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ABSTRACT

Osteoporosis is a complex disease characterized by low bone mass,
microarchitectural deterioration and increased fracture risk. Many genes/variants
associated with osteoporosis have been identified but the underlying mechanisms are
poorly understood. Hence, it is necessary to identify new variants/genes and to
functionally characterize them. Nitrogen-containing bisphosphonates (N-BPs) are first-
line treatment for osteoporosis that prevent osteoclast function. Very rarely, atypical
femoral fractures (AFFs) occur after a long-term therapy. The pathogenic mechanisms

underlying AFF remain unknown.

This PhD thesis contributed to the elucidation of the genetic determinants of

osteoporosis and AFF.

On one side, we dissected the association signal in C7ORF76 (7921.3) in the
BARCOS cohort (postmenopausal women) and functionally characterized the
associated variants and regulatory elements within the locus. We identified 2 variants
associated with BMD and osteoporotic fracture and showed that they are cis-eQTL for
the neighbouring gene SLC25A13 in primary osteoblasts. An upstream putative
regulatory element (UPE) contained one of the variants and was functionally studied. Its
regulatory capacity was demonstrated and it was shown to interact with a IncRNA and

other regulatory elements within the region.

We also studied a previously described mouse DIx5/6 enhancer (eDIx#18) within the
locus. It activated transcription in an osteoblastic context and it interacted with the DLX5
promoter and with other DLX5/6 enhancers. A SNP within eDIx#18 was shown to be a
cis-eQTL for DLX6 in primary osteoblasts. Finally, the homozygous deletion of eDIx#18
in mice resulted in reduced viability, decreased DIx5 expression in otic vesicle and
branchial arches in E11.5 embryos, and a smaller dentary and several ossification

defects in E17.5 embryos.

On the other side, a small cohort of N-BP-associated AFF patients was analysed by
whole exome sequencing. We found 37 rare mutations in 34 genes shared by 3 sisters,
including mutations in GGPS1 and CYP1A1, also mutated in one unrelated patient. We
functionally demonstrated that the p.Asp188Tyr mutation in GGPS71 affects
oligomerization of the enzyme and leads to a severe reduction in enzyme activity.
GGPS1 depletion in osteoblasts resulted in a strong mineralization reduction and a
decreased expression of some osteoblastic markers. The depletion in osteoclast

precursors led to increased osteoclast numbers but with reduced resorption activity.
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INTRODUCTION

1. THE BONE TISSUE

1.1. Definition and function

Bone is a highly specialized dynamic mineralized connective tissue that, together with
cartilage, constitutes the vertebrate skeletal system. It is a rigid tissue with a high

resistance to both traction and compression.

It exerts a wide range of functions, including a mechanical function, providing
structural support and facilitating movement; a protective function of all the internal
systems, including vital organs and bone marrow; and a metabolic and endocrine
function, regulating calcium and phosphorous homeostasis and energy metabolism
(reviewed in Harada & Rodan, 2003; Lieben et al., 2009). In addition, it provides the

environment for hematopoiesis within the bone marrow.

1.2. Structure and types of bone

Bone is normally formed in a lamellar pattern, in which collagen fibrils are laid down

in alternating orientations, thus conferring a significant strength.

According to histology, bone tissue can be classified into cortical or compact bone
and trabecular, cancellous or spongy bone. Cortical bone is dense, hard, with low
porosity and it is mostly calcified. It has a low turnover rate and is responsible for
mechanical activity. It is located mainly in the diaphysis of long bones (Box 1) and
external part of all bones. Trabecular bone has a porous bone matrix and a high turnover
rate. It is responsible for metabolic functions and harbours red bone matrix. It mainly
constitutes the epiphysis of long bones and the interior of flat bones (reviewed in Clarke,
2008).

1.3. Constituents of bone

Bone is formed by different cell types and a mineralized extracellular matrix.
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Box 1. Structure of long bones

Greater trochanter

Long bones are composed of three parts: a shaft or

Epiphyseal plates
Head —=

diaphysis, two wide rounded ends or epiphyses, and  Articular cartilage — __ —
/ epiphysis
two flared cone-shaped metaphyses between the  Spongybone - ) =
8¢ FMetaphysi

diaphysis and the epiphyses. Metaphyses limit with  space containing . SRR

red marrow | qeeor 2 =
epiphyseal or growth plates, made of cartilage, that trochanter :
allow the bone to progressively increase its length. ~ Endosteum

. . . . Compact bone

Once the growth is complete, this cartilage is Modlary cavily
substituted by bone tissue. |t

Yellow marrow —-,— L
Bones are covered by the periosteum, except for the  Periosteum |‘ ‘ | [~ Diaphysis
articular regions, covered by hyaline cartilage. In the f /
internal part of the bone, there is the medullar cavity, 5
containing the yellow bone marrow. It is coated by the
endosteum, as they are the cavities of the trabecular
bone. Periosteum and endosteum are fibrous layers | 7

Metaphysi
of connective tissue that contain osteoprogenitor cells ‘ N SR
i i Condyles <\/— *— Distal

and are responsible for bone growth, remodellingand o i cartiage - & e, | prarilip

fracture repair (reviewed in Clarke, 2008). Femur
Modified from Shier et al., 2016

1.3.1. Cells

There are 4 different cell types in bone: osteoblasts (OBs), osteoclasts (OCs),

osteocytes (OCys) and lining cells.

Osteoblasts are bone forming cells that secrete a non-mineralized bone matrix, called
osteoid, and are also involved in its mineralization. They have a cuboidal morphology,
with a large nucleus and an abundant cytoplasm with many ribosomes and prominent
rough endoplasmic reticulum and Golgi apparatus, due to the large amount of proteins
they synthesize. OBs are distributed along the bone surface in a monolayer and are

connected among them by gap junctions (reviewed in Florencio-Silva et al., 2015).

Osteoblasts are derived from mesenchymal stem cells (MSCs) from bone marrow in
the presence of specific growth factors, transcription factors and hormones, such as runt-
related transcription factor 2 (RUNX2), osterix (OSX), Distal-less homeobox 5 (DLX5),
bone morphogenetic proteins (BMPs), Hedgehogs (HH), Wnt/B-catenin or NOTCH
signalling proteins, estrogens or parathyroid hormone (PTH) (Figure 1). Once

differentiated, osteoblasts may undergo apoptosis or become osteocytes or lining cells.
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Chondrocyte
Myoblast =
Adipocyte

PPARy
MYUDI /' Osteocyte
| b
0) I T
Mesenchymal stem cell @
Osteoblast

L ]
— [ a 9
2
Osteoprogenitor

Preosteoblast
Apoptosi
Runx2 Runx? Rpase
FGF Osx Runx2

BMP Wnt Osx

Wnt Wit ( \
NFATcH I

MITF DIx5/6 FGF

SATBE2 NFATc1 .

BAPX1 ATF4 Lining cell

Figure 1. Osteoblast differentiation from MSCs. Molecular signals involved in the regulation of
this process are shown. Modified from Arboleya & Castafieda, 2013.

Osteocytes, the most abundant cell type in bone, are terminally differentiated
osteoblasts that remain embedded in small /acunae of mineralized bone matrix. They
have a flattened dendritic morphology, with small rough endoplasmic reticulum and Golgi
apparatus, and they develop filipodial cellular processes that allow communication and
small exchange of molecules with neighbour osteocytes and osteoblasts in the bone
surface. OCys are responsible for bone matrix maintenance and bone remodelling
control (reveiwed in Prideaux et al., 2016). They are also essential for mechanosensing
and transduction into biochemical signals, leading to the response of bone to different

mechanic stimuli (reviewed in Capulli et al., 2014).

As OBs transition to OCys, many of the expressed OB markers, including collagen
type | and alkaline phosphatase are downregulated, while OCy markers, such as matrix
extracellular phosphoglycoprotein (MEPE), sclerostin (SOST), dentin matrix protein 1
(DMP-1) and phosphate regulating gene with homologies to endopeptidases on the X

chromosome (PHEX) are upregulated.

Bone lining cells are flattened, elongated, quiescent cells that cover bone surfaces
where neither bone resorption nor bone formation occurs. They have a metabolic
function and the capacity of re-differentiate to osteoblasts (reviewed in Florencio-Silva et
al., 2015).

Osteoclasts are big multinucleated phagocytic cells that are responsible for bone
resorption. They are generated by fusion of mononuclear osteoclast precursor cells

(OPC) of the monocyte/macrophage lineage. These precursors are originated from
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hematopoietic stem cells under the influence of several factors (Figure 2). Among them,
the cytokines macrophage colony-stimulating factor (M-CSF), receptor activator of NF-
kB ligand (RANKL), and interleukins (ILs).

Active, mature OC
Multinucleated OC

OPC
leferenuahon Fusion Maturation
M-CSF/c-Fms RANKL C-src

PU-1 TRAF-6 Integrin B3
MITF c-Fos CIC-7
Bel-2 NF-kB Atp6i

NFATc1 CatK

FCRy CAIll

DAP12

DC-STAMP

Gab2

AtpBv0d2

Figure 2. Osteoclast differentiation from hematopoietic stem cells. Molecular signals involved in
the regulation of this process are shown. HSC: hematopoietic stem cell; OPC: osteoclast
precursor cell; OC: osteoclast. Modified from Arboleya & Castafieda, 2013.

Mature OCs are located in resorbed cavities, or Howship lacunae, and are activated
by signals that promote a reorganization of the cytoskeleton and cellular adhesions.
During bone resorption, osteoclasts are tightly bound to bone matrix surface through the
sealing zone, generating a compartment beneath them where bone is resorbed. The
ruffled border membrane of OCs is formed of microvilli that increase its surface where
substance transport takes place. On the one site, there is a H* and CI flux through
specific channels in order to acidify the extracellular bone matrix beneath. On the other
site, there is a vesicle transport system where degrading enzymes, such as matrix
metalloproteases (MMPs), tartrate resistant acid phosphatase (TRAP), and Cathepsin K
(CTSK), are exocytosed and matrix degradation products, such as collagen fragments
and minerals, are endocytosed and transcytosed to the basal membrane where they are
secreted, contributing to calcium and phosphorous homeostasis (reveiwed in Soysa &
Alles, 2016).

1.3.2. Extracellular matrix

Bone extracellular matrix (ECM) is mainly synthesized by OBs and is formed by an
organic fraction (30% of weight), that confers elasticity and flexibility, and a mineral

fraction (70% of weight), which consists predominantly of calcium and phosphorous that
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form hydroxyapatite crystals [Ca10(PO4)6(OH)2]. These crystals lay in between
collagen fibrils, conferring resistance and stiffness to bone tissue (reviewed in Murshed,
2018).

Collagen type | is the principal component of the organic fraction of ECM. The rest
includes proteoglycans and other non-collagenous proteins, such as osteocalcin (OCN),
osteonectin, osteopontin (OPN), bone sialoprotein (BSP), and fibronectin. They are
synthesized and secreted by osteoblasts and they exert multiple functions, including
regulation of ECM mineralization and turnover and regulation of bone cell proliferation

and activity (reviewed in Gentili & Cancedda, 2009; Florencio-Silva et al., 2015).

1.4. Bone formation and development

During embryonic development, bones are formed through two major mechanisms:

intramembranous ossification and endochondral ossification (Karaplis, 2008).

In intramembranous ossification, bones form directly from condensation of MSCs that
differentiate to OBs. Osteoblasts secrete osteoid that slowly becomes mineralized. Flat
bones, such as those of the cranium roof and mandible and maxillary are formed via

intramembranous ossification.

Endochondral ossification involves the formation of a hyaline cartilage mould that is
then substituted by bone tissue. Long bones, vertebrae, pelvic bones and bones of the
base of the skull are formed by endochondral ossification. In this process, MSCs first
differentiate to chondrocytes that generate a mould resembling the shape of the future
bone. Later, chondrocytes become hypertrophic and undergo apoptosis, allowing the
infiltration of blood vessels and OBs precursors that differentiate and ossify the structure.
Endochondral ossification is the process by which long bones increase in their length
throughout childhood and adolescence, since a thin layer of hyaline cartilage remains
between the diaphysis and the epiphysis, known as the growth or epiphyseal plate (see
Box 1). The cartilage is replaced by bone from one side, while it proliferates from the
other side. In adulthood, once growth is complete, the epiphyseal plate becomes

completely ossified.

