and
Diamond 2007). These and additional changed life style conditions
could also have an effect on human disease risk, as suggested by the
“thrifty genotype” (Neel 1962) and the “sodium retention” (Wilson
1986) hypotheses among others. All these hypotheses will be
collectively described in detail in the following sections and

represent an effort to explain human illness from an evolutionary



point of view. Indeed, to have a proper understanding of their
incidence and persistence in current populations, human diseases
should not be considered just as the result of occasional events that
disrupt relevant biological functions, but under a broader

evolutionary perspective.

1.2 Human genetic variation.

Genetic variation originates from random errors occurring during
DNA replication and only when they involve germ line cells the
new mutations are transmitted to the offspring (Drake 1970).
According to its size, genetic variation can be classified as point
mutations and structural variants. The former represent the most
abundant type of variation in the human genome and are generally
known as single nucleotide polymorphisms (SNPs); the latter
represent an  heterogeneous class ranging from small
insertions/deletions/inversions of few base pairs to huge structural
variants encompassing few megabases and chromosomal

rearrangements.
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Figure 1.2, Size distribution and novelty of variants discovered in the pilot

phase of the 1000 Genomes Project. From Durbin et al. 2010.

Besides mutations, an additional source of variation in our genome
is originated by recombination. While mutations generate variation
de novo, recombination refers to the process in which during
meiosis homologous chromosomes from paternal and maternal
origin align and exchange chunks of consecutive sequences
(Morgan 1911; Creighton and McClintock 1931), rearranging
different combinations of existing variants in the same chromosome

(haplotypes).
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Figure 1.3. Mechanism describing how different haplotypes are

generated by recombination. From Jameson and Kopp 2014.

The publication of the first human genome sequence in 2001
represented a cornerstone in the scientific history and probably
marked most molecular biological research on the current century
(Lander et al. 2001; Venter et al. 2001). It not only symbolized a
great scientific achievement, but also prepared the ground for a new
era on biology, establishing the basis of the many “-omics” sciences.
In spite of the success of the Human Genome Project, it is only with
advent of the high-throughput genotyping technologies that it
started to be feasible to reveal genome wide patterns of human
variation at population level (Botstein and Risch 2003). These
methodological advances led to the organization of the International

Haplotype Project, whose aim was to obtain and describe a high



resolution haplotype map across different populations (International
HapMap Consortium 2005). Simultaneously, Genome Wide
Association Studies (GWAS) became the standard methodology to
investigate the association between genotype and phenotype and
facilitated the identification of susceptibility variants for many
different human diseases and polygenic traits. All the variants
significantly associated to human phenotypes are stored in public
databases (Hindorff et al. 2009; Welter et al. 2014) and represent an
exceptional resource for physicians and biologists to bridge the gap
between genotype and phenotype. Even though GWAS have several
well-known limitations, such as the type of variants investigated
(mostly limited to SNPs) or the lack of direct functional evidences
to explain the disease aetiology, the GWAS era identified many
different new susceptibility loci and provided important insights on
the genetic architecture of human complex diseases (Visscher et al.
2012). With the publication of the pilot release of the 1000
Genomes Project in 2010, the first complete description of human
genetic variation within and among ethnic groups was available
(Durbin et al. 2010). This impressive project, involving thousands
of researchers worldwide, was aimed to discover >95% of the
human variation with minor allele frequency as low as 1%. Due to
the technological and methodological challenges, the 1000
Genomes Project not only represented a huge resource of biological
data, but also provided methodological standards and novel
bioinformatic tools that the whole scientific community is taking

advantage of (Clarke et al. 2012). The new catalog of genetic



variation is currently having a strong impact on many different
aspects of human biology. For instance, many different studies have
used these data to make inferences about the selective and
demographic processes affecting the re-sequenced populations (The
1000 Genomes Project Consortium 2015). The discovered catalog
of variants indicates that most of the variation in the genome is rare
and that rare variants are enriched of functionally relevant alleles
(Zhu et al. 2011; Tennessen et al. 2012). Moreover, it has been
observed that each single person carries on average around 2,500
non-synonymous variants at conserved positions, 250-300 loss of
function variants and 50-100 variants previously described to be
associated to human disorders (The 1000 Genomes Project

Consortium 2012).
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Figure 1.4. Unfolded site frequency spectrum of different functional classes of

SNPs. From MacArthur et al. 2012.

Finally, the constant dropping of re-sequencing costs allow
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researchers to investigate variation in specific groups of samples in
search of the functional “smoking gun” for human traits of special
interest. This dispersed and chaotic generation of human variation
data, deposited in databases such as the European Genome-
Phenome Archive (EGA) (Lappalainen et al. 2015) and the
Sequence Read Archive (SRA) (Leinonen et al. 2011), furnishes an
extraordinary amount of biological information. However, the
interpretation of data originated under specific experimental
conditions and technologies poses novel theoretical challenges that

the scientific community needs to face.

1.3 Theoretical framework for genetic diseases.

The first theoretical effort to explain the occurrence of human
diseases, and more specifically infectious pathologies, dates back to
the ancient Greek world and in particular to the physician Galen of
Pergamon (129-216 AD). His “miasmatic theory” held that diseases
were caused by “bad air”, originated from rotten organic matter, and

remained a valid explanation until the first part of the 19th century.
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Figure 1.5. Representation by Robert Seymour depicting
the spread of cholera outbreak of the 19th century in the

form of poisonous air.

Only with the epidemiological work of Snow during the cholera
outbreak in London in 1854 (Parkes 2013) and with the
experimental work of Pasteur and Koch (Pasteur 1881; Koch 1890),
the “germ theory of diseases” was proposed and widely accepted,
leading to the “golden age” of bacteriology and to the identification
of many relevant infectious agents.

The whole spectrum of human diseases not only includes
pathologies mediated by infectious agents, but also disorders that
“run in the family”. The pioneering theory of Maupertius in 1751
regarding the “particulate concept of heredity” (Glass 1947), the
subsequent observation in 1753 of polydactyly in the Ruhe family
and the first estimation of the likelihood for it to be hereditary

12



(Glass 1947), could be considered the dawn of medical genetics. In
the following decades, the works of Dalton, Martin and Otto
regarding daltonism, hereditary blindness and haemophilia,
respectively, gave a further determinant contribution to the
understanding of the familial clustering of many human diseases
(Hunt et al. 1995; Martin 1809; Parrish 1845). Only in 1814, the
first general statements regarding the mechanisms and features of
hereditary diseases were made in a broader context. In his work,
Adams formulates the concepts of “family” and “hereditary”
disorders, corresponding to autosomal dominant and recessive
diseases. Additionally, he described the general features of these
classes of diseases and he also suggested that particular
demographic processes, such as inbreeding and the founder effect,
could be at the basis of the familial and geographical clustering of
certain diseases (Adams 1816). Unfortunately, due to the lack of
scientific evidence, these ideas were largely ignored by his
contemporaries. During the whole 19th century a great amount of
new evidences contributed to the understanding that heredity is
behind many human diseases. Lamentably, the enormous
implications of Mendel work between 1851 and 1863 on pea plants
and the establishment of the general laws of heredity (Mendel 1951)
were neglected by the scientific community. Only at the beginning
of the 20th century, with the re-discovery of Mendel’s work (Vries
1901), the first proof of a human disease transmitted according to
Mendelian rules of inheritance was provided by Garrod in 1902. In

his work, the British physician confirmed that alkaptonuria is
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caused by a recessive mutation (Garrod 1902), which was later
demonstrated to be located in the HGD gene and to produce an
alteration of the phenylalanine and tyrosine processing (Fernandez-
Canon et al. 1996; La Du et al. 1958). With the formulation of the
“Chromosome theory of heredity” by Sutton and Boveri (Sutton
1903; Boveri 1904) and the experimental observations of Morgan
regarding sex-linked traits on Drosophila melanogaster (Morgan
1910), modern medical genetics arose as a new science. Meanwhile,
Hardy and Weinberg described and elaborated the first
mathematical explanations for evolutionary processes (Hardy 1908;
Weinberg 1908), while Fisher, Haldane and Wright with their
“modern  synthesis”  revolutionized evolutionary  biology,
reconciling Mendelian genetics with gradual evolution by means of

natural selection (Fisher 1930; Haldane 1934; Wright 1932).
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Figure 1.6. Example of polygenic Mendelian inheritance for a
quantitative trait, under the assumption that loci have a cumulative

effect and each locus contributes equally to the phenotype.
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These discoveries led to the formulation of a general theory to
explain the presence and persistence of deleterious variants in the
human genome. On the basis of the “mutation-selection balance”
model, alleles underlying human diseases are introduced in the
genetic pool of variation by random mutations and eventually
eliminated by purifying selection, as this is the evolutionary force
that keeps deleterious alleles at low frequencies within populations

(Haldane 1949b).

log fitness

number of mutations
Figure 1.7. Relationship between fitness and mutation load.
Dashed line indicate absence of epistasis among mutations;
green and red lines represent examples of positive and negative

epistasis, respectively. From de Visser, Cooper, and Elena 2011.

A proof of this process is given by the high allelic heterogeneity and
the low disease prevalence characterizing many single gene
disorders with Mendelian inheritance (Reich and Lander 2001).

Even if valid for a wide range of diseases, the “mutation-selection
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balance” model is not able to explain the whole spectrum of human
genetic disorders. Already in the 40s, Haldane introduced the
concept of “selective shadow” to explain why the dominant
mutation causing Huntington’s disease was not eliminated by the
action of natural selection. Since the causal allele has a detrimental
effect after the reproductive age, it would be invisible to the action
of purifying selection, persisting in the population and eventually
increasing in frequency by drift (Haldane 1941).

In 1949, the molecular bases of sickle cell anemia were discovered
by Pauling (Pauling et al. 1949) and Haldane suggested an
evolutionary explanation for the persistence of the corresponding
causal alleles (Haldane 1949a). In 1954, Allison demonstrated that
the frequency of sickle cell anemia mapped out very similarly to the
distribution map for the most severe forms of malaria, proving that
the heterozygous advantage against malaria infection was
maintaining causal alleles for sickle cell anemia at high frequency

(Allison 1954).
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Figure 1.8. Geographical correlation between sickle cell anemia prevalence and

endemic Malaria infection.
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These evidences had enormous theoretical implications for the
understanding of the evolutionary forces driving the frequencies of
alleles associated to disease. Adaptive processes could also target
strongly deleterious variants, suggesting that alternative models to
the “mutation-selection balance” could better explain the observed
prevalence of some human genetic disorders.

For complex polygenic disease traits, it is even more difficult to
conceive a general evolutionary model. Usually, little is known on
epistasis, that is, how the different genetic components interact
among them (Moore 2003); on the contribution of environmental
factors and on their interaction with genotype (Hunter 2005). The
first attempts to explain complex diseases in an evolutionary
perspective were proposed by Medawar and Williams in the 50’s
(Medawar 1952; Williams 1957). The “mutation accumulation”
theory of Medawar properly formulated the concept of selective
shadow already proposed by Haldane a decade before (Haldane
1941). The decline of the action of natural selection after the end of
reproductive age causes an accumulation of variation with
detrimental effects on late stages of life, resulting in a deterioration
of health conditions in old age. In its theory of senescence, William
proposed an adaptive framework to explain senescence and the high
prevalence of polygenic diseases after the reproductive period ends.
The “antagonistic pleiotropy” hypothesis states that senescence
could be due to alleles that are advantageous earlier in life and thus
positively selected, but detrimental after the reproductive age.