Osteogenesis is tightly controlled at a molecular level by several growth factors and
transcription factors, including RUNX2, vascular endothelial growth factor (VEGF),
members of the homeobox (HOX), distal-less homeobox (DLX), Msh homeobox (MSX)
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and paired-box (PAX) families, and fibroblast growth factors (FGFs), WNT, NOTCH, HH
and BMP pathways (reviewed in Berendsen & Olsen, 2015; Runyan & Gabrick, 2017).

1.5. Bone remodelling and homeostasis

Bone remodelling or turnover is the cyclic process by which old bone is substituted by
new bone in response to alterations in the physical activity, dietary calcium levels,
hormonal changes, bone lesion and local paracrine signals within the bone
microenvironment. It occurs throughout life and preserves the mineral homeostasis and

the biomechanical properties of bone.

Bone remodelling is carried out in basic multicellular units, which include different cell
types that are spatially and temporally coordinated. It consists of four steps: activation,

resorption, reversal, and formation and mineralization.

Initially, pre-osteoclasts migrate and differentiate to mature osteoclasts that anchor to
a bone surface free of lining cells. Osteoclasts begin to resorb bone by acidifying the
ECM and releasing proteolytic enzymes, such as cathepsin K and MMPs. Thereafter,
OCs undergo apoptosis and macrophages colonize the lacunae that are generated by
bone resorption. Macrophages degrade the collagen remains and deposit proteoglycans
to form a foundation line, that will cohesion the old bone with the new bone. They also
release growth factors to stimulate MSC differentiation into OBs. Afterwards, OBs are
situated on the foundation line and start to secrete new osteoid that will subsequently

become mineralized (Figure 3).

Bone lining cells Osteoclast

Bone lining cells

- j—' Osteoid

Macrophages Osteoblafiﬁ

Osteocytes

New bone

= % Old bone

Quinesence -

LQuinesence L N
i Resorption R | N
oy - Formation s
Mineralisation

Figure 3. The bone remodelling process and its phases. Extracted from
https://www.york.ac.uk/res/bonefromblood/background/boneremodelling.html
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Bone remodelling is a tightly regulated process, both by local and systemic factors,
and its imbalance leads to pathological situations, such as osteopetrosis, osteosclerosis
or osteoporosis. The maintenance of bone homeostasis is largely dependent upon
cellular communication between OCs and OBs, as well as the involvement of OCys
(reviewed in Kenkre & Bassett, 2018; Kim & Koh, 2019).

Local coupling mechanisms include the RANK-RANKL-OPG system, the
semaphorins, the ephrins and bone matrix-released molecules such as BMPs, IGFs and
TGF-B. Endocrine regulation of bone remodelling is mediated by the PTH, vitamin D,

calcitonin, sex hormones, glucocorticoids (GCs), growth hormone and thyroid hormone.
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2. OSTEOPOROSIS

2.1. Definition and classification

Osteoporosis is a systemic skeletal disorder characterized by low bone mass and
microarchitectural deterioration of bone tissue (Figure 4), with a consequent decrease of
bone strength and increase in bone fragility and fracture risk (NIH, 2001). It is a major

worldwide public health concern.

Osteoporotic or fragility fractures (OFs) are the
major clinical outcome of osteoporosis. They occur
mainly at the hip (proximal femur or femoral neck),
vertebrae and distal forearm (Colles’ fracture) and
are associated with substantial morbidity,

mortality, loss of independence and reduced

quality of life (Sézen et al., 2017). In many cases,

Figure 4. Scanning electron
micrographs of normal (left) and
osteoporotic (right) bones. A loss of  fracture, since bone loss is asymptomatic. OFs
bone internal structure can be

osteoporosis is only diagnosed following a fragility

can arise with minimal trauma, and clinical
observed in osteoporotic bone. . ) ) . C e .
Extracted from Marx. 2004 manifestations in patients are significant pain,
disability and deformity (Eastell, 2017). Hip
fracture is the most serious OF, whereas vertebral fracture, the most prevalent, is often

asymptomatic and usually does not require hospitalization (Schousboe, 2016).

Osteoporosis is etiologically classified as primary or secondary. Primary osteoporosis
is the most common form and it can be divided into two subtypes. Type | primary
osteoporosis, commonly known as postmenopausal osteoporosis, occurs as a
consequence of a decrease in estrogen levels in postmenopausal women. It is
characterized by a rapid bone loss and vertebral fracture is the most common outcome.
Type Il primary osteoporosis, or senile osteoporosis, affects both men and women older
than 70-75 years and occurs as a consequence of hormonal (such as PTH) and
metabolic changes associated with the normal process of ageing. Age-related bone loss

results mainly in hip fractures (reviewed in Akkawi & Zmerly, 2018; Raisz, 2005).

Secondary osteoporosis is caused by endocrine, rheumatic, hematologic, nephrologic
or gastrointestinal pathological conditions that impair the normal development of bone

mineral density or precipitate an excessive loss of bone mass, such as rheumatoid
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arthritis, type | diabetes, hyperparathyroidism, hypogonadism, or intestinal calcium
malabsorption (Emkey & Epstein, 2014). It can also ensue after pharmacological
treatment (e.g. glucocorticoids) or extended periods of inactivity or immobilization
(Alexandre & Vico, 2011; Briot & Roux, 2015). Glucocorticoid-induced osteoporosis is

the most common secondary cause to osteoporosis.

The research presented in this thesis relates to postmenopausal osteoporosis.

2.2. Diagnosis: bone mineral density

Osteoporosis may be considered a consequence of an imbalanced bone remodelling,
with a negative bone balance. Typically, in a healthy individual, bone balance is positive
until the age of 25-30, when peak bone mass (PBM) is attained (Figure 5). Afterwards,
bone mass gradually and asymptomatically decreases throughout the lifetime. In
women, PBM is lower than in men and markedly bone loss occurs in the first years after
menopause due to a significant reduction of estrogen levels, that have a protective effect
on bone (reviewed in Farr & Khosla, 2015; Hendrickx et al., 2015).

Skeletal | Puberty i Attainment| Agere]atlad bone |0ss
growth of peak -
bone mass
/; \
p=J
o
o
c_u /
s
=
= — Male
= -
] / \
k=]
@
>
=
£
@ —
g ————Female
]
Menopause
T I T I T
4] 10 20 30 40 50 60 70 20

Age (years)

Figure 5. Overview of BMD values during life in men and women.
Extracted from Hendrickx et al., 2015.

Bone mineral density (BMD) is used as a measure of bone mass. It is expressed in
g/cm? and it is measured by densitometric non-invasive techniques, such as dual-energy
X-ray absorptiometry (DXA). BMD is the bone parameter clinically used for diagnosis of

osteoporosis and fracture risk assessment, as well as for monitoring patients under

11



INTRODUCTION

pharmacological treatment. Due to the strong influence of age, gender and ethnicity to
BMD, two statistical parameters are used in the clinical practice, the T-score and the Z-
score (Box 2). According to the World Health Organization (WHO), osteoporosis is
defined as a T-score <-2.5, whereas osteopenia is defined as a T-score between —1 and
—2.5 (Table 1) (World Health Organization, 1994).

Box 2. The T-score and the Z-score

The T-score is the number of standard deviations (SDs) by which the BMD of an individual
differs from the mean value observed in young healthy adults (25-30 years old) from the same

gender and ethnicity.

The Z-score is the number of SDs by which the BMD of an individual differs from the mean

value expected for the same age, gender and ethnicity (Kanis et al., 2013).

Table 1. WHO’s definition of osteoporosis

Diagnostic category Criteria

Severe (or established) osteoporosis T-score <-2.5 with one or more fractures
Osteoporosis T-score <-2.5

Osteopenia T-score -1 to -2.5

Normal T-score >-1.0

In general, BMD is a good biomarker capturing intrinsic properties of bone biology.
Nonetheless, its utility as a clinical indicator of osteoporosis is in some way limited and
an increasing interest in bone quality has arisen. Hence, high-resolution non-invasive
imaging techniques that are capable of assessing bone structure and strength have been
developed, including magnetic resonance imaging (MRI), trabecular bone score (TBS)
evaluation, quantitative ultrasound (QUS) and computed tomography (CT) (Link &
Heilmeier, 2016; Lorentzon & Cummings, 2015). Recently, microindentation was also
introduced to measure bone material strength (Diez-Perez et al., 2010). Quantification
of biochemical bone turnover markers, including resorption markers, namely serum C-
terminal cross-linked telopeptide of type-I collagen (s-CTX) and urinary N-terminal cross-
linked telopeptide of type-l collagen (NTX), and formation markers, namely serum
procollagen type-l N-terminal propeptide (s-PINP) and serum OCN, is also useful to
determine the extent of bone deterioration and fracture risk and monitor treatment
(Sozen et al., 2017; Vasikaran et al., 2011).
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2.3. Epidemiology

Osteoporosis is the most common bone metabolic disorder affecting around 200
million people all over the world and its prevalence will increase as life expectancy

continues to rise and the population ages (Akkawi & Zmerly, 2018).

Osteoporosis is 3 times more prevalent in women than in men, due to their lower PBM
and to their faster loss of bone mass, and it is more frequent in people of Caucasian
ancestry. Nowadays, a 20-30% of Caucasian women over 50 years old and around 10%
of Caucasian men over the age of 50 have osteoporosis, while the prevalence increases
up to 50% in Caucasian women over 70 years old (Hernlund et al., 2013; Wade et al.,
2014). Furthermore, about 30-50% of women and 15-30% of men aged 50 will sustain
an OF throughout the remaining of their lives. It is estimated that OFs account for
approximately 9 million fractures annually (Cauley, 2017; Morin et al., 2013), which

suppose a huge economic burden.

The incidence of OFs increases exponentially with age. Moreover, OF rates vary by
geographic location, socioeconomic status, and ethnicity (Curtis et al., 2016; Dhanwal et
al., 2011).

Hip fractures, although less common than other OF, account for the majority of
mortality, morbidity and costs associated with osteoporosis (Compston et al., 2019;
Hernlund et al., 2013). It has been determined that hip fractures are associated with an
up to 36% excess mortality within 1 year, with a higher mortality in men than in women
(Haentjens et al., 2010). Notably, patients experiencing OFs are at considerable risk for

subsequent OFs, with an even increased mortality risk (Bliuc et al., 2009).

2.4. Risk factors

Osteoporosis is a multifactorial or complex disease, in which both genetic and
environmental factors play a fundamental role, as well as the interaction among them.
The main risk factors for osteoporosis and OF are summarized in Table 2. Genetic

susceptibility to osteoporosis will be discussed in section 3 of this introduction.
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Table 2. Risk factors involved in osteoporosis and OF

Risk factor

Comments

Advanced age
Female gender
Caucasian ethnicity
Early menopause

Late menarche
Bone geometry

Family history
(genetic factors)
Previous low-trauma
fractures

Low body mass
index (BMI)

Hormonal status

Nutritional deficiency

Low physical activity

Cigarette smoking
Alcohol consumption
Falls and factors that

increase falling risk
Medication

Other diseases

It is one of the most important risk factors (Curtis et al., 2016;
Pouresmaeili et al., 2018)

It modulates both PBM acquisition and bone loss during postmenopause
(Nieves, 2013)

(Cauley, 2011; Lei et al., 2006)

(Eastell, 2017; Gallagher, 2007)

(Guo et al., 2005; Zhang et al., 2018)

Hip geometry measures, particularly longer hip axis length, increase
susceptibility of hip fracture (Bouxsein & Karasik, 2006; Leslie et al.,
2015)

It is an important risk factor, since osteoporosis and OFs have a high
genetic load (Kanis et al., 2004a; Compston et al., 2017)

Itis an important risk for future fractures (Johnell et al., 2004; Kanis et al.,
2004b)

Especially thin build or small stature.

A rapid weight loss is also correlated with a decrease in bone mass
(Compston et al., 2017; De Laet et al., 2005)

Sex-steroids are indispensable for PBM attainment and bone
homeostasis (Pouresmaeili et al., 2018; Riggs et al., 2002)

Insufficient supply of calcium and vitamin D impairs bone formation and
mineralization, and increases bone resorption (Bonjour et al., 2013;
Christodoulou et al., 2013)

Physical activity, especially weight-bearing exercise, stimulates
osteocytes to trigger bone remodelling.

Exercise reduces oxidative stress (Leeuwenburgh & Heinecke, 2001;
Ozcivici et al., 2010; Yuan et al., 2016)

Smoking is associated with a decrease in circulating vitamin D levels and
an increase in serum PTH (Kanis et al., 2005; Ward & Klesges, 2001)

It affects bone mass in a dose-dependent manner (Cheraghi et al., 2019;
Ronis et al., 2011)

For example, visual defects, dementia, muscular weakness, etc.
(Compston et al., 2017, 2019; Pouresmaeili et al., 2018)

Some medication, such as GCs, aromatase inhibitors, anticonvulsants or
antidepressants, are associated with secondary osteoporosis in a dose-
and time-dependent manner (see 2.1; Emkey & Epstein, 2014)

see 2.1 (Emkey & Epstein, 2014)

Fracture risk assessment is largely based on BMD since OFs are highly related to low

BMD values: for each SD decrease in BMD there is a 1.4- to 2.9-fold increase in fracture

risk (Johnell et al., 2005). However, in some cases, OFs occur in patients with BMD

levels that do not fall within the osteoporotic range (Sornay-Rendu et al., 2005;

Unnanuntana et al., 2010), due to other risk factors summarized in Table 2. In this regard,
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the Fracture Risk Assessment tool (FRAX) was developed in order to predict the
individual risk of OF on the basis of clinical settings, as well as BMD and bone turnover
markers (Kanis et al., 2007, 2017).

2.5. Prevention and treatment

The best treatment for osteoporosis is prevention. Prevention aims both at optimizing
PBM and reducing bone loss rate. Thus, healthy lifestyle habits such as regular physical
exercise, a balanced diet with an adequate calcium intake, sufficient sun exposure
(essential to produce vitamin D), avoidance of smoking and reduction of alcohol

consumption are fundamental (Compston et al., 2017; Eastell, 2017).

Pharmacological treatment intends primarily to prevent OFs, as well as increase BMD
levels and relieve osteoporosis symptoms. It can be divided in anti-resorptive and
anabolic therapies (Table 3). Antiresorptive therapies are directed to inhibit osteoclastic
bone resorption, whereas anabolic therapies aim at stimulating bone formation. Notably,
not all pharmacological agents decrease the risk of OFs at all sites (Crandall et al., 2014).
Furthermore, antiresorptive therapies increase the degree and homogeneity of
mineralization. Choice of drug should be based on site of diminished BMD and/or
fracture, any secondary benefits, and contraindications. Supplementation with calcium

and vitamin D is often advocated as an adjunct to other treatments.

The elucidation of the molecular mechanisms underlying the regulation of bone
remodelling and osteoporosis pathogenesis has uncovered a number of new potential
therapeutic targets for osteoporosis (Awasthi et al., 2018). In an effort to specifically
inhibit the resorption action of OCs, several cathepsin K inhibitors have been developed
and clinically evaluated, the most promising one was odanacatib. Despite showing good
results improving BMD levels and reducing OFs, they have not been pursued due to
safety concerns, such as an increased risk of stroke (Duong et al., 2016). MicroRNAs
(miRNAs) are important regulators for bone homeostasis and have also emerged as
promising targets for treating osteoporosis (Feng et al., 2018). Another developing
strategy consists in cell-based replacement therapy via the use of MSCs that can
promote new bone formation by their differentiation into bone-forming cells or by acting
in a paracrine manner through MSCs-derived exosomes (Li et al., 2018; Phetfong et al.,
2016).
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The sequential use or the combination of anabolic and antiresorptive therapies have
also been evaluated in an attempt to achieve higher bone mass and strength outcome
than the resulted from monotherapy (McClung, 2017). In general, combination therapy
shows no meaningful clinical benefit compared to monotherapy, the only exception being
the simultaneous use of teriparatide and denosumab (Tsai et al.,, 2013). Conversely,
sequential therapy is often appropriate, specifically the use of an anabolic agent followed
by an anti-resorptive drug. However, the skeletal responses differ depending upon
skeletal site measurement, timing of administration and the specific sequence of drugs
used (Cosman et al., 2017; Shen et al., 2017).

2.5.1. Bisphosphonates

Bisphosphonates (BPs) are cost-effective pharmacological agents that inhibit bone
resorption and are used as first-line drugs for osteoporosis treatment, as well as in
several rare bone diseases, such as Paget’s disease of bone. Interestingly, BPs also
possess antitumor and antiangiogenic properties, making them good candidates for
cancer therapy (Giger et al., 2013). Moreover, BPs are currently being explored for use
in other non-skeletal applications, such as neurodegenerative diseases (Zameer et al.,
2018).

Chemically, BPs are stable synthetic analogues of naturally-occurring inorganic
pyrophosphate (PP;; Figure 6). The P-C-P backbone structure is resistant to enzymatic
and chemical hydrolysis and, therefore, BPs are not metabolized. The side chains (R’
and R?) bound to the central C determine the binding affinity and the antiresorptive
potency of each specific BP (Nancollas et al., 2006; Russell et al., 2008). Depending on
the nature of the side chains, BPs can be classified in non-nitrogen containing BPs, no
longer used, and nitrogenous bisphosphonates (N-BPs), including alendronate,

ibandronate, risedronate and zoledronate, that are more effective.

Inorganic pyrophosphate Bisphosphonate
0 0 o R? 0
I I - n 1 n .
0 =k =Q= =0 0=P=C=P=0
| | |
(0] (0] 0 Rt O._

Figure 6. Chemical structures of Inorganic pyrophosphate and
bisphosphonates. Extracted from Drake ef al., 2008
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BPs bind to hydroxyapatite with high affinity, conferring an extreme tissue selectivity,
and remain attached to the mineralized bone for more than 5 years. They have multiple
effects on hydroxyapatite, including the prevention of calcification, inhibition of

aggregation of crystals and of hydroxyapatite dissolution (Russell et al., 2008).

BPs are preferentially incorporated into sites of active bone remodelling. Thus, they
come into close contact with osteoclasts that endocyte them. N-BPs inhibit the activity of
farnesyl pyrophosphate synthase (FPPS), a key enzyme of the mevalonate pathway, by
binding to is ligand pocket (Figure 7; (Kavanagh et al., 2006b; van Beek et al., 1999)).
N-BPs are also able to inhibit other enzymes of this pathway, such as geranylgeranyl
pyrophosphate synthase (GGPPS) and squalene synthase, albeit to a much lesser
extent (Amin et al.,, 1992; Kavanagh et al., 2006a). The primary function of the
mevalonate pathway is the production of cholesterol, as well as the synthesis of
isoprenoid lipids, including farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP), which are required for the post-translational modification
(prenylation) of some proteins, such as small GTPases (Goldstein & Brown, 1990). Small
GTPases (e.g. Rab, Rac, Ras, Rho and Cdc42) play central roles in the regulation of
core osteoclast cellular activities including cell morphology, cytoskeletal arrangement,

membrane ruffling, trafficking of vesicles, and apoptosis (Coxon & Rogers, 2003).

Mevalonate
MVK

Mevalonate-5-phosphate
PMVK

Diphosphomevalonate
MVD

IPPI
Isopentenyl-PP e—— Dimethylallyl-PP

afy N-BPs —] l FPPS

Api)pl Geranyl-PP
N-BPs —| FPPS
Apoptosis l
Farnesyl-PP
FTase
GGPPS
Prenylated proteins l SS _» Squalene——Cholesterol—>— Androgens
Rho, Ras, Rac, <—'| Geranylgeranyl-PP | = — Dolichols l
Cdc42, Rab GGTase - J
’ = Ubiquinones
Estrogens

Figure 7. Mevalonate pathway with the inhibition by N-BPs in red.

MVK: mevalonate kinase; PMVK: phosphomevalonate kinase; MVD: mevalonate decarboxylase;
IPPI: isopentenyl pyrophosphate isomerase; FPPS: farnesyl pyrophosphate synthase; GGPPS:
geranylgeranyl pyrophosphate synthase; FTase: farnesyl transferase; GGTase: geranylgeranyl
transferase; SS: squalene synthase; aaRS: aminoacyl tRNA synthetase.
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FPPS catalyses the successive condensation of isopentenyl pyrophosphate with
dimethylallyl pyrophosphate and geranyl pyrophosphate, generating farnesyl
pyrophosphate (FPP; Figure 7). The inhibition of FPPS by N-BPs causes the cytosolic
accumulation of non-prenylated small GTPases, that are not able to anchor to cellular
membrane and to participate in protein-protein interactions to orchestrate bone
resorption (Rogers et al., 2011). It is also suggested that the antiresorptive activity may
be mediated by the accumulation of small GTPases in their active state in the cytosol,
that might cause the inappropriate activation of downstream signalling (Dunford et al.,
2006). In addition, isopentenyl pyrophosphate (IPP) also accumulates in the cytosol of
OCs and reacts with adenosine monophosphate (AMP), generating Apppl, a cytotoxic
molecule that triggers OCs’ apoptosis (Monkkonen et al., 2006). N-BPs also prevent the
generation of mature OCs, by suppressing the fusion of OC precursors due to the
inhibition of GGPP biosynthesis (Tsubaki et al., 2014). All in all, N-BPs alter OCs’ gene

expression program (Box 3).

It has been suggested that N-BPs have effects on OBs and OCys as well, limiting
their apoptosis through connexin43 signalling (Bellido & Plotkin, 2011; Plotkin et al.,
2008), and enhance MSCs proliferation and initiation of osteoblastic differentiation (von

Knoch et al., 2005), producing changes in gene expression in these cell types (Box 3).

Box 3. Effects of N-BPs on gene expression
Osteoclasts

Yuen et al. (2014) analysed the expression profile of human OCs treated with alendronate or
risedronate during their differentiation. They developed a combined N-BPs gene signature,
consisting of 6 up-regulated (such as RGR, CAV3 or ANGPTL3) and 7-down-regulated genes
(such as CALD1, RUNX2, RGS6 and COL14A1), and assessed the N-BP-associated
pathways. Among the enriched pathways they identified monoterpenoid and chondroitin sulfate
biosynthesis, gap and tight junctions, SNARE interactions in vesicular transport, mTOR
signalling pathway, metabolism of xenobiotics by cytochrome P450, apoptosis, and oxidative

phosphorylation.
Osteoblasts

Wang & Stern (2011) studied the effects of different risedronate concentrations and duration of
treatment on gene expression of a rat osteoblastic cell line. They found several genes related
to cell differentiation, apoptosis, angiogenesis and metastasis whose expression was altered,
including Comp, Bmpria, Birc1b and Flt1 down-regulated and Alp/, Cdk2, Col2a1, Col4aft,
Ctsk, Faslg, Fgf2, Fos, Hk2, Jun, Pparg and Vegfa up-regulated. Some other genes, such as
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Bmp2, Cdh1, Mmp10 and Smad3, were up- or down-regulated depending on risedronate

concentration and/or duration of treatment.
Osteocytes

Bivi et al. (2009) studied the effects of alendronate and risedronate on gene expression of a
murine osteocytic cell line. Among the gene ontology categories over-represented in
differentially expressed genes, they identified zinc ion binding, transmembrane receptor protein
Ser/Thr kinase signalling pathway, regulation of transcription, ATPase activity, and intracellular
protein transport. Some genes found regulated by N-BPs were Atp6vO0b, Vps26b, and Il17rc.

MSCs

Ribeiro et al. (2014) showed that in human MSCs cultures, alendronate and zoledronate
inhibited VEGF expression and up-regulated expression of osteogenic genes such as ALPL,
BMP-2, OPG and BGLAP (osteocalcin).

The majority of N-BPs (e.g. alendronate, risedronate and ibandronate) are
administered orally, while others (e.g. zoledronate) are administered intravenously. Oral
N-BPs have a low intestinal absorption and hence, they should be taken after an

overnight fast and 30-60 min before eating or drinking and without stretching out.

N-BPs have been demonstrated to reduce vertebral, hip and non-vertebral fracture
incidence, although not all of them are effective at all body locations (Table 4).
Furthermore, they are able to improve BMD at different skeletal sites and preserve bone

microarchitecture (Russell et al., 2008).

Table 4. Efficacy of N-BPs

Fracture risk reduction (%) BMD increase (%)
N-BP _ - References
Vertebral Hip Non-vertebral Vertebral Hip

(Liberman et

Alendronate 50% 51% 50% 8.8% 5.9%
al., 1995)
Harris et al.,
Risedronate 41% 40% 36% 5.4% 3.1% ( I
1999)
Only in high-risk Chesnut llI
Ibandronate 62% NS y i hig 65%  34%
population et al., 2004)
Black et al.,
Zoledronate 70% 41% 25% 6.7% 5.1% ( 2007)

*All the data refers to 3-years treatment
NS: not significant
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Nonetheless, N-BPs have some secondary adverse effects. The commonest include
mild gastrointestinal symptoms, such as esophageal inflammation and gastric ulcers,
especially in orally administered N-BPs, and acute-phase reaction with flu-like symptoms
in intravenously administered N-BPs. Uncommon side effects include musculoskeletal
pain, headache, hypocalcaemia and ocular effects. Very rarely, osteonecrosis of the jaw
(ONJ) and atypical femoral fractures (AFFs; see section 4 of this Introduction) can occur
after long-term use of N-BPs (Khan & Cheung, 2017; Reyes et al., 2016).