While Medawar suggested that late onset complex diseases could be

17



mainly driven by drift, William proposed adaptation as the major

force to explain the high prevalence of such class of diseases.
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Figure 1.9. Schematic representation of mutation accumulation theory (A) and

antagonistic pleiotropy theory (B). From Fabian and Flatt 2011.

Additional theories and hypotheses were then formulated to explain
the persistence of specific diseases in human populations. For
instance, the “hygiene hypothesis” states that the increasing
incidence of autoimmune disorders in modern societies could be the
result of the recent advances in hygiene and medical practices. The
lack of exposure to infectious agents and parasites during childhood
could lead to a defect in the establishment of a proper immune
tolerance (Strachan 1989). Conversely, the “sodium retention” and
the “thrifty genotype” hypotheses point to other phenomena that
could be relevant for the dynamics of deleterious alleles. The two
hypotheses suggest that an ancestral protective allele could be
reverted to a deleterious one in the modern conditions. In particular,
the “thrifty genotype” was advantageous in the past, facilitating the
accumulation of acid fats to face starvation. In the modern

conditions of western societies individuals carrying the protective
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allele would accumulate a reserve of energy for a famine that they
will never face, resulting in an excess of acids fats having
detrimental effects (Neel 1962). Similarly, in the “sodium retention”
hypothesis alleles that in the past favored the accumulation of
sodium in the original Western Africa populations are currently the
major cause of the higher incidence of hypertension and
cardiovascular diseases in African Americans. It is supposed that
during the trip from Africa to the Americas in the slave trade, the
major causes of death were salt-depletive diseases such as diarrhea,
fevers and vomiting. Individuals with an enhanced genetic ability to
conserve salt had a distinct survival advantage over others and
were, therefore, more likely to transmit their genotype to the
subsequent generations. In the present conditions, the previously
advantageous genotype results in a higher incidence of hypertension
and related disorders in their descendants (Wilson 1986). Even if
these fascinating hypotheses have not been directly demonstrated,
as a whole they prepared the ground for evolutionary medicine,
whose objective is the understanding of why humans get sick and
not only how. Besides ancient demographic history and the inter-
breeding events with sister species described in section 1.1, also
recent demographic events play an important role in defining the
tendency of specific populations to be affected by certain diseases.
The population bottleneck suffered by the ancestors of modern
Ashkenazi Jews could explain the high prevalence of many
diseases, such as Gaucher’s disease, dysautonomia, Tay-Sachs

disease, cystic fibrosis and many others in that specific community
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(Risch et al. 2003). Similarly, the current 6 millions French-
Canadians living in Quebec originated from approximately 8,500
settlers who colonized the region between 1608 and 1759. The low
effective population size of the founder population and the
subsequent reduced efficiency of natural selection is at the basis of
the high prevalence of many rare genetic disorders with Mendelian

inheritance (Laberge et al. 2005).

Disease Heredity ~ Frequency Gene Mutations
ARSACS AR 11519 SACS €.6594delT; ¢.5254C — T
€.2436delG; c.1584-
ACCPN AR 12117 SLC12A6 Al Tt
) c.1119C — T; .3888-
Leigh syndrome AR 122178 LRPPRC S e
Hereditary multiple AR B
intestinal atresias
Jumping Frenchman of Maine ~ AD =
Tyrosinaemia type 1 AR 1/1846 FAH IVS12+5G — A
Tay Sachs AR 1/700 HEXA del7.6kb; IVS7+1G — A
Pseudovitamin D CYP27B1, -
deficiency rickets AR 12916 P450clalpha ©:958delG
ety e AD >1/7500 PABPN1 (GCN)n expansion
dystrophy
HHH AR ORNT1 delF188
- W138X, 1133F, L158P,
Cystinosis AR 1/6237 CTNS nt1035incC, Del exons 3-10
. Clouston ) AD GIBNG G1IR
hidrotic ectodermal dysplasia
Congenital disorder of AR MDI Ro95H
glycosylation type Ib
HSAN type I1 AR HSN2 €.943C — T, ¢.918-919insA
B e e mDNA ND6 mt.T14484C; mt.G11778A
neuropathy
Phenylketonuria AR 124985 PAH M1V; R408W; IVS12ntl
Myotonic dystrophy AD 1/530 Myotonin CTG expansion
Friedreich's ataxia AR FRDA GAA expansion
Fragile X syndrome X VD et FMR1 CGG expansion
carriers
Familial del>15kb; del5kb; WE6G;
, | ; ; ;
hypercholesterolaemia AD 1122 LDL-R E207K; C646Y; Y468X
Eamtia] : AR 1//77284 LPL G188E; P207L
hyperchylomicronaemia
Hereditary haemochromatosis AR 171 HFE C282Y; H63D
i fibroc ) delF508; 621+1G — T;
Cystic fibrosis AR 1/902 CFTR e
ial breast canc CA4446T; 2953del3+C;
Familial breast cancer AD BRCA1 e
- 8765delAG; G60B5T;
Familial breast cancer AD BRCA2 i Gt
; N B+IVS-1; nt110; BO
B-Thalassaemia (minor) AR 197 HBB S
X-linked hereditary x —— —

neuropathy

Table 1.1. List of rare diseases more frequent or with

distinctive features in French-Canadian population. ACCPN,
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agenesis of corpus callosum and peripheral neuropathy;
ARSACS, autosomal recessive spastic ataxia of Charlevoix—
Saguenay; HHH, hyperornithinaemia—hyperammonaemia—
homocitrullinuria; AR, autosomal recessive; AD, autosomal

dominant. Adapted from Laberge et al. 2005.

Thus, alleles involved in both monogenic and polygenic diseases
and therefore probably affecting fitness are not only subject to
purifying selection as originally stated by the “mutation-selection
balance” model. Environmental factors and demographic processes
interplay with the genetic background and contribute in shaping the
frequency of deleterious alleles. Therefore, an evolutionary
framework is mandatory for the complete understanding of the
genetic architecture of human diseases and to explain their
persistence in current human populations. The “antagonistic
pleiotropy”, the “hygiene”, the “thrifty genotype” and “sodium
retention” hypotheses represent the effort to explain human
pathologies through an evolutionary framework and suggest that
human diseases should be regarded as the dark side of evolution,
adaptation and technological progress. Quoting the famous sentence
of Dobzhansky: “Nothing in biology makes sense except in the light
of evolution” (Dobzhansky 1973); certainly human diseases are not
an exception to this general concept and modern evolutionary
medicine represent an attempt for their explanation. In spite of the
achieved goals, a lot of theoretical and experimental work is still

needed.
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1.4 Classification of human diseases.

A disease is an abnormal condition of a part, organ, or system of an
organism resulting from various causes, such as infection,
inflammation, environmental factors, or genetic defect, and
characterized by an identifiable group of signs, symptoms, or both.
From a medical point of view, diseases can be classified by
aetiology (the cause), pathogenesis (the mechanism), by symptoms
and by the organ involved. Due to the unknown aetiology and
pathogenesis, often classification is not trivial and frequently the
diagnostic terms are used to classify the condition. A further level of
complexity is given by the social interpretation of what is a
pathological condition. For instance, obesity can represent a status
symbol in societies facing persistent famine (Haslam and James
2005); in Hmong population epilepsy is considered a sign of
spiritual gift (Fadiman 1998). In addition, what is definitely
considered a disease in modern societies could not be in ancient
communities. It has been hypothesized that mental conditions, such
as schizophrenia and bipolar disorder, could be widely socially
accepted in the past and that affected individuals could fulfill
relevant social and religious roles and thus have higher probability
to reproduce and pass the corresponding susceptibility variants to
the offspring (Preti and Miotto 1997; Polimeni and Reiss 2002).

An alternative way to classify diseases is provided by the genetics
underlying human pathologies. The classical dichotomous

classification separates disorders in two main categories: Mendelian
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monogenic and complex polygenic diseases.

1.4.1 Mendelian diseases.

Mendelian disorders constitute the simplest category of genetic
diseases and generally a deleterious variant in a single gene is the
direct cause. The ~5,000 described monogenic pathologies are
generally rare and collectively affect ~0.4% of the total population
(Chong et al. 2015), ranging from 5 cases each 1,000 births for the
familial combined hyperlipidemia (Gaddi et al. 2007) to the single
worldwide case of ribose 5-phosphatate isomerase deficiency

(Wamelink et al. 2010).

AD Genetic Disorder P;r:(l)l(;l; lt:;}_lﬂ]s AR Genetic Disorder p;r:(t)l(;l Oe lll)(l:ryths
Familial combined hyperlipidemia 5.0 Cystic fibrosis 0.4
Familial hypercholsterolaemia 2.0 alpha-1-antitrypsin deficiency 0.2
Dominant otosclerosis 1.0 Phenylketonuria 0.1
Adult polycystic kidney disease 0.8 Congenital adrenal hyperplasia 0.1
Multiple exostoses 0.5 Spinal muscular atrophy 0.1
Huntington's disease 0.5 Sickle cell anaemia 0.1
Neurofibromatosis 0.4 Beta-Thalassaemia 0.05
Myotonic Dystrophy 0.2

Congenital spherocytosis 0.2

Polyposis coli 0.1

Table 1.2. Frequency of the most common autosomal dominant (AD) and
recessive (AR) Mendelian disorders in UK population. Data obtained from

Genetic Alliance UK.
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Usually monogenic diseases tend to be very severe, have an early
onset and a strong impact on the lifestyle of affected individuals.
These disorders run in families following classic Mendelian
inheritance rules and the pedigree analysis of affected families
reveals the exact mechanism of transmission, that is, whether the
causal allele is dominant or recessive and whether it is located in the
autosomal or sexual chromosomes. The accurate analysis of the
inheritance transmission patterns and the availability of human
genetic and recombination maps allowed the development of
statistical methods for the discovery of genomic regions harboring
the causal mutations. When for each individual of a pedigree the
genotypes at several specific genetic markers are known, it is
possible to calculate the likelihood (LOD score) for a given marker
to be in linkage at a certain genetic distance from the causal allele

(Botstein et al. 1980).
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Figure 1.10. Example of three generation pedigree segregating an autosomal
dominant trait. The linkage mapping method suggests that marker B2 is in

linkage with causal variant. From Pulst 1999.
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This methodology permitted the identification of many genomic
regions of interest and the subsequent discovery of the
corresponding causal variants, with relevant implications for the
understanding of the biological processes underlying such
Mendelian disorders. Most of the genetic variants that cause
Mendelian diseases evolve under strong purifying selection due to
the impairment on affected individuals and the consequent reduced
fitness. Such causal alleles are thought to be introduced in our
genomes by random mutations and maintained at low frequency in
the population through the “mutation-selection balance” model
(Reich and Lander 2001). But for any biological phenomenon, the
exception is the only general rule. For some diseases with
autosomal recessive transmission, it has been proved that the causal
allele confers an advantage in specific environmental conditions. As
described above, the causal variant for sickle cell anemia confers
protection against malaria infection (Allison 1954); the mutated
version of the CFTR gene causal of cystic fibrosis is thought to
protect against dehydration caused by cholera infection (Gabriel et
al. 1994) or tubercolosis (Poolman and Galvani 2007). Particular
mutations on the triosephosphate isomerase gene cause an
autosomal recessive enzymatic deficiency (Schneider et al. 1965),
while other forms of the gene (null alleles) are lethal when found in
homozygous state (Merkle and Pretsch 1989). Surprisingly, the
frequency of heterozygous individuals for the null alleles is much
higher than what is expected by chance (Schneider et al. 1996),

leading to the suggestion that a major resistance to oxidative stress
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could explain such unexpected frequency (Ralser et al. 2006).
Despite their simple transmission mechanism, the discovery of the
genetic factors causal of Mendelian diseases is not always
straightforward. Incomplete and age-dependent penetrance,
phenotypic heterogeneity, incomplete dominance and codominance
could lead to an erroneous interpretation of the transmission pattern
and make vaguer the distinction between Mendelian and complex

diseases.