N-BPs efficacy has been shown with up to 10 years of use (Bone et al., 2004).
However, given that prolonged use of N-BPs may lead to adverse events, some
recommendations suggest considering a drug holiday after 3-5 years of treatment in
individuals who are not at high risk of fracture (Adler et al., 2016; Compston et al., 2017).
Due to the long half-lives of N-BPs in bone, their antiresorptive effect will persist for some
time after discontinuation of treatment while reducing the risk of secondary adverse
effects, such as AFF. Nevertheless, BMD levels and fracture risk should be reassessed
some time after withdrawal and subsequent recommencement of treatment,
reconsidered (Gatti et al., 2015).
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3. GENETICS OF OSTEOPOROSIS

Osteoporosis is a complex disease with a multifactorial etiology, in which both genetic
and environmental factors, as well as their interplay, determine the phenotype. One of
the most important risk factors for osteoporosis is a positive family history, which
emphasizes the crucial role of genetics in the pathogenesis of the disease. Like in many
other common diseases, many genes, most of which of small effect, contribute to the

overall phenotype (reviewed in Clark & Duncan, 2015; Ralston & Uitterlinden, 2010).

3.1. Heritability of bone properties

Heritability (h?) is the proportion of variance of a trait due to genetic variation and can
be estimated in twin and family studies. As said, BMD is the bone parameter clinically
used for the diagnosis of osteoporosis and fracture risk assessment. It is a highly
heritable trait with an estimated heritability of 50-85%, as reviewed by Boudin et al.
(2016). BMD heritability varies depending on ethnicity, gender and skeletal site studied,
possibly reflecting different relative contributions of genetic and environmental
influences. For example, males tend to have higher levels of heritability than females.
Regarding skeletal site, spine BMD has a higher heritability than femoral BMD but the
greatest degree of BMD heritability was found at the head (h>>95%) (Tse et al., 2009).

Likewise, other bone parameters have been shown to be highly heritable: bone
geometry, h*=30-70% (Demissie et al., 2007); bone turnover markers, h*=30-75%
(Hunter et al., 2001); bone ultrasound measures, h’=40-50% (Arden et al., 1996); and
measures of bone microarchitecture, h*=20-80% (Karasik et al., 2017). OF has a
heritability of 54-68% in peri-menopausal women but rapidly decreases with age, being
around 3% after 79 years old (Richards et al., 2012). Again, heritability depends on
skeletal site and type of fracture, being higher for hip fractures than for wrist fractures.
These data show that, as reviewed in section 2.4 of this Introduction, there are other

factors besides BMD that may influence OF, such as propensity to falls.

Most of the genetic studies for osteoporosis have been based on BMD. However,
other bone parameters, such as microarchitecture measures or hip geometry have been

used.

23



INTRODUCTION

3.2. Linkage analyses

Linkage analyses, based on the co-segregation of genetic markers (traditionally
microsatellites and, afterwards, single nucleotide polymorphisms [SNPs]) with the
disease within a family, have been successfully used to map /oci and genes involved in
a large number of Mendelian diseases, including bone monogenic disorders (e.g.
osteopetrosis, high bone mass (HBM), osteoporosis pseudoglioma syndrome (OPPG),

osteogenesis imperfecta (Ol) and sclerosteosis; reviewed in Alonso & Ralston, 2014).

In addition, non-parametric linkage analyses, in which it is not required that the model
of inheritance of the disease is defined, have been also used in complex diseases such

as osteoporosis.

Some loci related to BMD have been identified by non-parametric linkage analysis but
few have reached significance and there has been limited replication among studies
(Alonso & Ralston, 2014; loannidis et al., 2007). The main reason is probably lack of
power, since a huge number of families would be needed to detect the likely small effects
of each individual quantitative trait locus (QTLs) affecting BMD. Some examples are
1p36, 1921-23 or 20p12 (loannidis et al., 2007; Styrkarsdottir et al., 2003; Zhang et al.,
2009). In these loci, 2 genes with SNPs significantly associated with BMD and/or OF
were identified: RERE, a gene that encodes a protein of the atrophin family which, when
overexpressed, triggers apoptosis, in 1p36 (Zhang et al., 2009) and BMP2, encoding
Bone Morphogenetic Protein 2, a member of the TGFf superfamily known to play a role
in bone and cartilage development, in 20p12.3 (Styrkarsdottir et al., 2003). This study
showed evidence to suggest that a rare protein coding variant in BMP2 was linked to
and associated with osteoporosis in North-Europeans. However, this association could
not be replicated in other populations, suggesting that the association observed might
be specific to this population (Medici et al., 2006; Richards et al., 2009).

The linkage approach highlighted gender-specific, age-specific and skeletal site-

specific effects in genetic loci related to osteoporosis.

3.3. Genetic association studies

Association studies have been widely used in the genetics of complex diseases. They
consist on detecting a statistical correlation between genetic markers and a quantitative

or qualitative trait related to the phenotype of interest (Cordell & Clayton, 2005).
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Depending on the sample of individuals used, association analyses can be classified
as family-based or unrelated population-based. Among the latter, case-control studies
compare the genotypic or allelic frequencies of a genetic marker between a group of
affected individuals and a group of healthy individuals from the same population. They
are used for binary or categorical traits, such as OF. For quantitative traits, the mean
value of the quantitative variable is compared among the groups of individuals bearing
each of the different genotypes (Simundic, 2010). In osteoporosis studies, BMD in

different skeletal sites is the quantitative trait most frequently used.

Association studies are relatively easy to perform and useful to detect small effects
from the selected variants. The main limitation is small sample size, which can lead to
false negative results or false positive findings that cannot be replicated (loannidis,
2005). In order to address this issue, large scale association studies have been
performed by large consortia which allowed the detection of risk alleles with modest
effect size. In the field of osteoporosis, the Genetic Markers for Osteoporosis
(GENOMOS) and the Genetic Factors for Osteoporosis (GEFOS) consortiums were

created.

In genetic association studies, two different approaches can be distinguished:

candidate genes association studies or genome-wide association studies (GWASS).

3.3.1. Candidate genes association studies

In candidate genes association studies, the analysed polymorphisms are located near
or within candidate genes suggested to be relevant for the disease of interest either
because there is prior knowledge of their biological function and phenotype when
mutated (functional candidate genes; e.g. genes mutated in monogenic bone disorders),
because they are located within an area identified by linkage analysis (positional
candidate genes) or because they show a change of expression levels (expressional

candidate genes).

The identification of osteoporosis susceptibility genes by candidate gene association
studies began in the early 90s by Morrison et al., (1994), who described associations
between polymorphisms in the vitamin D receptor gene (VDR) and BMD. Afterwards,
approximately 200 candidate genes have been explored for their potential association

with BMD or fractures (Yuan et al., 2019). However, many of the studies were
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inadequately powered and resulted in conflicting and frequently irreproducible results
(loannidis, 2005).

Large-scale candidate genes studies involving 20,000-45,000 individuals were
performed by the GENOMOS Consortium, showing consistent evidence for association
of some historical candidate osteoporosis genes with BMD and/or fracture risk: ESR1
(loannidis et al., 2004), COL1A1 (Ralston et al., 2006), and LRP5 (van Meurs et al.,
2008). The strongest and most significant associations were observed in LRP5 variants,
achieving p<5x102. No significant association was observed for TGF-3 (Langdahl et al.,
2008) or VDR (Uitterlinden et al., 2006). A large collaborative meta-analysis was
performed using data from 19,000 subjects and 36,000 SNPs within 150 candidate
genes chosen based on at least one previous study of this gene in osteoporosis
(Richards et al., 2009). Several SNPs from 9 genes (ESR1, LRP4, LRP5, ITGA1, SOST,
SPP1, TNFRSF11A [RANK], TNFRSF11B [OPG], and TNFSF11 [RANKL]) showed
robust evidence of association with BMD at either the femoral neck (FN) or lumbar spine
(LS), with SNPs from 4 genes (LRP5, SOST, SPP1 and TNFRSF11A) significantly

associated with fracture risk.

3.3.2. Genome-wide association studies

Genome-wide association studies (GWASs) are unbiased hypothesis-free
approaches that explore up to millions of polymorphic genetic markers (generally, SNPs)
distributed evenly across the genome in thousands of individuals, thanks to advances in
high-throughput genomic technologies and the availability of large biobank studies.
GWAS allow the identification of novel genes and pathways related to the phenotype of
interest. Large sample sizes are required due to the high number of statistical tests
carried out for all the variants assessed and to achieve a sufficient statistical power to
detect associations of small-effect. Meta-analyses can be applied to maximize statistical
power and obtain more accurate estimations of the effect size of individual genetic
variants (Duncan & Brown, 2013; Visscher et al., 2017; Wu et al., 2013).

The first GWAS in the osteoporosis field was carried out by Kiel et al. in 2007. In this
study, around 71,000 autosomal SNPs were assessed in 1,141 individuals and tested
against a variety of phenotypes including BMD (FN-BMD, LS-BMD and trochanter BMD
[TR-BMD]J), fracture risk and QUS of the calcaneus. Despite finding nominal association
with several SNPs in genes such as MTHFR, ESR1, LRP5 and COL1A1, none of them

achieved genome-wide significance (p<5x10%) due to the small number of genotyped
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SNPs and lack of power because of a limited sample size. In 2008, two simultaneously
published GWASs identified some loci (i.e. LRP5, TNFRSF11B, ESR1, TNFSF11,
ZBTB40 and the major histocompatibility complex [MHC] loci) with SNPs associated with
BMD at genome-wide significant level in the general population (Richards et al., 2008;
Styrkarsdottir et al., 2008). The LRP5, ZBTB40, TNFRSF11B and MHC loci were also
associated with OF, as well as the SPTBN1, LRP4 and TNFRSF11A loci.

From then on, more than 40 GWAS and meta-analyses have been carried out and
more than 500 candidate genes showing association to different bone-related traits have
been identified (Table 5).

The first large-scale GWAS meta-analysis was conducted by the GEFOS consortium
in around 19,000 individuals of 5 Northern European populations (Rivadeneira et al.,
2009). Thirteen novel loci associated with BMD containing 15 candidate osteoporosis
susceptibility genes were identified. Moreover, they confirmed the association of 7
previously identified /oci, although SOST, MARK3 and MHC Joci failed to achieve
genome-wide significance. A second larger multi-ethnic GEFOS meta-analysis, with a
total of 83,894 individuals from 17 GWASSs, identified 56 /oci including 32 additional novel
loci that reached genome-wide significance with either LS-BMD, FN-BMD or both
(Estrada et al., 2012). Furthermore, 14 of the BMD-associated loci were also found
significantly associated with OF, of which 6 reached p<5x10® (FAM210A, SLC25A13,
LRP5, MEPE, SPTBN1 and DKK1). Notably, no marker in genes of the RANK-RANKL-
OPG pathway was found associated with fracture risk. Interestingly, it was the first study

to examine the X chromosome in order to identify sex-specific effects.

An alternative approach to conventional DXA-measured BMD has been used in some
studies: the measure of heel bone properties through QUS. Moayyeri et al. (2014) and
Mullin et al. (2017) performed GWAS meta-analysis to assess the genetic determinants
of heel broadband ultrasound attenuation (BUA) and velocity of sound (VOS) and
described genome-wide significant associations in previously reported loci for DXA-
BMD, as well as in 4 novel loci (TMEM135, PPP1R3B, LOC387810, SEPT5/TBX1). More
recently, 3 studies have performed GWASs of estimated BMD (eBMD) from heel QUS
in UK Biobank individuals. Kemp et al. (2017) identified 307 conditionally independent
SNPs at 203 Joci associated with eBMD, of which 153 were not reported previously. In
2018, Kim identified 1,362 independent SNPs clustered into 899 /oci with a genome-wide
significant association to eBMD. Of the 899 loci, 613 were novel. In 2019, Morris et al.
published an study identifying 518 genome-wide significant loci, of which 301 were not

previously described. In addition, they reported 13 /oci associated with OF.
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Furthermore, several additional GWAS for other bone parameters have been
performed. Paternoster et al. published two studies (2010, 2013) in which they carried
out GWASSs of cortical and trabecular volumetric BMD as measured by peripheral
quantitative computed tomography (pQCT). They replicated previously described
associated loci in cortical BMD, including TNFSF11, which was also found to be
associated with cortical porosity, and identified a novel bone-related Jocus
(FMN2/GREM2). In addition, Zheng et al. (2012), showed association of WNT16 with
cortical bone thickness. GWAS studying hip structure parameters, such as femoral neck-
shaft angle (FNSA), femoral neck length (FNL), femoral neck section modulus (FNSM)
and narrow neck width (NNW), have also been carried out. For instance, Hsu et al. (2010,
2019) and Baird et al. (2019) identified 15 loci associated with hip geometry. Notably,
the results of Hsu et al. (2019) showed an overlap with BMD in several signals, including
LRPS.

Regarding OFs, most of the associations have been found by testing known GWAS
BMD Joci. However, some case-control GWASs have been carried out to elucidate the
genetic determinants of OFs. Guo et al. (2010) performed the first GWAS for non-
vertebral OFs in Chinese Han subjects and reported one associated /ocus containing the
ALDH7A1 gene. In 2018, Alonso et al. conducted a GWAS meta-analysis, in which they
found that the SNP rs10190845 on chromosome 2q13 was genome-side significantly
associated with clinical vertebral fractures with a large effect size. This locus had never
been associated with OFs or BMD before, suggesting that the underlying mechanisms
for this association might be independent of BMD. In the same year, Trajanoska et al.
(2018) performed the largest GWAS on OFs at any skeletal site to date, comprising
~38,000 cases and ~227,000 controls. They identified 15 loci associated with OFs with
modest effects, all of them being known BMD-associated /oci, reinforcing the relationship
between BMD and OF risk.

The majority of GWASs have tested common variants (minor allele frequency
[MAF]=5%) and the identified variants collectively explain a small proportion of the
genetic variance of bone-related phenotypes. In this regard, some efforts have been
done to identify low frequency or rare variants that might have greater effects. One of
the explored approaches is to focus on individuals with extreme BMD. Gregson et al.
(2018) performed the most comprehensive extreme BMD study to date and reported 2
new loci, NPR3 and SPON1, associated with LS-BMD and total hip BMD, respectively.
Another successfully widely used approach to identify rare variants is whole-genome
sequencing (WGS). A sequencing-based study in Icelandic individuals reported a rare

novel nonsense variant within LGR4 associated with BMD and fracture risk
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(Styrkarsdottir et al., 2013). Another extremely powerful meta-analysis using WGS,
whole-exome sequencing (WES) and genotype imputation identified 2 novel low-
frequency non-coding variants with large effects on BMD and OFs, mapping near EN1
and WNT16 (Zheng et al., 2015). Notably, EN7 had never been associated with BMD

before.

Besides SNPs, other genetic variants have also been studied in GWASs. Copy
number variations (CNVs; DNA segments of 1 kb or larger present at a variable copy
number in the population) have been associated with OF, BMD and hip geometry in
some studies, identifying CNVs affecting several loci, such as the UGT2B17,
VPS13B131, and 6p25.1 loci (Deng et al., 2010; Oei et al., 2014b; Yang et al., 2008).

In an attempt to identify age-specific loci, some GWASs of BMD in children have also
been performed. In 2009, Timpson et al. published the first one in which they identified
four SNPs associated with total-body BMD (TB-BMD) in the SP7 locus. Medina-Gémez
et al (2012) identified variants in the WNT16 locus (also including CPED1T) that showed
genome-wide association with skull and TB-BMD in children. Moreover, in 2018, Medina-
Gbmez et al. performed a multi-ethnic life-course meta-analysis of TB-BMD in which they
described variants in 80 /oci, 36 of which had not been previously identified. In addition,
they showed that variants in 2 loci displayed a clear age-specific effect, including variants
in ESR1 and in close proximity to TNFSF11. These results suggest that most of the
genetic variants identified in GWAS regulate BMD early in life (i.e. PBM accrual) and

their effect can be observed many years later.

As observed in linkage studies, GWASs have described a few sex-specific loci. For
example, Zhang et al., (2014) performed a meta-analysis for FN-BMD, LS-BMD and hip
BMD and identified 2 novel loci, one (CLDN14) in a female-specific sample. In children,
Chesi et al. (2017) reported 2 new sex-specific loci (SPTB and IZUMQOG3) associated with
BMD at different skeletal sites. Estrada et al. (2012) performed sex-specific association
analyses and identified only one locus at X chromosome (FAM9B/KAL1), which was

male-specific.

To explore the potential ethnic specificity of osteoporosis loci, multi-ethnic GWAS
have been performed. The first one was published by Xiong et al. (2009) and used a
Caucasian cohort from USA as the discovery sample followed by replication in
independent East Asian, African and Caucasian populations. They identified 2 novel
genes (ADAMTS18 and TGFBR3) associated with BMD and hip fracture. Kung et al.
(2010) described associated variants in JAG1, using a Chinese discovery sample and

European and Asian populations to replicate the findings. Besides, some replication
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studies in different populations have been carried out, such as the one published by
Styrkarsdottir et al. (2010) in which they showed that 14 /oci (out of 23) found associated

with BMD in European populations are also associated in East-Asians.

Finally, GWASs have further supported skeletal site-specific effects of some loci
(Figure 8). Kemp et al. (2014) clearly showed it assessing BMD at several axial and
appendicular skeletal sites and reporting that variants at CPED1 exerted a larger
influence on skull and upper limb BMD when compared with lower limb BMD, whilst
variants at WNT16 were more strongly associated with upper limb BMD than with skull

or lower limb BMD.

Total Hip Lumbar Spine Lumbar Spine
WNT16 LRPS INSIG2
FLI42280 C60rf97 LEKR1
FOXL1 ESR1 IDUA
MEF2C GPR177 SUPT3H/RUNX2
SOX6 ZBTB40 CDKAL1/50X4
MEPE C7orfS8
TNFRSF11A KCNMA1
Femoral Neck Femoral Neck TNFRSF118 LIN7C
TNFRSF118 PKDCC TNFSF11 KLHDCS/PTHLH
WNT3 ANAPC1 LACTB2 STARD3NL
ERC1/WNTSB KIAA2018 MpP7 FLI42280
WNT98 IDUA KCNMA1 DCDCS
WNT16 CDKAL1/50X4 WNT4 FOXL1
KLHDCS/PTHLH RPS6KAS WNT16 CRHR1
SALL1/CYLD ABCF2 ERC1/WNTSB SPTBN1
s0X6 XKR9/LACTB2 DHH sp7
S0X9 FUBP3 NTAN1 AKAP11
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C180rf19 LRP4 Heel
e WNT16
ESR1
Wrist/radius DKK1
CPED1
PRty TMEM135
s RSPO3

Figure 8. Genetic loci associated with BMD at various skeletal sites identified in
GWASSs. From Yuan et al., 2019.

3.4. Epigenetics of osteoporosis

Epigenetics refers to heritable phenotype changes due to mechanisms other than the
changes in the underlying DNA sequence. Epigenetic mechanisms are cell- and tissue-

specific and are dependent on the interaction between the genome and the environment.

Most studies evaluating the association of epigenetic changes and osteoporosis have
focused on miRNAs. miRNAs are endogenous small single-strand non-coding RNA

molecules that post-transcriptionally regulate gene expression by targeting mRNAs and
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inhibiting their translation or promoting their degradation. At the moment, numerous
miRNAs that regulate bone remodelling, including differentiation and proliferation of OBs
and OCs have been identified (reviewed in Bellavia et al., 2019; Jing et al., 2015). In
addition, some studies have studied the expression profile of miRNAs in blood and bone
samples from osteoporotic and non-osteoporotic individuals (reviewed in Letarouilly et
al., 2018). Besides, variants in miRNAs have been described as determinants of bone
mass and BMD (De-Ugarte et al., 2017; Dole & Delany, 2016).

Another epigenetic mechanism is histone maodification, including methylation,
acetylation or phosphorylation. These modifications are regulated by different types of
enzymes, such as histone deacetylases, methyltransferases, or acetyltransferases.
Several enzymes can influence bone remodelling by regulating genes involved in OB
and OC differentiation. For instance, sirtuine 1 (encoded by SIRT7) is a histone
deacetylase that regulates the SOST promoter, reducing its expression and increasing
the Wnt/B-catenin signalling and, thus, bone formation (Cohen-Kfir et al., 2011).
Additionally, other studies have been carried out on the effect of histone modifications
on the regulation of bone mass and the involvement in osteoporosis (reviewed in Vrtacnik
et al., 2014).

Finally, DNA methylation is a reversible modification of a cytosine residue located 5’
to a guanosine residue (CpG). DNA methylation primarily represses gene expression by
modulating the binding of proteins to DNA. Changes in DNA methylation are associated
with aging and related diseases (Jung & Pfeifer, 2015). Some studies have assessed
the role of DNA methylation in osteoporosis pathogenesis. For example, epigenome-
wide association studies have been performed, in which the association between BMD
or OF and methylation at multiple CpG sites has been tested (reviewed in Michou, 2018).
Interestingly, several regions showing differential methylation overlap with the genes with

variants associated with BMD or other bone parameters in GWASSs.

3.5. Functional studies

Functional studies are crucial for validating genetic associations and uncovering new

genes/variants involved in a phenotype.

The association of a genetic marker with a trait of interest can be due to a direct causal
relationship or to an indirect association, in which the associated polymorphism is in

linkage disequilibrium (LD) with the causal variant. For this reason, it is necessary to
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prove its functionality and to understand the biological mechanisms underlying the
association (Gallagher & Chen-Plotkin, 2018).

3.5.1. Functional genomic integrative analysis

The vast majority of the associated variants are located in non-coding regions of the
genome, making plausible that they are regulatory variants. /n silico integrative analyses
in relevant cell types or tissues are used to map the variants to functional regions,
characterized by chromatin states and histone modifications, binding of transcription
factors (TFs), etc. In order to prioritize variants, Morris et al. (2019) surveyed chromatin
accessibility of loci containing associated SNPs by generating ATAC-seq (assay for
transposase-accessible chromatin using sequencing) maps in the human osteosarcoma
cell line Saos-2 and using publicly available DNase | hypersensitive site maps in primary
human osteoblasts (hOBs) from ENCODE. They found that SNPs were enriched for

these genomic signatures of function.

Furthermore, integrative genomic analyses have also been used to map newly
discovered associations with bone phenotypes. Guo et al. (2016) analysed some
associated genes found in GWASs for their enrichment or depletion in epigenomic
elements and found 4 TF binding sites, 27 histone marks, and 21 chromatin states
segmentation types. Afterwards, they used this epigenomic signature to predict new
candidate genes, which they tested for association with BMD and OF. Through this
approach, they identified the BDNF gene. Qiu et al. (2019) prioritize putative enhancer
SNPs (based on publicly available chromatin segmentation data from the Roadmap
Epigenomics Project) and performed a GWAS meta-analysis for BMD. They identified

15 novel enhancer SNPs associated to BMD, 5 of which mapped to novel genes.

3.5.2. Gene expression studies and eQTLs

Gene expression studies have been widely used to validate and identify genes
involved in complex diseases. Differences in gene expression have been explored in
individuals presenting or lacking the trait of interest. Recently, Ma et al. (2016) compared
gene expression in B cell samples of postmenopausal women with high or low BMD and
identified 308 differentially expressed genes, enriched in intracellular signalling cascade
(e.g. STAT5B, MAP2KS)), structural constituents of cytoskeleton (e.g. CYLC2, TUBA1B),

membrane-enclosed lumen (e.g. CCNE1, INTS5) and purine biosynthesis and
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metabolism (e.g. ATP2C1, HPRT1). Besides, Li et al. (2016) screened microarray data
for differentially expressed genes between patients with osteoporosis and normal
controls in peripheral blood monocytes. They found 373 up-regulated genes (e.g. IRAKS,
IFT52, NRIP1) and 752 down-regulated genes (e.g. SEMA4F, GATA6, GFOD2)
enriched in many osteoporosis-related signalling pathways, such as calcium signalling

or androgen receptor binding.