1.4.2 Complex diseases.

The aetiology of complex polygenic diseases is the result of the
interplay of several genetic and environmental factors interacting
among them and resulting in a pathological phenotype only under
certain conditions (Hunter 2005). Complex diseases affect a
considerable proportion of the whole population and tend to
manifest at late ages (Wright et al. 2003). In addition, a high level of
phenotypic heterogeneity is typically observed and diagnosis is
usually made considering both inclusion and exclusion criteria.
Nevertheless, as monogenic disorders, complex diseases also tend
to show familial clustering, even if they do not follow the classic
rules of Mendelian inheritance (van Heyningen and Yeyati 2004).
This non-regular familial clustering provides important information

to disentangle the relevance of the genetic components contributing
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to such complex diseases. The analysis of phenotypic correlation
within families at different relationship scales (siblings, cousins,
second cousins, etc.) gives insight into the level of heritability of a
given condition (Botstein and Risch 2003). Heritability is the
proportion of phenotypic variance in any particular trait that is due
to genetic factors. While the broader-sense heritability (H?) captures
the contribution of any genetic factor influencing the phenotype,
including gene-gene interactions; the narrow-sense heritability (h?)
estimates the fraction of variation attributable to additive genetic

factors (Visscher, Hill, and Wray 2008).
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Figure 1.11. Meta-analysis estimates of heritability for 17,804 traits considering
2,748 publications regarding monozygotic and dizygotic twin studies. Details
regarding traits categorization and global heritability estimates are in the original
publication (Polderman et al. 2015). h?, heritability on the whole set of twin pairs;
h%s heritability based only on same sex twin pairs; h?y heritability based only on

males twin pairs; h heritability based only on females twin pairs.

The heritability of human diseases ranges widely, from ~1% for

leukemia and stomach tumors (Czene, Lichtenstein, and Hemminki
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2002) to 76% and 81% for chronic obstructive pulmonary disease
and schizophrenia, respectively (Ingebrigtsen et al. 2010; Sullivan,
Kendler, and Neale 2003). Due to the variable expressivity, the low
penetrance of the increasing risk variants, the variable role of the
environmental factors and the multifactorial nature of complex
diseases, linkage analysis and positional cloning were not
successful as for Mendelian disorders (Bush and Haines 2001). In
contrast to strategies based on genome wide linkage analysis, that
are able to detect causal variants without any a priori knowledge of
the disease biology, approaches based on candidate genes require at
least a minimal understanding of the biological processes
underlying the disorders. Candidate genes methodologies represent
a biological guess, but in contrast to linkage studies, a case-control
design involving unrelated samples can be used to test genetic
association (Tabor, Risch, and Myers 2002). Even if these candidate
gene approaches provided insight for the understanding of complex
diseases, many spurious associations due to inappropriate samplings
or others factors influencing individual’s genetic composition were
subsequently demonstrated (Hutchison et al. 2004; Ioannidis 2005;
Hirschhorn et al. 2002). Only with the advent of high-throughput
genotyping technologies it has been possible to join the advantage
of genome wide analysis, as in linkage mapping methods, with the
opportunity to recruit unrelated samples, as in the case-control

setting studies (Kilpinen and Barrett 2016).
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Figure 1.12. Schematic representation of Genome Wide Association Studies

(GWAS) work-flow. Adapted from Medland et al. 2014.

Around 5,000 significant associations between SNPs and human
phenotypes have been discovered by Genome Wide Association
Studies (GWAS) and are currently stored in the GWAS catalog
database (Hindorff et al. 2009; Welter et al. 2014).
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Figure 1.13. Diagram of all SNP-trait association with P-value <5.0x10*
published in the GWAS catalog.
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The lack of a precise definition of cases and controls for some traits,
the multiple testing correction and the population stratification
represent well-known limitations that can be corrected by a proper
study design (Pearson and Manolio 2008). In addition to these
preventable issues, GWA studies rely on the assumption that
common genetic variation (Minor Allele Frequency >5%) plays a
major role in explaining the heritable factors underlying complex
diseases. The frequencies of increasing risk alleles depend on the
evolutionary forces acting on the resulting phenotype. The Common
Disease-Common Variants (CD-CV) hypothesis suggests that the
numerous susceptibility variants, with small additive or
multiplicative effects, are evolutionarily neutral and could increase
in frequency by chance (Reich and Lander 2001; Pritchard and Cox
2002). Unluckily, GWAS hits explain only a fraction of the total
phenotypic variance for most traits, leading to the so-called problem
of the “missing heritability” (Manolio et al. 2009). For instance,
using high quality genotypes of 139,576 SNPs for 4,414 samples
from the Wellcome Trust Case Control Consortium (WTCCC), the
explained heritability estimates by GWAS hits for Coronary Heart
Disease (CAD) range from 20% to 32%, if using imputed SNPs
from 1000 Genomes Project and/or correcting for LD (Gusev et al.
2013).
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Figure 1.14. Heritability explained by GWAS hits for 8 different traits. Bipolar
Disorder (BD), Coronary Artery Disease (CAD), Crohn’s Disease (CD),
Hypertension (HT), Rheumatoid Arthritis (RA), Type 1 Diabetes (T1D), Type 2
Diabetes (T2D), Multiple Sclerosis (MS), Ulcerative Colitis (UC). From Gusev et
al. 2013.

In alternative, the Common Disease-Rare Variants (CD-RV)
hypothesis suggests that most of the phenotypic variance of
complex diseases should be due to rare variants (Minor Allele
Frequency <1%) with moderate effects and recently originated in
the population (Cirulli and Goldstein 2010). Due to their low
frequency, rare variants are generally not included in commercial
genotyping arrays and huge sample sizes are required to detect
significant associations with a given trait. Nowadays, NGS
technologies allow to capture the entire allelic frequency spectrum

and permit to investigate the role of rare variants in human diseases.
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Since the standard association tests used for common variants are
clearly underpowered for rare variants, alternative statistical
strategies emerged to detect associations. Rather than testing each
single variant independently, the so-called “collapsing methods”
consider jointly multiple variants within a given genomic region
and compare their global burden between cases and controls

(Asimit and Zeggini 2010; Bansal et al. 2010).
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Figure 1.15. Schematic representation of “collapsing methods’

statistical approach.
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Test name Description
In the Adaptive Sum score test each variant site is evaluated

ASUM for excess of minor alleles in controls and genotype codings
are flipped. In a second stage a burden test is performed.

C-alpha tests for deviation of variance of minor allele counts

C-alpha cases/controls.
CMQC test collaps rare variants into a single indicator variable
CMC o
and performs a multivariate test to compare cases and controls.
In the Kernel Based Adaptive Clustering method genotype
KBAC frequencies are weighted by a hypergeometric density kernel
function to test for differences between cases and controls.
In the Replication Based Test variant sites are scored based on -log
RBT transformation of probability of having more than observed variants

in cases than in controls. The RBT statistic is defined as sum of the
variant sites scores.

In the Variable Thresholds method the burden test statistic of a group
vT of variants will be maximized over subsets of variants defined by
applying different minor allele frequency thresholds.

In the Weighted Sum method rare variant counts for each individual
are accumulated and a weigthed term is applied to emphasize alleles
with a low frequency in controls. The scores for all samples are

ordered and the WS score is computed as the sum of ranks in cases.

WSS

Table 1.3. Description of different available “collapsing

methods”.

The competing CD-CV and CD-RV hypotheses provide a valid
theoretical framework for specific diseases (Gibson 2012), but
emerging evidences suggest that both can be true even at a given
locus. In particular, for Parkinson’s disease (PD) it has been
demonstrated that both common and rare genetic variants have a
role in its aetiology (Singleton and Hardy 2011). A rare missense
mutation in the SNCA gene was discovered as the first genetic factor
responsible for a Mendelian form of PD (Polymeropoulos et al.
1997), but several common variants affecting the expression of the
same gene have also been reported as increasing risk factors for

sporadic PD (Simon-Sanchez et al. 2009).
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Figure 1.16. Power to detect variants depending on their frequency and effect on

the phenotype. From Manolio et al. 2009.

1.5 Biological properties of genes related to
human diseases.

The knowledge of the biological properties of genes related to
human diseases is at the core of modern medical genetics. The
understanding of their molecular functions and interactions is
mandatory to gain a detailed comprehension of the pathological
mechanisms and for the subsequent design of new therapeutic
strategies. Association studies provided a valuable but limited
contribution for the description of increasing risk variants for
common diseases (Manolio et al. 2009). Additional insights come

from the recent advances in sequencing technologies; whole
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genome, whole exome and target sequencing approaches have been
successfully applied for the identification of rare causal variants
using family design strategies (Ng et al. 2010; Proukakis et al.
2013). The characterization of genomic loci, discovered through
different methodologies, resulted in the creation of large catalogs of
variants related to human diseases. The Online Mendelian
Inheritance in Man (OMIM) database (http://www.omim.org/)
(Hamosh et al. 2005) and the Genome Wide Association Studies
(GWAS) Catalog (https://www.ebi.ac.uk/gwas/) (Hindorff et al.

2009; Welter et al. 2014) are specifically designed to report
mutations causing Mendelian hereditary disorders and susceptibility
loci contributing to complex diseases, respectively.

Many authors have tried to characterize the biological and
evolutionary properties of genes harboring causal wvariants or
increasing risk factors for human disorders. At the beginning of the
current century, the clamorous explosion of information technology
strongly impacted genetics and biology, providing an extraordinary
opportunity for large-scale analysis and comparisons through

computational methods.
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“Human disease genes” (blue) and “Human disease genes properties” (red).
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In earlier studies, the causal variants of traits following Mendelian
inheritance patterns were compared to genomic positions not
involved in disease. For instance, Miller et al. compared the causal
non-synonymous variants in 6 genes to the rest of non-synonymous
variants in the same genes. Causal mutations were occurring in
conserved regions and the resulting amino-acid changes were
generally not observed along large phylogenetic trees. In addition,
the disease causing amino-acid changes were biochemically more
different compared to the rest of non-synonymous substitutions.
Collectively, these observations indicated that causal alleles may not
be tolerated in living species and may have a strong effect on the
altered protein (Miller and Kumar 2001). Even if these preliminary
studies were based in a very small number of genes and variants,
the observed general statements were subsequently confirmed when
using larger datasets (Subramanian and Kumar 2006; Kumar et al.
2011). Morbid genes are more conserved and evolutionary older
than the rest of human genes, suggesting that genes harboring
causal variants of Mendelian disorders are mainly target of negative
selection (Kondrashov, Ogurtsov, and Kondrashov 2004; Lopez-
Bigas and Ouzounis 2004). Effectively, these genes are enriched
among those under strong purifying selection (Bustamante et al.
2005); specifically, causal variants of diseases following dominant
transmission are located in more conserved and evolutionary older
genomic regions than variants related to recessive ones (Blekhman
et al. 2008; Furney, Alba, and Lépez-Bigas 2006).