Moreover, the emergence of studies on the allele-specific effect of a variant on gene
expression at a cellular level (expression QTLs, eQTLs) has provided further insights on
mechanisms underlying genetic association and disease pathophysiology. Genetic
variants might affect gene expression through effects on transcription, splicing, or mMRNA
stability. Although eQTL data from primary bone cells is limited and human bone material
is scarce, many studies have used this approach. For instance, Grundberg et al. (2009)
carried out an eQTL study in primary hOBs from 95 Swedish unrelated donors and
converged the SNPs identified as cis-eQTLs with BMD-associated SNPs reported in
GWASSs. They identified a potential osteoporosis candidate gene (SRR) comprising a
strong cis-eQTL that was found nominally associated with BMD in the original GWAS
and thus did not meet the criteria for follow-up studies. In 2018, Mullin et al. performed a
cis-eQTL study in human OCs from 158 donors and found 24 BMD-associated variants
from a GWAS meta-analysis significantly associated with the expression of 32 genes,
such as CYP19A1, CTNNB1, COL6A3 and IQGAP1. Finally, Hsu et al. (2019) used
whole bone transcriptome data to evaluate the cis-eQTL capacity of the variants they
found associated with different proximal femur geometry phenotypes in a GWAS meta-
analysis. They discovered a variant near PPP6R3 and LRPS5 that influenced PPP6R3
expression and a variant near FGFR4 that influenced PDLIM7 expression. In addition,
they also assessed the expression of candidate genes during cell differentiation in mouse

calvarial osteoblasts.

3.5.3. Chromatin conformation analysis

Physical contact between a regulatory element and its target gene is crucial. Thus,
evaluating physical interactions of candidate regions might help to understand their
functionality. Chromatin conformation capture technologies (i.e. 3C, 4C, 5C, Hi-C,
Capture-C) have been widely used to characterize GWAS-associated /oci and variants,
as well as to define topologically associating domains (TADs) in which interactions are

more likely to occur and association signals are more likely to exert their effect.
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In the bone field, many studies have taken advantage of these technologies, together
with other approaches, to characterize previously described risk /oci (e.g. Chen et al.,
2018; Zhu et al., 2018). Recently, a study aiming at identifying candidate genes for
complex traits using TAD data was published (Way et al., 2017). They developed a
method that prioritized genes within TAD boundaries including a GWAS signal based on
Gene Ontology (GO) analysis. They tested it in BMD GWASSs and identified candidate
genes involved in bone pathways that, in many cases, were not the nearest gene to the
lead signal (e.g. the ACP2 gene, regulator of OBs metabolism, was implicated near the
ARHGAP1 locus). Chesi et al. (2019) performed a high-resolution genome-wide
promoter-focused Capture C assay in primary human MSCs-derived OBs and combined
it with ATAC-seq to detect BMD GWAS variants in open chromatin interacting with
putative target gene promoters. Several novel genes were discovered, among which,
ING3 and EPDR1, that were verified by further functional analyses showing strong

effects on osteoblastic and adipogenic differentiation.

3.5.4. Other functional assays

Other functional assays to test variants or putative regulatory regions are reporter
assays, in which a region of interest is cloned upstream of a reporter gene in a pertinent
cell type and the activity of the region and alternative alleles can be tested. Several
regions can be tested at the same time by massive parallel reporter assays (MPRAs;
Inoue & Ahituv, 2015). Moreover, regulatory variants can affect the binding of TFs, which
can be in silico predicted and further validated in vitro by electrophoretic mobility assays
(EMSASs) or chromatin immunoprecipitation followed by gPCR (ChIP-qPCR) using allele-
specific probes (Hellman & Fried, 2007). As an example, in 2009, Xiong et al. performed
EMSAs to demonstrate that the allele change of a SNP found associated with hip BMD
and fracture in ADAMTS18 generated a binding site for the TEL2 factor, as predicted by

bioinformatic analyses.

All these experiments, however, do not test the region/variant in its genomic context.
In this sense, gene editing experiments represent more physiologically-relevant methods

to confirm the functionality of the gene/regulatory region/variant of interest.
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3.5.5. Genome editing and animal models

Genome editing has been widely used to study disease-associated candidate genes,
since it allows the modification of the gene or variant of interest with efficiency and
precision. Specifically, the clustered regularly interspaced short palindromic repeats
(CRISPR)-based systems have revolutionized the field due to their higher precision and
flexibility (Gaj et al., 2016). Analogous to MPRAs mentioned above, high-throughput
CRIPSR screens to identify functional genes or noncoding regulatory regions have also

been developed.

In the osteoporosis field, genome editing has been performed at a cellular and animal
(both global and tissue specific) levels, analysing the molecular effects of the deletion of
regions of interest and screening for genes or variants involved in the phenotype. For
instance, Chen et al. (2018) and Zhu et al. (2018) deleted two putative enhancers by
CRISPR-Cas9in hFOB 1.19 and U20S cells, respectively, and measured the expression
of their putative target genes. Zheng et al. (2012) generated homozygous mice with
targeted disruption of 2 GWAS osteoporosis candidate genes (WNT16, FAM3C) by
homologous recombination techniques and showed that Wnt16” mouse had reduced
cortical thickness and bone strength. Interestingly, the International Mouse Knock-out
Consortium (IMKC) aims at generating knock-out mice of each of the known protein-
coding genes in C57BL/6 mice and, as part of the International Mouse Phenotyping
Consortium (IMPC), the Origins of Bone and Cartilage Disease project aims at identifying
mutants with skeletal phenotypes (Freudenthal et al., 2016). In 2012, Bassett et al.
identified 9 new genetic determinants of bone mass and strength. Three of these knock-
out strains (Bbx, Cadm1, Fam73b) presented weak but flexible bones with low mineral

content, similar to those in postmenopausal osteoporotic individuals.

Another method to identify new regions (coding and non-coding) involved in bone
phenotypes is random mutagenesis induced by chemicals such as N-ethyl-N-nitrosourea

followed by skeletal phenotypic screening (Barbaric et al., 2008; Mohan et al., 2007).

Apart from mice, other animal models are used to study the genetic determinants of
osteoporosis, such as rats, chicken, zebrafish and large animals (Karasik et al., 2016).
The main advantages of using animal models are the greater ability in environmental
control, reproducibility, easier access to trait-relevant tissues and genetic manipulation.
Considering the particular characteristics of each animal model, caution should be taken

in translating the findings in human populations.
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The most popular model for postmenopausal osteoporosis is generated in mouse, rat,
sheep and non-human primates by ovariectomy, which causes a drastic reduction of
estrogen levels, leading to a high bone turnover (reviewed in Komori, 2015). Zebrafish
is another model system with great potential for functional studies. Osteoporosis-like
phenotype can be induced by prednisolone treatment, which is associated with altered
expression of several genes with a role in osteoblastogenesis and osteoclastogenesis
(de Vrieze et al., 2014).

3.6. Biological pathways underlying osteoporosis

A large proportion of osteoporosis candidate genes discovered by the different

approaches described in this section are involved in well-known crucial bone pathways.

3.6.1. Wnt/-catenin signalling

Wnt signalling is the major bone anabolic pathway and it is critical for bone
development during embryogenesis and for bone formation, resorption and coupling in
postnatal bone, since it is involved in differentiation, proliferation and apoptosis of bone
cells (Baron & Kneissel, 2013). WNT proteins are secreted glycoproteins that bind to the
Frizzled membrane receptors and the low-density lipoprotein (LDL) receptor-related
protein 5/6 (LRP5/6) co-receptors. The activation of the pathway results in the
stabilization of B-catenin that accumulates and subsequently translocates to the nucleus,
where it binds to the TCF/LEF1 TFs and initiates the transcription of the target genes
promoting bone formation. The Wnt pathway is inhibited by DKK1 and SOST, two
proteins secreted by OCys that bind to LRP5/6, exerting an antagonizing effect (Angers
& Moon, 2009).

Furthermore, the Wnt pathway directly interacts with other important bone pathways.
For example, JAG1 is a Wnt/B-catenin target but also an important component of the
NOTCH pathway (Katoh & Katoh, 2006), and B-catenin up-regulates the expression of
OPG in osteoblasts (Sato et al., 2009).

Many genes from the Wnt pathway have been identified as osteoporosis susceptibility
genes: LRP5, SOST, WNT1, LRP4, AXIN1, CTNNB1, DKK1, MEF2C, PTHLH, RSPO3,
SFRP4, WLS, EN1, WNT4, WNT5B, WNT16. Many of these genes have been involved
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in bone monogenic diseases and several functional studies to clarify their involvement in

bone homeostasis have been carried out (reviewed in Mafi Golchin et al., 2016).

3.6.2. OPG-RANK-RANKL signalling

The OPG-RANK-RANKL signalling pathway is essential for regulating coupling
between OB and OC activity. RANK, RANKL and OPG are members of the tumour
necrosis factor (TNF)-related transmembrane cytokine superfamily, encoded by the
TNFRSF11A, TNFRSF11 and TNFRSF11B genes, respectively. RANKL is a soluble
factor secreted mainly by OCys, and also by OBs, that binds to its receptor, RANK, on
the cell surface of monocytes stimulating OC recruitment, differentiation and activation
in the presence of monocyte colony stimulating factor M-CSF. Upon binding, NF-kB is
activated and translocated to the nucleus, where transcription of osteoclastogenic genes
is triggered (Boyce & Xing, 2007). OPG is a soluble decoy receptor of RANKL also
secreted by OBs. It competes with RANK for binding to RANKL, preventing OC induction
and, thus, bone resorption. Therefore, bone resorption is regulated by the ratio
RANKL/OPG.

Recently, a RANKL reverse signalling has been described, in which RANK is secreted
in vesicles by maturing OCs and binds to osteoblastic RANKL, inducing bone formation
via RUNX2 activation (Ikebuchi et al., 2018).

RANK, RANKL and OPG have been shown to have other functions beyond regulating
bone remodelling and coupling, including potential roles in other diseases, namely

vascular calcification, diabetes and cancer (Harper et al., 2016).

TNFRSF11A, TNFRSF11 and TNFRSF11B have been repeatedly found in many
GWASs and meta-analyses for BMD and OF, as reviewed in section 3.3.2 of this
Introduction. Functional studies have highlighted the importance of these genes in bone
physiology and mutations have been found in several skeletal dysplasias such as

osteopetrosis or Paget’s diseases of bone (Whyte, 2006).

3.6.3. NOTCH signalling

NOTCH is a family of 4 transmembrane proteins (NOTCH1-4) that require cell-to-cell
contact for activation through several ligands, such as JAG1/2 and DII1/3/4. The ligand-

mediated activation induces a proteolytic cleavage releasing the NOTCH intracellular
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domain, which translocates to the nucleus where transcription of target genes begins
(Kopan & llagan, 2009). OBs and OCs require NOTCH signalling for differentiation and
correct function, but the specific roles of NOTCH depend on the differentiation status of
the cell (Regan & Long, 2013).

Several osteoporosis candidate genes are related to the NOTCH pathway, including
JAG1, MAPT, and NOTCH2.

3.6.4. TGF-3/BMP signalling

Transforming growth factor B (TGF-) and bone morphogenetic proteins (BMPs) are
two families of the TGF-B superfamily of proteins, involved in the control of cell
proliferation, differentiation and other functions in many cell types. TGF-B ligands bind
as dimers to transmembrane receptors complexes that are comprised of two Serine-
Threonine kinases and co-receptors. Upon binding, the SMAD TFs are phosphorylated

and translocate into the nucleus to activate target gene expression.

In bone, these families of proteins play critical roles in development and tissue
homeostasis (Wu et al., 2016). For example, TGF-B1 is thought to be a coupling factor
between bone formation and bone resorption. Several genes related to the TGF-3/BMP
signalling pathways have been identified as osteoporosis susceptibility genes, including
TGFBR3, BMP2, BMP4, SMAD3, SMAD9 and BMPR?2.

3.6.5. Ephrin signalling

Ephrin/Eph signalling is involved in adult tissue homeostasis and developmental
processes, including bone, as well as fracture repair and skeletal response to PTH.
Ephrins are the membrane-bound ligands of the Eph family of receptor tyrosine kinases.

When ephrins bind to Eph on the neighbouring cell, a bidirectional signalling is activated.

In bone, Ephrin-B2 is expressed by OCs and binds to Eph-B4 in OBs, enhancing
osteogenic differentiation and inhibiting osteoclastogenesis by reverse signalling
supressing the cFos-NFATc1 pathway (Pasquale, 2008). Some genes related in the
ephrin signalling have been identified and osteoporosis susceptibility genes, including
EPHB2, EPHA4 and NFATC1 (Morris et al., 2019; Nielson et al., 2016).