Conflicting results have been reported when comparing genes
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related to Mendelian disorders to genes increasing risk for complex
diseases; some authors suggested higher evolutionary conservation
in the former (Blekhman et al. 2008; Kondrashov, Ogurtsov, and
Kondrashov 2004), while others reported opposite evidences (Smith
and Eyre-Walker 2003; Thomas and Kejariwal 2004; Tu et al.
2006). Similarly, some authors reported higher connectivity in the
protein-protein interaction network in the former (Barrenas et al.
2009), while others did not observe any difference, even if both
groups were significantly different from genes not involved in
human pathologies (Cai, Borenstein, and Petrov 2010).

Interestingly, genes implicated in the same disease tend to share
similar network properties, cluster in the same region of the protein-
protein interaction network, tend to interact among them, share a
tendency to be co-expressed and similar functional categories
(Barrenas et al. 2009; Goh et al. 2007). Moreover, most of the
human diseases are functionally connected to others, leading to the
idea of the existence of distinct and inter-connected disease-specific

functional modules (Goh et al. 2007).

1.6 The human disease network.

At the molecular level, genes related to different patho-phenotypes
are often functionally related, meaning that is not possible to

consider diseases as independent entities. The systematic mapping
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of such dependencies between morbid conditions has culminated in
the concept of the “diseasome”, a network whose nodes are diseases
and whose links represent various molecular relationships between

the disease-associated cellular components (Goh et al. 2007).

Figure 1.18. Graphical representation of the human diseasome. Nodes represent
disorders and are connected to each other if they share at least one gene in which

mutations are associated with both disorders. From Goh et al. 2007.

Uncovering such links not only helps to understand how different
phenotypes are related at molecular level, but can also improve the
comprehension of why certain groups of diseases arise together,
yielding to new approaches for disease prevention, diagnosis and
treatment (Barabasi, Gulbahce, and Loscalzo 2011).

The interplay between genes and diseases within the diseasome can
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take different forms that will be exhaustively described in the

following sections.

1.6.1 Relations among human diseases.

The term pleiotropy refers to the functional effects of the same
genetic variant on two or more unrelated phenotypes. A typical
example of a pleiotropic gene with multiple molecular functions is
the serum albumin (ALB), whose protein product is well known for
binding fatty acids, steroids and toxic metabolites, but it is also
involved in the oxidation of nitric oxide (Rafikova, Rafikov, and
Nudler 2002). Pleiotropy may result in competing effects, some
beneficial and others detrimental for the organism. As described
above, in its famous theory of senescence, Williams proposed this
antagonistic pleiotropy as the main molecular mechanism
underlying the deteriorated health conditions at the latest stage of
life (Williams 1957). The relations existing between rare recessive
diseases and infections, as for instance those involving blood
diseases and malaria (Allison 1954) or phenylketonuria and fungal
infections (Woolf 1986), represent other examples of pleiotropic
processes. Similarly, some genetic variants have a protective effect
for strongly deleterious conditions, but at the same time increase the
risk for other genetic diseases. Since it confers protection against

cancers, the splice mutation E180 in the growth hormone receptor
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gene GHR is maintained at relatively high frequency in the general
population, even if resulting in Laron syndrome when the variant is
found in homozygous state (Guevara-Aguirre et al. 2011). Likewise,
the high number of CAG repeats within the HTT gene are causal of
Huntington’s disease, while increase the tumor suppressor activity
of p53 (Carter and Nguyen 2011). Mainly, these examples consist
on a rare disorder caused by the variant in homozygosity and a more
common disease or infection, for which the variant reduces the risk
in the heterozygous state. More complex interactions exist between
pairs of common diseases, as for instance type 1 diabetes and celiac
disease. Type 1 diabetes is caused by an autoimmune reaction
against insulin producing [-cells and the disease affects
approximately 0.4% of individuals of European ancestry. Celiac
disease is also an autoimmune condition, that is the result of an
inflammatory reaction in the small intestine and it affects ~0.1% of
the European population. The variants located in RGS1, CTLA4,
SH2B3 and PTPN2 genes show the same direction of association,
increasing risk for both diseases. Conversely, specific alleles in
IL18RAP, TAGAP, INS, IL2RA, PTPN22, IL12A and LPP genes

have distinct effects in the two diseases (Smyth et al. 2008).

40



B Type 1 diabetes Ml Celiac disease

nce of Shared C Type 1 Diabetes Only D Celiac Disease

Odds Ratio for Minor Allele (log, scale)

)
N
R
& & LS &
» 3
&
& o F

RS ¢ & X
}5‘, &@‘ ({\Q\A ORI
W L o
&
& oS

SNP and Candidate Gene

Figure 1.19. Odd-ratio of SNPs associated to either type 1 diabetes, celiac
disease or both. From Smyth et al. 2008.

These observations suggest that different diseases may share
common pathological processes, giving insight about why different
diseases arise together, affecting the same individual. The
comorbidity is the presence of one or more additional disorders co-
occurring with a primary disease. For instance, according to the
Centers for Disease Control and Prevention (CDC), ~60% of
individuals affected by arthritis suffer also of heart disease, chronic
pulmonary conditions or diabetes. In addition to existing relations
between complex diseases, many co-occurrences of Mendelian and
complex diseases have also been reported. For example, patients
with beta-thalassemia, Huntington disease and Friederich’s ataxia
often develop type 2 diabetes mellitus (De Sanctis et al. 1988;
Podolsky, Leopold, and Sax 1972; Ristow 2004) and carriers of the
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genetic variants associated with Lujan-Fryns and Di George
syndromes display an increased risk for schizophrenia (De Hert et
al. 1996; Sinibaldi et al. 2004). The recent massive collection of
clinical records have facilitated the detection of disease pairs
significantly co-occurring. Park et al. (Park et al. 2012) analyzed the
clinical records of ~13 millions patients stored in the Medicare
database, using the relative risk (RR) as a quantitative measure of
disease pairs to co-occur compared to random expectation.
Similarly, Blair et al. (Blair et al. 2013) mined the electronic
medical records, obtained from distinct regions of the United States
and Denmark for over 110 million patients and tested for co-
occurrences between 65 complex diseases and 95 Mendelian

disorders.
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Figure 1.20. Co-occurrences between Mendelian and complex diseases obtained

from clinical records. From Blair et al. 2013.
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These efforts identified large lists of comorbidities, including
relationships among complex diseases, Mendelian disorders and
both complex and Mendelian patho-phenotypes. The interplay
between human diseases is not a limited phenomenon, but it is
widespread through the whole spectrum of diseases. Interestingly,
both biological and clinical data unveil the connection between
Mendelian monogenic and complex polygenic diseases,
contributing to describe the full set of pathological processes

underlying human diseases.

1.6.2 Blurring the boundaries between complex
and Mendelian diseases.

The interconnected nature of human diseases does not refer only to
the tendency of certain pathologies to share similar genetic
background. The observed co-occurrence of Mendelian and
complex diseases indicates the presence of extensive functional
links between the two types of disease. In addition, the same genetic
pathology might follow both complex and Mendelian transmission
patterns. For instance, about 1-6% of the individuals suffering
Alzheimer’s disease (AD) are affected by an early onset form of
illness, following classical Mendelian inheritance (Campion et al.
1999). Regardless the contribution of association studies to depict
the genomic loci contributing to disease risk (Bertram and Tanzi

2009; Kamboh et al. 2012; Beecham et al. 2014), most of the
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knowledge regarding AD pathogenesis has been produced by family
studies, concerning the Mendelian forms of the disease. The three
alleles €-2, €-3 and e-4 of Apolipoprotein E (APOE) gene account
for ~70% of familial AD cases (Campion et al. 1999). These
mutations increase the production of the small protein AB42 (Selkoe
1999), which is the main component of the senile plaques, the
hallmark of both familial and sporadic forms of AD. Even if APOE
alleles explain only a small percentage of all AD cases (Campion et
al. 1999), their description furnished an extraordinary contribution
to formulate new hypotheses about the pathogenesis of the complex
forms of the disease. Since then, genes involved in the deposition of
abnormally processed amyloid products in the brain are regarded as
candidate genes also for the sporadic form of AD.

Some diabetes forms also follow Mendelian inheritance patterns.
Maturity onset diabetes of the young (MODY), which accounts for
2-5% of the diabetes cases in western societies, refers to diabetes
forms following an autosomal dominant transmission pattern and
caused by mutations in various genes. Even if the more common
forms of diabetes are the result of complex interactions between
several genetics and environmental factors, the pathological
disruption of the insulin production is a shared mechanism with the
monogenic forms. Mutations in the genes encoding for the enzyme
GCK and the transcription factor HNF1A account for the vast
majority of the Mendelian forms of diabetes, but also rare mutations
in HNFla, IPF1, HNF-1f and NEURODI genes have been

reported, providing additional clues for the complete understanding
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of the diverse molecular mechanisms interfering with the correct
insulin production (Fajans, Bell, and Polonsky 2001).

To conclude, the characterization of the genetic background of
Mendelian forms of certain diseases has contributed to disclose the
pathogenesis of the most common complex forms. Even if this
“Mendelian” strategy did not identify all the increasing risk
variants, it represented an efficient strategy for the formulation of
novel hypotheses to explain complex diseases. Although medical
genetics has largely benefited from the ideal dichotomous
distinction in monogenic and complex diseases, most of the human
genetic pathologies are located in a continuum between these two

theoretical extremes.

1.7 Parkinson’s disease: a case study.

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder after Alzheimer’s disease and it is
currently affecting ~6 million patients worldwide. Generally,
symptoms appear after the sixth decade and comprise several motor
dysfunctions, such as bradikynesia, resting tremor, rigidity but also
affect cognitive capabilities (Poewe 2008). At the molecular level,
PD is the result of the progressive degeneration of dopaminergic
neurons in the substantia nigra of the brain, probably caused by the

accumulation of protein aggregates, known as Lewy’s bodies and
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representing the hallmark of the disease (Forno 1996). Symptoms
appear when more than half of the dopaminergic neurons have been
lost and no treatment exists to slow down disease progression, while
therapies only alleviate symptoms (Schapira 2005).

Rather than a single disorder, PD could be considered as an
aggregate of symptoms that collectively affect the motor system and
the cognitive functions. The phenotypic heterogeneity makes the
diagnosis difficult, which comprises a large list of inclusive and
exclusive criteria. Based on the guidelines provided by the UK
National Institute for Health and Clinical Excellence (NICE), four
different symptoms are considered cardinal in PD. The co-presence
of bradykinesia with either resting tremor, or muscular rigidity or
postural instability is necessary but not sufficient for the diagnosis.
In addition, putative patients do not have to show any of the eleven
exclusion criteria, comprising the occurrence of head injury or
repeated strokes before the diagnosis, the use of antipsychotic or
dopamine-depleting drugs, exposure to known neurotoxin and other
neurological features, such as supranuclear gaze palsy and early
severe dementia. Moreover, some supportive additional symptoms
could further reinforce a proper diagnosis.

Even if through the whole 20th century many authors reported
familial clustering of PD cases, only in the last 25 years the
identification of causal variants permitted to describe the genetic
components underlying the disease. For instance, one of the earliest
linkage studies failed to detect the recently discovered a-synuclein

multiplication occurring in a Swedish family (Planansky 1950).
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rStep 1. Diagnosis of parkinsonian syndrome N
* Bradykinesia
= At least one of the following:
= Muscular rigidity
- 4-6 Hz rest tremor
- Postural instability not caused by primary visual, vestibular, cerebellar or
proprioceptive dysfunction :4

Step 2. Exclusion criteria for Parkinson's disease

* History of repeated strokes with stepwise progression of parkinsonian
features

« History of repeated head injury

* History of definite encephalitis

* Oculogyric crises

= Neuroleptic treatment at onset of symptoms

* More than one affected relative

* Sustained remission

= Strictly unilateral features after 3 years

= Supranuclear gaze palsy

* Cerebellar signs

= Early severe autonomic involvement

= Early severe dementia with disturbances of memory, language and praxis

* Babinski sign

* Presence of cerebral tumour or communication hydrocephalus on imaging
study

* Negative response to large doses of levodopa in absence of malabsorption

* MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine) exposure *

Step 3. Supportive prospective positive criteria for Parkinson’s disease*
¢ Unilateral onset

* Rest tremor present

* Progressive disorder

* Persistent asymmetry predominantly affecting side of onset

* Excellent response (70-100%) to levodopa

= Severe levodopa-induced chorea

* Levodopa response for 5 years or more

¢ Clinical course of 10 years or more

\_ J

Table 1.4. Diagnostic criteria for PD suggested by UK

Parkinson’s disease Society Brain Bank.

Subsequently, several twin studies failed to confirm the genetic
basis of PD, leading Duvoisin to conclude in 1987 that “the best
available data do not support a role of heredity in the aetiology of
PD” (Duvoisin 1987). Only few years later, analyzing the pedigree
of the “Contursi kindred” originating from Southern Italy, Golbe
and collaborators proved the contribution of genetic factors to PD
(Golbe, Miller, and Duvoisin 1990; Golbe et al. 1993).

Simultaneously, Wzolek et al. described dominant autosomal
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inheritance in three different families (Wszolek et al. 1993) and
twin studies showed much higher concordance rates than previously
thought (Burn et al. 1992), leading the very same Duvoisin to
conclude that “these findings favor monogenic autosomal dominant
inheritance and show reason to argue against a multifactorial
aetiology” (Duvoisin and Johnson 1992). As I will largely describe
later, evidently he was again wrong. Indeed, a growing number of
genes and mutations related to the Mendelian forms of PD have

been identified in rapid succession during the whole following

decade.
Familial Sporadic
————————————————————————————————— Disease
Age threshold
Disease Environment and
risk unknown genetic variants

Known genetic variants

Figure 1.21. Model illustrating interactions between genetic factors,
environment and age for familial and sporadic forms of PD. From

Shulman, De Jager, and Feany 2011.

1.7.1 Mendelian forms of Parkinson’s disease.

Parkinson’s disease (PD) can be divided in familial (Mendelian)
and sporadic forms. A number of causal genes have been discovered
for the Mendelian form, which constitutes 10-20% of the total

cases. A missense mutation in the long arm of chromosome 4 is the
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first causal variant identified by linkage mapping to segregate with
dominant autosomal familial form of PD (Polymeropoulos et al.
1997). The protein altering mutation Ala53Thr is located within the
highly conserved SNCA gene whose longest transcript encodes for a
protein composed of 140 amino-acids. Especially abundant in the
presynaptic terminals of neurons, the SNCA protein product is the
main component of the aggregates observed for several
neurodegenerative pathologies (Giasson et al. 2000). Effectively,
the SNCA protein is the major component of the Lewy’s bodies, the
cellular inclusions considered the pathological hallmark of both
familial and sporadic forms of PD. The Ala53Thr mutation has been
observed in several families throughout the world and haplotype
data suggest that the variant originated from a single mutational
event, occurring in a common ancestor (Markopoulou et al. 1999;
Spira et al. 2001). Subsequent linkage analysis permitted the
identification of two additional missense mutations in the SNCA
gene, Ala30Pro (Kriiger et al. 1998) and Glu46Lys (Zarranz et al.
2004), while the recent application of whole exome and target
sequencing allowed the discovery of two more rare missense
mutations in SNCA gene (Lesage et al. 2013; Proukakis et al. 2013).
Mutations in the LRRK2 gene are a much common cause of the
dominant autosomal form of PD. Indeed, the missense mutation
Gly2019Ser, firstly discovered in a Japanese family (Funayama et
al. 2002), accounts for up to 7% of the affected individuals of
European ancestry (Di Fonzo et al. 2005) and explains ~30% of PD

familial cases from Ashkenazi Jews population (Ozelius et al.
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2006). As for the SNCA gene, additional point mutations were later
identified for the very large LRRK2 gene (~144 Kb), including
Arg1441Gly, Tyr1699Cys and Ile1122Val, among others (Paisan-
Ruiz et al. 2004; Zimprich et al. 2004). Exome sequencing on
affected families permitted the first identification and subsequent
confirmation of the pathogenic role of the missense mutation
Asp620Asn on the VPS35 gene (Wider et al. 2008), which is
involved in endosome-trans-Golgi trafficking and in the recycling
of membrane associated proteins. Even if mutations in the VPS35
gene only accounts for ~1% of the autosomal dominant PD cases
(Ando et al. 2012), subsequent target sequencing of this gene in a
large set of affected individuals and haplotype analysis indicated the
presence of several independent mutational events, suggesting the
presence of a mutational hotspot (Vilarifio-Gtiell et al. 2011).

Causal variants for the autosomal recessive forms of PD have been
identified using positional cloning in four causative genes, that is
PARK2, PINK1, DJ1 and ATP13A2 (Matsumine et al. 1997; Valente
et al. 2004; Bonifati et al. 2003; Ramirez et al. 2006). PARK?2 is
involved in the proteasome-dependent degradation of proteins and
in  mitochondrial quality control by lysosome-dependent
degradation. More than 170 different mutations have been identified
throughout the gene and mutations in PARKZ2 gene are the major
cause of the familial recessive form of PD with an onset <40 years
(Nuytemans et al. 2010). More than 50 homozygous and compound
heterozygous mutations in PINKI gene have also been

demonstrated to be related to the recessive form of PD (Nuytemans
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et al. 2010). It has been hypothesized that the mitochondrial
serine/threonine kinase PINKI may phosphorylate mitochondrial
proteins in response to cellular stress, protecting against
mitochondrial dysfunction (Valente et al. 2004). Conversely, only
few mutations have been reported for the pleiotropic gene DJ1
(Valente et al. 2004), which encodes a chaperone with protease
activity that acts as a transcriptional regulator, an antioxidant
scavenger involved in tumorigenesis and in maintaining
mitochondrial homeostasis (Ottolini et al. 2013). ATP13A2 belongs
to the P-type superfamily of ATPases that transport inorganic
cations and other substrates across cell membranes (Schultheis et al.
2004). Loss of function mutations on ATP13A2 gene have been
related to a specific form of autosomal recessive PD, known as
Kufor-Rakeb syndrome (Ramirez et al. 2006). Two different
homozygous mutations (Arg741Gln, Arg747Trp) in two unrelated
families have been identified through linkage analysis in the
PLA2G6 gene (Paisan-Ruiz et al. 2009), which encodes for an A2
phospholipase, a class of enzyme that catalyzes the release of fatty
acids from phospholipids and which was previously related to other
neurodegenerative pathologies (Morgan et al. 2006). Additional
point mutations have been identified by linkage analysis on the
FBXO?7 gene (Shojaee et al. 2008; Di Fonzo et al. 2009), econding
for an F-box protein forming part of the E3 ubiquitin protein ligases
(Winston et al. 1999) and directly interacting with PARKZ2 protein
product (Burchell et al. 2013). Several other loci, apparently

following Mendelian inheritance, such as those located within
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UCHLI, EIF4G1, GIGYF2 and HTRAZ genes, have been mapped in
PD affected families, but their role in the disease is still somewhat
controversial.

In addition to the described causal point mutations, many gene
dosage alternations and structural rearrangements have been proved
to play a major role on PD. By quantitative PCR amplification of
SNCA exons, a whole gene triplication and duplication (Singleton
2003; Ibafiez et al. 2004; Chartier-Harlin et al. 2004) were reported
to segregate with PD. More than 40 types of exon rearrangements
have been observed in the PARK2 gene, involving multi-exons and
single exon deletions (Kitada et al. 1998; Deng et al. 2006; Lucking
et al. 1998; Hedrich et al. 2001), but also duplications and
triplications (Chaudhary et al. 2006; Sun et al. 2006; Simon-
Sanchez et al. 2008; Liicking et al. 2001). Similarly, structural
rearrangements in DJ1 (Bonifati et al. 2003; Hedrich et al. 2004;
Guo et al. 2010; Djarmati et al. 2004) and PINK1 (Marongiu et al.
2007; Camargos et al. 2009; Li et al. 2005; Cazeneuve et al. 2009;
Guo et al. 2010) genes have been detected to segregate with PD.
The described point mutations and structural variations together
with other variants with relevant implications in the resulting
proteins, such as frameshift indels, indicate that the monogenic
forms of PD show high genetic heterogeneity, which result in a
correspondent high phenotypic diversity. Genetic variants of any
class are currently stored in large databases, such as OMIM
(Hamosh et al. 2005), or in more specific catalogs precisely

designated to collect variation related to Parkinson’s disease, as the
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Parkinson’s Disease Mutation Database (PDmutDB) (Horaitis et al.
2007).

Collectively, the characterization of variants causal of Mendelian
forms of PD represents an enormous source of clues for the
understanding of the molecular mechanisms underlying the disease.
Their knowledge permitted the identification of the metabolic
pathways with a relevant role on PD pathogenesis. Among those,
oxidative stress, mitochondrial respiration and protein degradation
processes emerge as the most important. Based on these
observations, three different hypotheses have been proposed to
explain the death of dopaminergic neurons in PD affected
individuals. The first suggests that oxidative stress, due to iron
accumulation in the nervous system, leads to changes in calcium
channel activity and altered proteolysis, resulting in a-synucleic
aggregation and the subsequent formation of the detrimental cellular
inclusions (Dexter and Jenner 2013). Since mutations in SNCA,
PARK2, PINK1 and DJ1 have been associated to altered
mitochondrial functions, an alternative hypothesis has been
proposed to explain disease manifestation. Probably, the two
proposed hypotheses are functionally overlapping, since
abnormalities in mitochondrial structure and function could increase
oxidative stress, which in turn increases mitochondrial dysfunctions
(Dexter and Jenner 2013). Another hypothesis indicates the altered
protein catabolism as the major mechanism leading to the formation
of a-synuclein aggregates and neuronal death. The inhibition of the

correct proteosomal functions could lead to increased oxidative and
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nitrative stress and thus alter mitochondrial functions (Dexter and
Jenner 2013). Even if the precise sequence of events leading to
neurons death is not fully understood, the study of the Mendelian
forms of PD provided useful insights regarding the general
pathogenesis and the altered molecular functions at the basis of the

disease.
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Figure 1.22. Key molecular mechanisms widely accepted to contribute to the

neurodegenerative process of PD. From Dexter and Jenner 2013.