42



INTRODUCTION

3.6.6. Endochondral ossification and MSCs differentiation

As described in section 1.4 of this Introduction, the majority of bones in the human
skeleton are formed through endochondral ossification. GWASs have identified many
genes involved in this process, including genes related to cartilage development and
ossification and OB differentiation. Some examples are: IBSP (bone sialoprotein 2),
PTHLH, RUNX2, SOX6, SOX9, SPP1 (osteopontin), SOX4, FAM3C and SP7 (osterix).
The roles of the individual genes in the different parts of these processes are reviewed
by Mafi Golchin et al. (2016) and Richards et al. (2012). Notably, RUNX2 is an essential
TF for pre-OBs differentiation and homozygous knock-out mice show complete absence
of bone, dying perinatally owing to a softened cartilaginous ribcage unable to support
respiration (Komori et al., 1997).
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4. ATYPICAL FEMORAL FRACTURE

4.1. Definition and diagnosis

Atypical femoral fractures (AFFs) are Figure 9. Complete

diaphyseal AFF. Note the
fracture  line  running
perpendicular at the long
axis of the femur and
becoming oblique as it
progresses. Note the
general thickness of the
lateral cortex. Black arrow:
endosteal callus reaction.
Horizontal white arrow:
periosteal callus reaction.
Oblique  white  arrow:
medial spike. Extracted
from Schilcher, 2013.

a very rare type of fractures that occur at
the subtrochanteric region or the femoral
diaphysis of long bones (Figure 9; see
Box 1). They were first described in 2005
by Odvina et al. in a series of patients on
alendronate and with an over-
suppression of bone turnover. In 2010,
the American Society for Bone and
Mineral Research (ASBMR) established
the case definition for AFFs (Shane et al., 2010), which was updated in 2014 (Shane et

al., 2014). AFFs have distinctive characteristics that are shown in Table 6. The diagnosis

of AFF is based on femoral location (from just distal to the lesser trochanter to just
proximal to the supracondylar flare) and the presence of at least 4 of 5 major features.
Minor features, despite being commonly associated with AFF, are not required for the

diagnosis.

Table 6. AFF case definition

Major features

The fracture is associated with minimal or no trauma, as in a fall from a standing height or less
The fracture line originates at the lateral cortex and is substantially transverse in its orientation,
although it may become oblique as it progresses medially across the femur

Complete fractures extend through both cortices and may be associated with a medial spike;
incomplete fractures involve only the lateral cortex

The fracture is noncomminuted or minimally comminuted

Localized periosteal or endosteal thickening of the lateral cortex is present at the fracture site
(“beaking” or “flaring”)

Minor features

Generalized increase in cortical thickness of the femoral diaphyses

Unilateral or bilateral prodromal symptoms such as dull or aching pain in the groin or thigh
Bilateral incomplete or complete femoral diaphysis fractures

Delayed fracture healing

Extracted from Shane et al., 2014
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4.2. Epidemiology and risk factors

AFFs are very rare events, with an overall incidence in the general population of 3.0-
9.8 per 100,000 persons-year (Khow et al., 2017; Meier et al., 2012b; Meling et al., 2014),
which represents a 3.5-5.7% of total subtrochanteric or femoral shaft fractures and a 0.2-
0.8% of total hip fractures (Khow et al., 2017; Saita et al., 2015). Bilaterality has been
reported in 20-60% of patients and, usually, both fractures occur at the same location of
the contralateral side (Lim et al., 2018; Probyn et al., 2015). Besides, up to 70% of
patients reported to have prodromal pain and in a 25-45% fracture healing was delayed
(Black et al., 2019; Shane et al., 2014).

Several studies have shown a strong association of AFFs with N-BPs, with more than
80% of AFFs occurring in patients on N-BPs and only around a 10% in N-BP-naive
patients (Kharwadkar et al., 2017; Mahjoub et al., 2016; Schilcher et al., 2014; Silverman
et al., 2018). In addition, AFFs have been also described in patients on denosumab or
other anti-osteoporotic drugs (Black et al., 2019; Bone et al., 2017; Cosman et al., 2016),
as well as on GCs (Koh et al., 2017). Likewise, very similar -if not clinically
indistinguishable- fractures occur in other monogenic skeletal dysplasias, such as
hypophosphatasia, pycnodysostosis or osteogenesis imperfecta (Meier et al., 2012a;
Sutton et al., 2012; Yates et al., 2011).

The incidence of N-BP-associated AFFs increases with the duration of the treatment,
especially after 3 years, being 1.8 per 100,000 persons-year at 2 years of treatment, 38.9
per 100,000 persons-year at 6-8 years of treatment, and 113.1 per 100,000 persons-
year at 10 years of treatment (Brown, 2017; Gedmintas et al., 2013; Shane et al., 2014).
Thus, the overall relative risk of AFF for any BP use is 1.70 but it increases by an odds
ratio of 2.74 for more than 5 years of N-BP therapy (Gedmintas et al., 2013; Park-Wyllie
et al., 2011). Notably, following cessation of N-BPs, the risk diminishes by 70% per year
(Schilcher et al., 2015b; Silverman et al., 2018). All in all, the benefits of N-BPs treatment
far outweigh any AFF risks.

It has been reported that women have a 3-fold higher risk than men (Schilcher et al.,
2015b), probably due to the increased occurrence of osteoporosis and N-BP use in
women. Interestingly, patients who develop AFFs are somewhat younger than those who
develop non-AFF proximal femoral fractures, with a mean age range of 66-75 years

versus 75-89 years, respectively (Khow et al., 2017).

Contrarily to osteoporosis, Asian ethnic background increases the age-adjusted

relative hazard of AFF by 6.6-fold compared to Caucasian women (Lo et al., 2016),
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possibly due to their differences in femur geometry. Schilcher et al (2015a) reported

different localization patterns of AFFs in Singapore and Sweden.

In contrast to OFs, mortality rates for AFFs have been reported to be similar to those

in the general population (Kharazmi et al., 2016).

Risk factors for AFF may partly overlap with those for osteoporosis. Apart from the
already mentioned (e.g. N-BPs, and especially treatment duration, other drugs, previous
stress fracture of the contralateral femur, gender, Asian ethnicity, and age), other
potential risk factors have been proposed. Among them, hip and femoral geometry (see
section 4.3), physical activity, other comorbid conditions and high BMI (Black et al., 2019;
Koh et al., 2017). Importantly, age is less strongly predictive of AFF than it is of OFs.

4.3. Pathogenesis

The pathogenesis of AFF remains largely unknown but its epidemiological association
with antiresorptive drugs (and, in particular, with N-BPs) led to several proposed
mechanisms (Compston, 2011; Ettinger et al., 2013; Ng et al., 2014). However, given
that AFFs also occur in patients not exposed to these drugs, some authors have
suggested osteoporosis itself as a possible etiology of AFF (Adler, 2018). In addition, the
AFF cases in patients with other bone disorders related to defects on bone
mineralization, remodelling and collagen synthesis and structure provide further insight

into the possible pathophysiology of AFFs.

AFFs are considered insufficiency or stress fractures because they develop over time
(as manifested by prodromal pain), appear to start in locations of stress of the lateral
femur and show a periosteal callus (Black et al., 2019; Shane et al., 2014). Thus, it might

be useful to consider the etiology of stress fractures in relation to AFF development.

Some, but not all, of the reported cases of AFF presented with a severely reduced
bone turnover (Odvina et al., 2005; Qiu et al., 2017; Visekruna et al., 2008). Therefore,
it has been posited as an underlying mechanism for AFF by which the mean age of bone
increase, bone composition and mechanical properties are altered and strength and
fracture resistance are reduced (Larsen & Schmal, 2018; Lloyd et al., 2017). In this
regard, it has been suggested that long-term N-BP therapy may result in accumulation
of microcracks that may not be repaired and propagate until the AFF occurs (Allen &
Burr, 2007; Shane et al., 2014; Starr et al., 2018).
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On the one side, N-BP therapy causes an increase and uniformity of bone
mineralization that makes the bone more rigid but brittle and enables microcrack initiation
and propagation more rapidly (Donnelly et al., 2012; Glerri-Fernandez et al., 2013). On
the other side, the reduction of bone remodelling has been shown to alter collagen
maturity and increase oxidative non-enzymatic collagen cross-linking, associated to an
accumulation of advanced glycation end-products (AGEs), that reduce bone plasticity
and toughness and increase bone brittleness and risk of fracture (Tang et al., 2007;
Vashishth et al., 2001).

Besides, N-BPs may impair microcrack and AFF repair since they inhibit bone
remodelling and have anti-angiogenic effects, hindering vascularization of the fracture
zone required for healing, as capillars are a source of OC and OB precursors (Compston,
2011; Li et al., 2001).

Following the consideration of AFF as stress fractures, mechanical loading has been
postulated as a contributor to AFF pathophysiology and the geometry of the femur has
been suggested as another important factor, since it influences femoral strain patterns
and, thus, AFF development and location (Mahjoub et al., 2016; Oh et al., 2017). Indeed,
femoral bowing and coxa vara have been associated with AFF and may confer increased
relative hazard of AFF in the Asian population (Hagen et al., 2014; Koh et al., 2017; Oh
et al., 2014).

All'in all, none of the mechanisms described are solely responsible for AFF. On the
contrary, the current evidence suggests that the physiopathology is complex and AFF
occurrence requires a “perfect storm” of subject-specific factors, such as response to N-
BPs, femoral geometry and bone composition and microarchitecture. Moreover, genetic

factors might also be involved in AFF pathogenesis (see section 4.4).

4.4. Genetics

The rare occurrence of AFFs, even in N-BPs users, together with some evidences
such as the higher prevalence in Asian women or the higher propensity conferred by a
certain femoral geometry, have raised the hypothesis that genetic factors predispose to
AFFs (Nguyen et al., 2018). In addition, the identification of 2 families (one of which
studied in this thesis; Lau et al., 2017) with multiple family members affected is also

suggestive of an underlying genetic background.
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Genetic studies on AFF susceptibility can be divided in those based on small cohorts
of individuals with AFF and those based on patients with other monogenic bone

diseases.

4.4.1. Genetic studies in small AFF cohorts

Few studies with small cohorts of N-BP-associated AFF patients have been carried
out, using different approaches, and they have identified mutations in different genes
(Table 7).

Table 7. Genes mutated in AFF patients in cohort studies

N° cases
. ExAC mut/ N° Years Patients Genetic
Gene Mutations ) Ref.
freq. cases N-BPs charact. analysis
studied
ALPL c.648+1G>A  8.24x10°6 1F /11 NA2 HPP® Gene Sum et
Heteroz. seq. al., 2013
COL1A2 p.Arg708GiIn 0.0008 1F/5 >5 No Ol Gene Funck-
Heteroz. features seq. Brentano
et al.,
2017
CTSK c.784+3A>C 5.77x10®° 2 consan- 0 No PYCD WES Lau et
Homoz. guineous features al., 2017
sisters / 11
PPEF2 p.Arg388Gin 0.001 5 alleles / 1-10 - Exon Pérez-
26 alleles array Nufez et
(13 F)e al., 2015

aDuration of treatment not specified but the analysis was carried out during N-BP treatment
bHPP was diagnosed after the mutation was found

¢The number of AFF cases bearing the mutation is not described, the authors give frequency of
the mutation in the pool of 13 cases

F: female; HPP: hypophosphatasia; Ol: osteogenesis imperfecta; PYCD: pycnodysostosis; WES:
whole-exome sequencing

Three studies have searched for variants in candidate genes (Bhattacharyya et al.,
2016; Funck-Brentano et al., 2017; Sum et al., 2013). ALPL, the gene encoding for the
tissue non-specific alkaline phosphatase (TNSALP), was the only one analysed in the 3
studies. TNSALP is the enzyme responsible for PP; hydrolysis and loss-of-function
mutations in ALPL cause hypophosphatasia (HPP), due to extracellular accumulation of
PPi, which inhibits bone mineralization (Whyte, 2016). Since N-BPs are analogues of PP;

resistant to TNSALP activity and femoral fractures with atypical features occur in cases
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of HPP without prior anti-resorptive therapy, it has been hypothesized that ALPL

mutations can be a genetic risk factor for AFFs.