1.7.2 Sporadic form of Parkinson’s disease.

From a clinical point of view, the idiopathic form of PD is not

distinguishable from some monogenic late onset forms. The high
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phenotypic heterogeneity characterizing PD is probably a
consequence of the several factors at the basis of its pathogenesis.
Sporadic PD is the result of the cumulative interaction between
genetic background, lifestyle and various environmental factors. A
simple way to describe this condition is that “genetics loads the gun
and environment pulls the trigger”. Indeed, 40-60% of the
phenotypic variance in PD can be explained by additive genetic
effects (h?, narrow-sense heritability), while the rest of the variance
can be attributed to epistatic interactions, environmental factors and
the interplay of genetics and environment (Hamza and Payami
2010). Among non-genetic risk factors, differences in geographical
distribution have been observed for PD. For instance, PD
prevalence is higher in the agricultural California central valley;
living close to the fields, where persistent organic pollutants and
pesticides have been extensively used (Costello et al. 2009; van der
Mark et al. 2012). Several epidemiological, animal and in vitro
studies evidenced that exposure to pesticides and herbicides, such as
Rotenone and Paraquat among others, increases risk for PD
(Goldman 2014) and a risk ratio of 1.6 was observed for ever being
exposed to these chemical compounds (Noyce et al. 2012; Goldman
2014). Dysregulated iron homeostasis has also been implicated in
PD aetiology for decades (Riederer et al. 1989), raising controversy
regarding the higher prevalence of PD in individuals working in
heavy industrial activities. However, even if agricultural-related and
industrial jobs may involve a greater exposure to increasing risk

chemical agents, the higher prevalence of PD in certain
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occupational categories needs to be fully proven. Other factors may
actually reduce the risk to develop PD. Surprisingly, nicotine may
act as a dopamine stimulant with a neuroprotective effect on
tobacco smokers (Checkoway et al. 2002). The chemical
compounds contained in the tobacco smoke may reduce the
enzymatic activity of type B monoamine oxidase (MAO-B) (Fowler
et al. 1996), that normally metabolizes dopamine and generates
metabolites with a possible neurotoxic effect (Riederer et al. 1989).
Furthermore, a significant association between coffee consumption
and decreased risk for PD has been described, indicating that
caffeine and its main metabolite paraxanthine have both a

neuroprotective function (Tan et al. 2007).

Environmental risk factors Genetic risk factors

Increased risk (OR>1) Increased risk (OR >1)

Pesticide exposure GBA (OR >5) VPS13C

Prior head injury INPP5F DDRGK1

Rural living STK39 GPNMB
Beta-blocker use LRRK2 CCDC62
Agricultural occupation SIPA1L2 MIR4697
Well water drinking BST1 BCKDK-STX1B

Interactions

RAB7L1-NUCKS1

Decreased risk (OR <1)

Tobacco smoking Decreased risk (OR <1)
Coffee drinking SNCA GCH1
NSAID use MAPT RIT2
Calcium channel blocker use TMEM175-GAK-DGKQ FAM47E-SCARB2
Alcohol consumption HLA-DQB1 FGF20
Mccca SREBF1-RAI1

ACMSD-TMEM163

Figure 1.23. Environmental and genetic risk factors for the

development of PD. From Kalia and Lang 2016.

The first evidence that genetic factors contribute to sporadic PD was

provided by a linkage study performed on 174 families with
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multiple individuals diagnosed with idiopathic PD. A genetic
marker located near the tau microtubule-associated protein gene
(MAPT) was observed to segregate with the disease (Scott et al.
2001). MAPT gene is expressed in the brain and it is a known
increasing risk factor for Alzheimer’s disease and other
neurodegenerative disorders (Hutton et al. 1998; Baker et al. 1999).
The long arm of chromosome 17, harboring the MAPT gene,
contains a large inversion spanning 900 Kb which results in two
main haplotypes: the more common non-inverted H1 haplotype and
the inverted H2 haplotype. The significant association between the
non-inverted H1 haplotype and PD (Pastor et al. 2000) is also
reflected in the subsequent identification of several common
variants in linkage disequilibrium with MAPT gene and increasing
risk for PD. Under the assumption that common diseases are caused
by common variants (CD-CV hypothesis), GWAS permitted the
identification of many other genomic loci associated to PD. Initially,
the reduced GWAS power, due to small sample sizes and low
density genotyping arrays, resulted in the identification of
increasing risk common variants mainly in linkage disequilibrium
with genes previously related to the monogenic forms of PD. For
example, four SNPs in the SNCA gene and three SNPs in the MAPT
gene reached significance at genome wide level (Simon-Sanchez et
al. 2009). Simultaneously, five common variants located in the
LRRK2 gene were described as increasing risk factors for PD
(Satake et al. 2009). Interestingly, the variants located in the MAPT

gene were not replicated in populations of Asian ancestry, whereas
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the BST1 association hit (Satake et al. 2009) was not replicated in
Europeans, indicating that PD could present inter-population
genetic heterogeneity.

The increased power, due to the availability of high density panels
of SNPs in genotyping arrays and the recruitment of larger sample
sizes, allowed the identification of several loci increasing risk for
PD (Hamza et al. 2010, Pankratz et al. 2008, Do et al. 2011). New
potential metabolic routes and molecular pathways were thus
proposed to have a role in disease pathogenesis. For instance, the
association of the human leukocyte antigen (HLA) locus suggested a
connection between the immune system and PD. The huge sampling
recruitment operated by 23andMe (a personal genomics company)
permitted a large association analysis, comprising 3,426 PD cases
and ~30,000 controls. Besides confirming previously described
associations, the 23andMe study suggested that the GBA gene could
harbor a new possible increasing risk factor (Do et al. 2011). The
GBA gene encodes for a lysosomal enzyme, known to harbor a
variant that in homozygous state is causal of Gaucher’s disease, a
rare lipid storage disorder. Moreover, individuals affected by
Gaucher’s disease tend to be also affected by PD and the known
missense causal variant N370S was already described to increase
risk for idiopathic PD when found in heterozygous state (Goker-
Alpan et al. 2004). Nevertheless, many of the identified increasing
risk loci need further validation, as for example those in proximity
of SCARB2, SREBF1 and RAII genes (Do et al. 2011), which have

not been yet independently replicated.
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After the first round of association studies, the efforts have been
devoted to pool data of different GWAS to achieve greater power
for the identification of risk factors with modest effect. In that
sense, the purpose of the International Parkinson Disease Genomics
Consortium (IPDGC) was to perform a meta-analysis, considering
jointly the data provided by five different PD GWAS, accounting
for a total of 5,333 PD cases and 12,019 controls in the discovery
phase and 7,053 PD cases and 9,007 controls in the replication
stage. In total, eleven loci reached genome wide significance,
among which six (MAPT, SNCA, HLA-DRB5, BST1, GAK and
LRRK?2) were already described and five (in linkage disequilibrium
with ACMSD, STK39, MCCC1, LAMP3, SYT11, RAB25 CCDC62
and HIPIR) were identified thanks to the acquired meta-analysis
power (IPDGC 2011a). Collectively, the eleven loci explain ~60%
of the population attributable risk, which is the proportion of cases
that would not occur in a population if these variants were not
present (IPDGC 2011a). Subsequently, larger meta-analysis
contributed to identify additional loci that in previous studies did
not reach genome wide significance (IPDGC 2011b, Pankratz et al.
2012, Lill et al. 2012). The most recent and last effort to recover
information through association studies was performed on 13,708
cases and 95,282 controls for the discovery phase and on 5,353 PD
cases and 5,551 controls in the replication stage. The study,
involving ~8 million SNPs, allowed the identification of six
additional loci, in the proximity of SIPAIL2, INPP5F, MIR4697,
GCH1, VPS13C and DDRGKI1 genes. These findings brought to a

59



total of 28 independent risk variants in 24 different genomic loci
(Nalls et al. 2014).

-logyg(P-value)

Figure 1.24. Manhattan plot of genome wide meta-analysis performed in

PDGene database. From PDGene website.

Despite the large contribution provided by GWAS to disentangle PD
genetic architecture, association studies also suffer possible
spurious associations and do not have the power to identify all the
increasing risk loci. For instance, a replication study involving
8,750 cases and 8,955 controls collected from the Genetic
Epidemiology of PD (GEO-PD) consortium, suggested that the
previously reported association involving ACMSD gene was a case
of false positive, while the signal regarding HLA-DRB5 was mainly
due to population specific variation in allele frequencies (Sharma et
al. 2012). Even if meta-analyses improved and confirmed the
identification of many loci, none of the performed GWAS was able

to detect in a single experiment all the reported increasing risk
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variants reaching genome wide significance. Larger samples sizes
and the use of cohorts with more homogeneous phenotype are
needed to further extend the knowledge of PD genetic factors
through association studies. All the genetic signals detected in the
last decade by GWAS are stored in large and general databases,
such as the GWAS catalog (Hindorff et al. 2009; Welter et al. 2014),
or in disease specific archives, specifically designed for the storage
of the information regarding the variants linked to PD, such as the
PDGene (Lill et al. 2012; Nalls et al. 2014) or the PDmutDB
databases (Horaitis et al. 2007). Collectively, using a statistical
method that applies a linear mixed model, it has been calculated that
27% of the total PD heritability may be explained by common
variants included in commercial genotyping arrays, while the SNPs
showing genome wide significance alone account for 3-5% of the
phenotypic variance (Keller et al. 2012). These observations
indicate that most of the risk loci still need to be identified, although
present in the used arrays. This “missing heritability” could reside
in common variants with smaller effects, but also in rare variants

that are traditionally not captured in the genotyping arrays.
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Figure 1.25. Explained heritability using significant SNPs (A) or all
SNPs (B) of six GWAS data sets drawn from the International
Parkinson’s Disease Genomics Consortium (IPDGC). From Keller et al.

2012.

A further source of phenotypic variance could rely in structural
variants and copy number variation, practically ignored by
association studies but demonstrated to have a relevant role in the
monogenic forms of PD. Moreover, it is of capital importance to
describe the interactions among the already known increasing risk
loci. Even if no significant interactions were detected between the
alleles located in SNCA and MAPT genes, it has been hypothesized
that patients carrying the corresponding susceptibility variants on
both loci have higher risk than the simple combination of
independent effects (Elbaz et al. 2011). Most GWAS signals fall in
intergenic or gene desert regions, making difficult the identification
of the causal variants driving disease risk. The sequencing of

genomic regions around significant loci may provide an additional
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tool for capturing the genetic variation with a functional relevance
in PD pathogenesis. In spite of such methodological limitations,
GWAS permitted the detection of several reliable PD loci, shading
light on the molecular mechanism underlying PD. Interestingly,
association studies validated the role of genes previously involved
in the familial forms of PD, indicating that similar pathways and
metabolic routes are shared across disease forms. Finally,
association studies allowed the identification of new potentially
relevant functions that could contribute to a better understanding of
the disease architecture and to the future design of improved

treatments.
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of Parkinson’s disease. From Kalia and Lang 2016.
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CHAPTER 2

Yes we can!
BARACK OBAMA

OBJECTIVES

Taking Parkinson’s disease (PD) as a model, the work presented in
this thesis aims to contribute to the understanding of the genetic
architecture of human polygenic diseases and to the description of
the evolutionary and biological features of the genes linked to

diseases. The three main objectives that will be addressed are:

1. To explore the role of rare variants in PD. Taking advantage of
the improvement of sequencing technologies, in Chapter 3 we will
describe variation in genomic loci previously described to have a
role in sporadic PD. Since GWAS identified associated rather than
causal variants, we chose to re-sequence at high coverage the
protein coding and putative regulatory regions of some of the genes
in linkage disequilibrium with the variants showing the strongest
association with the disease. In addition, we also included genes
that were known to harbor causal variants for both the dominant and
the recessive forms of familial PD, in order to test the contribution
of these genes to sporadic PD. The purpose is to describe and

functionally characterize the full spectrum of genetic variation
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within 38 PD candidate genes on 249 idiopathic PD cases and 145
unrelated controls of European ancestry. Leveraging annotation
databases, we decided to investigate the role of both rare and
common putative functionally relevant variants in PD. Given their
small number of observations, low frequency variants cannot be
detected by classic association tests and require the application of
specific statistical methodologies to disentangle their role. Basically,
these methods collapse in different ways all the variant information
in a given gene or region and compare the global burden of rare
variants between different sets of samples. Moreover, statistics from
the field of molecular evolution, such as Tajima’s D, can also be
used to test for deviations in the allele frequency spectrum between
cases and controls, providing an opportunity to test the Common
Disease-Rare Variants (CD-RV) hypothesis to explain the PD

missing heritability.

2. To analyze structural variants such as gene copy number in PD
cases. For that, in Chapter 4 we will take advantage of new
bioinformatics tools, based on the assumption that differences in
depth of coverage among specific genomic regions and across
multiple samples can be used to obtain a semi-quantitative
estimation of copy number variation. Thus, when analyzing
multiple samples in parallel in the same targeting experiment, Next
Generation Sequencing offers the unique possibility to predict
within the same experimental setting SNPs, small indels and larger

structural variation, contributing to the understanding of the role of
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different classes of genetic variants on the disease aetiology.

3. To study the biological and evolutionary properties of genes
related to human disease. Given the observed functional
interconnection between the familial and the sporadic forms of PD
reported in Chapter 3, we decided to investigate the biological and
evolutionary properties of different classes of genes related to the
wide spectrum of human diseases. In Chapter 5, we will first try to
assess whether genes related to all human pathologies represent a
specific category of genes with particular evolutionary and
functional characteristics within our genome. We then assess the
selective pressures acting on different sequence types of human
disease genes and explore whether the “mutation-selection balance”
model is sufficient to account for their evolutionary history. Our
final objective is to disentangle the properties of genes linked to
different types of diseases, with a special interest in genes that have
been found to be related to both monogenic and complex diseases.
To that end, we aim to describe if and how the two types of diseases
are interconnected and what is the role of Mendelian genes in the

aetiology of complex diseases.
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CHAPTER 6

If you’re not confused,
you’re not paying attention.

TOM PETERS

DISCUSSION

As outlined in Chapter 2, the aim of this thesis is to contribute to the
understanding of the genetic architecture of human complex
diseases. In the first work, we investigated the role of SNPs and
small indels detected in a set of 38 candidate genes for PD;
whereas, in the second we predicted and subsequently validated the
role of structural variations in sporadic PD cases. The observation
that genes harboring causal variants for familial PD are collectively
involved in the sporadic form of the disease, led us to disentangle
the role of Mendelian genes in complex diseases and to investigate
the evolutionary and functional properties of the whole set of genes

related to human genetic disorders.

6.1 Rare variants in complex diseases.

Several re-sequencing studies have shown that, probably due to the

recent explosive population growth, most of the human variation is
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rare (Casals and Bertranpetit 2012; Keinan and Clark 2012; Gao
and Keinan 2014) and that rare variants are enriched in deleterious
alleles (Zhu et al. 2011; Tennessen et al. 2012). These low
frequency variants are not captured by the commercial SNP arrays
used in association studies and at the same time do not have a
sufficiently large effect to be detected in family studies. The rapid
development of Next Generation Sequencing technologies and the
application of new statistical methods, specifically designed for
testing the association between complex traits and rare variants,
have successfully demonstrated their contribution to colorectal
cancer, plasma high-density lipoprotein levels, type 1 diabetes and
blood pressure (Fearnhead et al. 2004; Cohen et al. 2004; Nejentsev
et al. 2009; Ji et al. 2008). The exploration of variation in proximity
of GWAS hits could contribute to unravel the role of rare variants
into the disease. Interestingly, some of the GWAS hits for sporadic
PD point to genes previously described to harbor rare causal
variants for the familial forms of the disease. Through a targeting
approach, we re-sequenced the protein coding and regulatory
regions of 38 PD candidate genes, including genes related to the
Mendelian and the sporadic forms of the disease. The analyzed
dataset comprises 249 PD idiopathic cases and 145 unrelated
controls of Spanish origin in which up to ~500 Kb of genomic
material per sample was sequenced at high coverage. Our working
hypothesis was that rare variants may play a prominent role also in
the aetiology of complex diseases. To this end, we measured

deviations in the allele frequency spectrum between cases and
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controls, using recently developed “collapsing methods” and classic
evolutionary statistics, such as Tajima’s D. These tests can be
applied even in moderate sample sizes to both individual genes
separately or to groups of genes.

Our analysis confirmed the role of the huge inversion in
chromosome 17 involving the MAPT gene as a high frequency risk
factor in a population of European ancestry. After correcting for
multiple testing, none of the common SNPs and small indels found
by re-sequencing were significantly different in frequency between
cases and controls, meaning that our study design was not able to
detect the original association signals. Cases and controls displayed
similar site-frequency spectrum on genes detected by GWAS to
increase risk for PD, indicating that for these genes rare variants are
equally distributed between the cohorts. By contrast, differences
between cases and controls were consistently observed when
focusing on rare putative functional variation occurring on genes
previously linked to the Mendelian forms of PD. Indeed, code-
altering variants in Mendelian genes with a Minor Allele Frequency
(MAF) <1%, including non-synonymous SNPs, nonsense mutations
and both frameshift and non-frameshift exonic indels, were more
abundant in PD cases. This result was consistent with several

collapsing methods as well with the Tajima’s D statistic.
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Figure 6.1. Difference in the proportion of rare variants between PD cases and
controls. Violin plots represent the distribution of difference in proportion of rare
variants when permuting 1,000 times cases and controls status. Triangles
represent the observed case-control difference in the proportion of rare variants.
Gray and light-red distributions refer to all rare variants and to code altering rare

variants, respectively.

In our study, we also identified a considerable number of PD cases
carrying variants known to be causal of the Mendelian forms of the
disease. These rare causal variants do not explain alone the excess
of low frequency variants observed for PD cases and when
removing them from the analysis, rare variants still remained
significantly more abundant in PD patients. Moreover, the excess of
rare variants in Mendelian genes is present in both dominant and
recessive genes separately. When testing each single Mendelian
gene independently most of the genes showed a clear pattern toward
an excess of rare variants in PD cases, even if not always
significant.

Collectively, these results highlight the role that rare variants may
have in the genetic architecture of this specific pathological
condition. Even if our analysis is not able to identify which variant

actually confers disease risk, our observations indicate that both the
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contrasting CD-CV and CD-RV hypotheses may be valid to explain
the genetic factors underlying PD. Even more interestingly, our
analysis highlights that rare variants may mediate the role of genes
previously related to Mendelian PD in the sporadic form, suggesting
the existence of a functional link between the two forms of the

disease.

6.2 Copy number variation on Parkinson’s
disease.

Most re-sequencing studies have been mainly focusing on variation
of small size, including single point mutations and indels of a few
base pairs. Different gene dosage alterations and structural
rearrangements have been described to be related to familial PD and
other neurological disorders. Mainly, these large genomic
alterations were detected in a limited number of samples by using
specific arrays designed to capture genome wide copy number
variation or by using quantitative PCR on few candidate genes.
Recently, different bioinformatics tools have been implemented to
predict the copy number variation from depth of coverage data,
relying on differences of coverage among genomic regions and
across samples. Using our own re-sequencing data on candidate
genes for PD, we confirmed by quantitative PCR all the 11 CNVs
predicted by the XHMM software (Fromer et al. 2012) on 10
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different PD cases.
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Figure 6.2. Schematic representation of coverage based predictions and validated
CNVs on the PARK2 gene. Colors in the upper panel match that of the
individuals’ labels in y-axis of the bottom panel. Gray background lines in the
upper panel represent depth of coverage in the remaining samples of our dataset
without predicted CNVs. At the bottom panel, red bars, light-blue bars and black

diamonds represent deletions, duplications and frame-shift indels, respectively.

Among these CNVs, we observed 7 deletions and 4 duplications
occurring in 3 different genes, previously described by other studies
to be related to familial PD. Notably, we were able to detect
structural variation in the GBA gene region, which shares 96% of
identity with its neighboring pseudogene (PGBALI) and it is known
to be a difficult region to re-sequence and investigate. The detection
of these large variants, along with the description of known causal
SNPs and frameshift indels allowed us to explain the genetic causal
factors for 12 sporadic cases. Notably, exon dose alterations

explained the disease phenotype of 6 of them, representing 2.4% of
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PD cases in our study. Our analysis demonstrates the relevance of
sequencing technologies for the discovery of all classes of variants
and for the description of variation with a prominent role in disease
aetiology, even if using moderate sample sizes and a limited portion

of the human genome.

6.3 The role of Mendelian genes in complex
diseases.

The functional link existing between Mendelian and sporadic PD
outlined in Chapter 3 and 4, induced us to globally investigate the
interplay between human rare monogenic and complex polygenic
diseases. As a whole, genes related to human genetic pathological
conditions represent a specific subset of the genome with particular
evolutionary and biological features. Since diseases are diagnosed
and observed in living humans, we expect those genes harboring
causal or susceptibility variation for human diseases to be more
functionally relevant than non disease gene, but not as much as the
so-called essential genes (i.e. genes for which it is predictable that
several functional mutations have lethal consequences in early stage
of life). Protein-protein interaction network and expression profiles
analyses confirmed our hypothesis and the intermediate functional
relevance of human disease genes, that in turn, is also reflected in

their intermediate protein coding evolutionary rates. Surprisingly,
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intra-species variation data indicate that the site frequency spectra
of human disease genes are shifted toward intermediate frequency
variants compared to the rest of the genome, suggesting that
purifying selection is not the only evolutionary force acting on
them, at least at their regulatory sequences. Moreover, human
disease genes are enriched among those detected to show signatures
of long lasting balancing selection, further indicating that adaptive
evolutionary forces could contribute to shape the frequencies of
causal alleles.

The biological features of human disease genes depends on the type
of disease they are found to be associated with, that is monogenic
Mendelian disorders or polygenic complex diseases. For instance,
Mendelian genes emerged before and are more expressed than
complex disease genes, while genes linked to both forms of
pathologies show intermediate tendencies. Even if it is expected to
observe genes related to Mendelian disorders under stronger
purifying selection, we reported only slight differences compared to
complex disease genes. Interestingly, genes related to disorders with
Mendelian inheritance contribute higher than expected by chance to
the risk for common polygenic diseases. More than 23% of genes
harboring causal variants for monogenic disorders have been
reported to increase risk for complex diseases. For 71% of the
considered complex diseases at least 1 gene related to Mendelian
disorders is observed among the increasing risk factors. The
contribution of Mendelian genes in these complex traits varies

widely, ranging from the 15 Mendelian genes reported for coronary
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heart disease, type 2 diabetes and prostate cancer, to the single

Mendelian gene observed for 20 different complex diseases.
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Figure 6.3. Number of genes related to Mendelian disorders located in proximity

of increasing risk factors for complex diseases.

Even more interestingly, Mendelian genes tend to harbor variants
with stronger effects on the phenotype, when compared to the rest
of reported loci for a given complex disease. Together with the
higher functional importance in the protein network, the tendency
toward higher expression levels and the enrichment in relevant
biological categories, these observations indicate that genes related
to Mendelian disorders may play a major role in the aetiology of
complex diseases. To conclude, we demonstrate that genes related
to Mendelian disorders should be regarded as good potential
candidates for complex diseases and our work highlights the
importance of the extensive interplay existing among human genetic

pathologies and between disease types.
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6.4 Limitations.

In spite of the results achieved and the contribution given by this
thesis to a better understanding of genetic architecture of PD, our
study design suffers from different limitations. First of all, the
budget restrictions did not allow a comprehensive genome wide
investigation of the role of rare variants in idiopathic PD. Our
analysis is mainly focused on genes previously observed to be
related to familial PD and on genes located in proximity of the
strongest association signals detected by GWAS. We further curated
the list of candidate genes to study, selecting only those that were
directly connected or in proximity of the rest of PD genes in the
protein network. We only focused on exonic and putative regulatory
sequences, further limiting the investigation of variation on the
selected PD candidate genes. Even if the used sample size is
sufficient to test in aggregate the association signal of rare variants
in individual genes or groups of genes, it is not appropriate to detect
significant association signals for a single rare variant. Thus, no
clear candidate variants can be directly deduced to functionally
validate in vitro. Theoretically, an association signal detected
through GWA studies could result from multiple underlying low-
frequency variants located within the same chromosome carrying
the common risk allele (Dickson et al. 2010). Even if such
“synthetic association” has not been systematically explored,
different authors suggest that it does not explain most of GWAS
results (Orozco, Barrett, and Zeggini 2010; Wray, Purcell, and
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Visscher 2011). The difficulty of phasing singletons and other rare
variants prevented us from testing whether rare variants enriched in
PD cases are effectively located within chromosomes carrying
particular common risk alleles.

Although we were able to detect structural variants from re-
sequencing data, we ignore the false negative rate of the prediction
method. Apparently, all the predicted CNVs were effectively
present, but we do not know the fraction of real CNVs that the
XHMM software is not able to identify.

The study presented in Chapter 5 is of course limited by the
accuracy of the genetic information currently available for human
diseases as well as by our incomplete knowledge regarding the true
susceptibility/causal variants and their corresponding genes. Even if
the underlying causal variants have been described for many
Mendelian disorders, about half of all known Mendelian phenotypes
still remain unsolved (Chong et al. 2015). For complex polygenic
traits, the situation is even more obscure. Most of the associated
variants identified by GWAS are not functionally characterized and
most of them occur in intergenic regions, challenging the
identification of the gene or functional element harboring the true
causal variant. For each significant signal, a list of potential genes is
reported in the GWAS catalog, which is based on the expertise of
the authors on the biology of the disease. Inevitably, the lack of
precise information regarding the genes harboring the true causal
variants introduces false positives in the set of genes related to

complex diseases. Conversely, the missing knowledge of all the
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genetic factors contributing to human complex diseases represents a
source of false negatives. Putative human essential genes were
inferred from essential genes detected by knock-out experiments in
mice. Even if mice represent a useful model to study human
biology, the list of human essential genes obtained probably also
contains both false positives and negatives. Although all the used
sets of genes (i.e. GWAS, hOMIM and essential genes) probably
contain some erroneous assignations, we believe that the available
information consent to have a reliable global description of the
human genes properties. A further confounding factor could be due
to the “publication bias” that could affect the protein-protein
interaction network analysis and the classification of biological
functions. Indeed, genes related to human diseases are generally
more investigated than the rest of the genome, resulting in an
overproduction of biological information, artificially inflating the
number of known protein-protein interactions and gene functional
annotation. Gene age analysis was based on data produced by
multiple alignments to detect orthologous genes from very distant
species in the phylogenetic tree. The limitations of alignment
algorithms and the lack of the availability of genomic sequences for
a wide range of species could lead to the wrong identification of the
most distant species possessing an orthologous gene. Nevertheless,
these limitations should equally affect all the considered sets of
genes and should not bias our results toward a specific direction.

In spite of the considered limitations, we believe that in this thesis

we use a good approximation for the identification of the genetic
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factors relevant for PD and for the description of the specific
features of different sets of human genes, contributing to a better

understanding of the genetic architecture of human diseases.

6.5 What's next?

The current cost-effective and standardized NGS technologies
represent an incessant source of new biological information and
continuously improve the knowledge of genetic factors contributing
to diseases. Probably, in the near future, for each specific phenotype
larger sample sizes will be sequenced, unveiling the role of both
rare and common variants. Moreover, third generation sequencing
technologies promise to generate single-molecule templates and
long reads, enabling CNV discovery and direct haplotype phasing.

In spite of these predictable methodological and technical advances,
additional theoretical frameworks are needed to include both
epistasis and gene-environment interactions. Recently, it has been
reported that 30% of the possible genotypes in the Green
Fluorescent Protein (GFP) result in negative epistasis, while
positive epistasis emerged only for 2% of the genotypes. These
evidences indicate that frequently the joint effect of functional
variants is stronger than their independent contribution (Sarkisyan
et al. 2016). Similarly, gene-environment interactions affecting

expression levels have been discovered in a recent twin study (Buil
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et al. 2015). Since most of the signals detected by GWAS are
predicted to have a regulatory effect, these findings suggest that
environmental factors might recover a fraction of the genetic and

non-genetic variance associated to disease risk.
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Figure 6.4. Examples of epistasis (A) and gene-environment interactions (B). In
(A) the GFP protein sequence is arranged in circles; the inner one represents the
wild-type protein, circles further away represent genotypes when from one to up
to ten amino-acids are mutated simultaneously. At each circle, green and black
bars represent the proportion of genotypes for a given position resulting in higher
and lower fluorescent, respectively. Pairs of mutations with positive and negative

epistasis are highlighted in green and black lines, respectively. From Sarkisyan et
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al. 2016. Boxes in (B) display the difference in allele specific expression (ASE)
between heterozygous (green) and homozygous (orange) monozygotic twin pairs
at three SNPs of interest. Since monozygotic twins are genetically identical, any
difference in ASE for two monozygotic siblings should be caused by

environmental or epigenetic factors. From Buil et al. 2015.

Recently, the functional circuitry around a GWAS hit for obesity has
been described in depth and the complete interpretation behind the
elusive association has been provided (Claussnitzer et al. 2015).
Translating a GWAS signal into a mechanistic process requires a
combined approach that should include different related fields of
modern biology, such as epigenomic annotation, gene expression
profiles, genome editing and many more. Only integrating different
sources of knowledge and using a comprehensive approach it will
be possible to describe the molecular mechanism behind each
GWAS hit. A detailed functional explanation is needed for all
association signals if biology wants to reconcile with medicine and

fulfill the promise of personalized medicine.
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Figure 6.5. Description of functional circuitry for variant rs1421085 located in

FTO locus. From Claussnitzer et al. 2015.
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In the near future I would like to contribute to the functional
characterization of GWAS signals related to PD and try to unveil
how different genetic variants interact to generate particular
phenotypes of interest. In collaboration with the Consiglio's group
at the Center of Regenerative Medicine in Barcelona (CMRB), we
will try to assess the genetic background at the basis of the
incomplete penetrance of the Gly2019Ser mutation in the LRRK2
gene, which accounts for up to 7% of the affected individuals of
European ancestry (Di Fonzo et al. 2005). To this end, we are
analyzing the whole exome of individuals carrying the mutation, but
which are asymptomatic for PD. We will try to compare their
genetic profiles with controls that do not carry the mutation and
with symptomatic carriers. Putative candidate variants will be
validated in vitro using neuronal cells obtained from reprogrammed
induced pluripotent stem cells (iPSC). The comparison of specific
endophenotypes among these different samples will shed light on
the protective mechanisms behind the reduced penetrance of
Gly2019Ser mutation, which in turn will contribute to a further
understanding of pathogenic processes behind PD (Sanchez-Danés

et al. 2012).
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Figure 6.6. Schematic representation of the protocol to obtain reprogrammed

neural cells from adult cell types. Adapted from Amabile and Meissner 2009.

In addition, I would like to continue exploring the relationships
between Mendelian disorders and complex diseases. Currently,
association studies represent an outdated technology and the whole
field is moving towards sequencing experiments. Due to the large
number of tests performed in GWAS, many true associated loci may
not pass the multiple testing correction, limiting the current
knowledge of the factors contributing to disease risk. Authors
claiming a new association need to be sure that the identified
variants are effectively associated. For this reason very stringent
multiple testing thresholds have been usually applied to ensure the
identification of true positives but at the cost of increasing the

number of false negatives. Weaker association signals may be
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detected by increasing the sample size, which in turn implies an
increase in experimental costs and poses new challenges regarding
samples recruitment, stratification and homogeneity of phenotypes.
Alternatively, I propose that weak signals could be still detected
from existing GWAS data if we reanalyze them according to
candidate gene like approaches. In Chapter 5, I demonstrated the
role of genes related to Mendelian disorders in complex polygenic
diseases. These genes are extensively located in proximity of
susceptibility factors for complex diseases; moreover clinical
records suggest that many Mendelian disorders co-occur with
specific complex diseases beyond random expectation. Co-
occurring traits are probably sharing similar disrupted metabolic
routes and aetiology mechanisms. The broad knowledge concerning
the exact pathological processes behind Mendelian disorders could
shed light on the co-occurring complex diseases. Given that many
of the causal genetic factors for Mendelian disorders are known, we
could use this information to test whether these factors have also a

role in the co-occurring polygenic diseases.
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Figure 6.7. Example of candidate Mendelian genes for a complex trait. Red
blocks indicate the genes harboring causal variants for the Mendelian traits in

the green circles, which in turn co-occur with type 2 diabetes.

Similarly to the 3 “Rs” at the basis of the green economy, I am
convinced that it is still possible to “reuse” previous GWAS,
“reducing” the searching space to candidate gene sets and
“recycling” clinic records regarding comorbidity to generate new

genetic information about complex diseases.

Figure 6.8. The “3Rs” of the green economy.
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CHAPTER 7

Yes we could...

An extremely synthetic
personal evaluation of
Obama’s presidency.

CONCLUSIONS

In this thesis, I showed that Next-generation DNA sequencing
contributes to the discovery of variation linked to diseases and helps
to understand their genetic architecture. Currently, many different
classes of genetic variants can be rapidly investigated in a single
cost effective experiment and in a large number of samples.
Moreover, the many available biological databases furnish a unique
possibility to depict the properties of genes harboring variants with
a relevant role in genetic diseases, allowing to generate new
knowledge employing preexisting information. “We are on the
leading edge of a true revolution in medicine”, enthusiastically
stated Francis Collins in his book “The Language of Life” (Collins
2009). Undoubtedly, the whole biology and medical genetics

€

strongly benefited from the progress represented by the “-omics”
sciences. Regardless of the results achieved from the sequencing of
the first human genome, many of the promises about the
understanding of genetic diseases still remain to be fulfilled. The
exalted revolution has still not come completely true and probably

many years are still needed before it takes its final form. In spite of

207



the several ethical, legal and social concerns raised by the massive
accumulation of genetic data, in the near future medicine will shift
more and more toward sequencing and information technology
based analysis, leading to many little discoveries that collectively

will show the way to the “holy grail” of personalized medicine.
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Next generation sequencing on candidate genes
related to Parkinson’s disease.

The Supplementary Material for the article presented in Chapter 3
(Spataro et al. 2014) is available at:
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below. Supplementary Tables can be found in Electronic Appendix
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SUPPLEMENTARY MATERIALS.

Copy Number Variation on Parkinson’s disease.

The Supplementary Material for the article presented in Chapter 4 is
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SUPPLEMENTARY MATERIALS.

Properties of human disease genes.

The Supplementary Material for the article presented in Chapter 5 is
available below. Supplementary Tables can be found in Electronic

Appendix 2.
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