Sum et al. (2013) carried out a prospective ALPL mutation analysis of 11 patients with
N-BP-associated AFFs in which they sequenced all coding exons and adjacent splice
sites. In one patient, a single heterozygous mutation was found affecting the donor splice
site in intron 6. This mutation was reported in lethal infantile HPP when associated with
a second missense mutation on the other copy of the gene (Sergi et al., 2001). Serum
levels of alkaline phosphatase (ALP) in this AFF patient were low, although she was

never diagnosed with HPP before.

In 2016, Bhattacharyya et al. conducted a retrospective case-control study to
investigate the possible role of HPP as a risk factor for AFF. They analysed 10 patients
who sustained N-BP-associated AFF with 13 controls, with a mean N-BP use of 9 years
in both groups and they did not find any coding mutation in the ALPL gene in either AFF
patients or controls. Additionally, no differences in ALP serum levels between the two

groups were observed.

In a study by Funck-Brentano et al. (2017), the targeted sequencing of the ALPL,
COL1A1, COL1A2, and SOX9 genes was performed in 4 females and 1 male with N-
BP-associated AFF. A heterozygous rare missense variant in COL1A2 was identified in
one patient. This gene encodes the pro-a2 chain of type 1 collagen and the mutation
found caused alterations in collagen fibrillogenesis (Vomund et al., 2004). Notably,
mutations in COL1A2 cause osteogenesis imperfecta (Ol), albeit no specific physical
features of Ol were identified in this patient, apart from short stature. No mutations were

found in the other genes.

One study (Lau et al., 2017) carried out a whole-exome sequencing (WES) study in a
consanguineous family in whom 3 siblings (2 females and 1 male) sustained bilateral
AFFs without previous N-BP exposure. WES of the 2 affected sisters unveiled a very
rare homozygous mutation in the splice site of intron 6 of the CTSK gene (encoding for
cathepsin K, essential for OCs-mediated bone resorption). Mutations in CTSK are
associated with pycnodysostosis (PYCD), although the patients did not present any
clinical feature of this disease, apart from short stature and high bone mass. OC culture
from peripheral blood monocytes of affected patients exhibited a reduced bone
resorptive activity. Moreover, Lau et al. sequenced the CTSK gene in 10 further cases

with AFF and no mutation was found.
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Finally, 2 studies performed genome-wide association analysis. Pérez-Nufez et al.
(2015) conducted a pilot study in 13 AFF patients and 268 controls (87 healthy women
and 181 patients with postmenopausal osteoporosis without AFFs). They explored the
association of up to 300,000 genome-wide non-synonymous coding variants (with a
minor allele frequency <0.03) with AFF by using an exon array. Twenty-one variants
were found over-represented in the AFF group, although only one remained statistically
significant after correction for multiple testing, due to small sample size. It is a missense
variant in the PPEF2 gene, which has no known function in bone metabolism. In addition,
pathways analysis did not reveal any enriched pathway. Interestingly, AFF patients
tended to accumulate a greater number of “risk variants”, suggesting that AFF might

have a polygenic background.

More recently, and posterior to the work presented in this thesis, Kharazmi et al.
(2019) published the largest case-control GWAS to date to determine whether common
genetic variants contribute to risk of N-BP-associated AFFs. They compared 51 cases
with two sets of controls: 4891 population controls or 324 matched controls that had been
prescribed N-BPs due to osteoporosis but who did not have a diagnosis of cancer. They
found 4 isolated SNPs associated with AFF when comparing with the general population
controls. However, no statistically significant association was found when using the N-
BP-treated controls, suggesting that either they were false positives, or they were related
to the underlying phenotype that led to treatment indication. They also performed
candidate gene analysis for 29 genes previously implicated in AFF or related bone
diseases in other patients, but no statistically significant association was revealed when
comparing AFF cases with either of the two control groups. They concluded that no

evidence of a common genetic predisposition for N-BP-associated AFFs was found.

4.4.2. Genetic studies in AFF patients with other monogenic bone diseases

AFFs were found in individuals with 7 monogenic bone disorders affecting
mineralization, bone remodelling, collagen synthesis and structure or OCy function. In

some patients, the mutation underlying the disorder was described (Table 8).

Four cases of AFF occurring in adult HPP have been reported (Doshi et al., 2009;
Gagnon et al., 2010; Maman et al., 2016; Sutton et al., 2012). In 3 of them, heterozygous
or compound heterozygous mutations in ALPL were described and the genetic condition
was unmasked after the occurrence of the AFF. Of those, only Sutton et al. (2012)

reported a case with N-BP therapy after a misdiagnosis of postmenopausal osteoporosis.
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X-linked hypophosphatemia (XLH) has been also related to AFF since Whyte (2009)
reported pseudo-fractures in the lateral cortex of the femoral shaft similar to AFF in a
young N-BP-naive male. XLH is caused by loss-of-function mutations of the PHEX gene
(Fuente & Hernandez, 2017). However, in the case reported no mutational analysis was

performed.

AFFs have been described in 7 cases of PYCD (Hashem et al., 2015; Kundu et al.,
2004; Nakase et al., 2007; Song et al., 2017; Yates et al., 2011; Yuasa et al., 2015). In
3 of them, the disease was unmasked after the AFF and no N-BP history was known for
any of them. Mutations in CTSK were found in 3 N-BP-naive patients (Nakase et al.,
2007; Song et al., 2017). On the one hand, Song et al. (2017) reported a patient with
AFF who had an underlying sclerosing bone disease. They target-sequenced 10
candidate genes by NGS to perform a differential molecular diagnosis and they found 2
heterozygous mutations in the CTSK gene. Nakase et al. (2007), on the other hand,
presented the outcomes of surgical treatment of fractures of several patients already

diagnosed with PYCD by genetic analysis, 2 of which were AFFs.

Four cases of AFFs occurring in N-BP-naive individuals with osteopetrosis have been
described (Amit et al.,, 2010; Birmingham & McHale, 2008; Kumbaraci et al., 2013).
Osteopetrosis is caused by mutations in 8 genes, including TNFSF11 (RANKL),
TNFRSF11A (RANK), CLCN7 and OSTM1 (Sobacchi et al., 2013). However, the

underlying mutated genes were not described in these reports.

A single case report of AFF in a N-BP-naive male with osteoporosis pseudoglioma
syndrome (OPPG) has been described by Alonso et al. (2015). The patient had multiple
fragility fractures and evidence of low bone turnover and carried two novel loss-of-
function mutations in LRP5. Importantly, this is the only report of AFF occurring in a

genetic condition with primary osteoblast dysfunction.

Ol has been also related to N-BP-associated AFFs. On the one hand, 4 case reports
in adults have been published to date, all with more than 3 years of N-BPs (Etxebarria-
Foronda & Carpintero, 2015; Holm et al., 2014; Manolopoulos et al., 2013; Meier et al.,
2012a). However, in none of them the underlying gene mutation was described. On the
other hand, Vasanwala et al. (2016) reported the only case of N-BP-associated AFF in
a pediatric patient with Ol type IV, who presented a heterozygous mutation in the
COL1A2 gene. Ol is most often caused by defects in type 1 collagen synthesis (encoded
by COL1A1 and COL1A2) and structure, that leads to abnormal composition and
organization of bone matrix, increased bone microdamage, stiffness and brittleness

(Forlino & Marini, 2016). N-BPs may aggravate the situation by suppressing bone
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remodelling and impeding microcrack repair. Indeed, a retrospective study demonstrated
that a different pattern of femoral shaft fractures occurred in patients with Ol treated with

N-BPs compared to those not treated (Nicolaou et al., 2012).

Finally, one case report of an AFF occurring in a patient with X-linked osteoporosis
who had been treated with N-BPs was published (van de Laarschot & Zillikens, 2016).
The patient presented a mutation in PLS3, the gene encoding for plastin 3 and
responsible for X-linked osteoporosis, a juvenile form of osteoporosis that is thought to

be due to a decreased mechanosensing by OCys (van Dijk et al., 2013).

4.5. Prevention and management of AFF

As already stated in section 2.5.1 of this Introduction, the most extended measure to
prevent N-BP-associated AFFs is to consider a drug holiday after 3-5 years of treatment
in patients who are not at high risk of OF (Adler et al., 2016; Compston et al., 2017). In
addition, femur imaging may be useful to early detect incomplete asymptomatic AFFs

and avoid further progress to complete AFFs (van de Laarschot et al., 2017).

In the case of complete AFFs, the first-line intervention is surgical fixation of bone,
although the characteristic healing delay may hinder the recovery and increase
morbidity. The management of incomplete AFFs depends on many factors, such as
symptoms and radiographs. For painful AFFs, prophylactic surgery is recommended to
prevent complete fracture. Otherwise, avoiding weight-bearing activity and surveillance
is advised (Dell & Greene, 2018; Starr et al., 2018).

Upon an AFF, N-BPs or other anti-resorptive agents should be discontinued and
calcium and vitamin D supplementation should be considered, as well as hrPTH(1-34)
treatment, that may improve fracture healing and mechanical strength, although the

response has been variable (Im & Lee, 2015; Watts et al., 2017).
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OBJECTIVES

The two main objectives of this thesis were to elucidate the causality and molecular

mechanisms underlying the association of a GWAS signal for bone mineral density and

osteoporotic fracture and to identify and characterize the genetic determinants of

bisphosphonate-associated atypical femoral fracture.

To address them, the following specific objectives were proposed:

1. Functional characterization of the C7ORF76 locus, a GWAS signal for bone mineral

density and osteoporotic fracture.

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

To deeply re-sequence the C7ORF76 locus in a truncate selection of the
BARCOS cohort in order to identify candidate variants, and to perform an
association study with BMD and OF in the complete BARCOS cohort.

To assess the possible role of the associated variants as cis-eQTLs in human

primary osteoblasts.

To characterize an upstream putative regulatory element (UPE) by reporter gene
analysis and to identify its possible targets by chromatin conformation capture in

osteoblastic cell types.

To characterize an enhancer (eDIx#18) located in intron 2 of C7ORF76 by
reporter gene assays and to identify its targets by chromatin conformation
capture in osteoblastic cell lines and mouse developing humeri.

To assess the possible cis-eQTL function of 2 variants lying within the eDIx#18

enhancer in human primary osteoblasts.

To generate a knock-out mouse model by CRISPR-Cas9 and to evaluate the

expression of DIx5in E11.5 embryos and the skeletal defects in E17.5 embryos.

2. ldentification and characterization of genetic susceptibility to bisphosphonate-

associated atypical femoral fracture

2.1.

2.2.

2.3.

To identify rare coding mutations in 3 sisters and 3 unrelated patients who
sustained bisphosphonate-associated atypical femoral fracture by whole-exome
sequencing.

To evaluate the effect of the p.Asp188Tyr GGPPS mutation on its enzyme

activity and structure.

To delineate the role of GGPPS in bone cell types.
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CHAPTER 1: FUNCTIONAL CHARACTERIZATION OF THE C70RF76
LOCUS, A GWAS SIGNAL FOR BMD AND OSTEOPOROTIC FRACTURE

Article 1

Functional characterization of the C7ORF76 genomic region, a prominent GWAS signal

for osteoporosis in 7q21.3

Summary:

Genome-wide association studies (GWAS) have repeatedly identified genetic variants
associated with bone mineral density (BMD) and osteoporotic fracture in non-coding
regions of C7ORF76, a poorly studied gene of unknown function. The aim of the present
study was to elucidate the causality and molecular mechanisms underlying the
association. We re-sequenced the genomic region in two extreme BMD groups from the
BARCOS cohort of postmenopausal women to search for functionally relevant variants.
Eight selected variants were tested for association in the complete cohort and 2 of them
(rs4342521 and rs10085588) were found significantly associated with lumbar spine BMD
and nominally associated with osteoporotic fracture. cis-eQTL analyses of these 2 SNPs,
together with SNP rs4727338 (GWAS lead SNP in Estrada et al., Nat Genet. 44:491—
501, 2012), performed in human primary osteoblasts, disclosed a statistically significant
influence on the expression of the proximal neighbouring gene SLC25A713 and a
tendency on the distal SHFM1. We then studied the functionality of a putative upstream
regulatory element (UPE), containing rs10085588. Luciferase reporter assays showed
transactivation capability with a strong allele-dependent effect. Finally, 4C-seq
experiments in osteoblastic cell lines showed that the UPE interacted with different
tissue-specific enhancers and a IncRNA (LOC100506136) in the region.

In summary, this study is the first one to analyse in depth the functionality of C7ORF76
genomic region. We provide functional regulatory evidence for the rs10085588, which

may be a causal SNP within the 7921.3 GWAS signal for osteoporosis.

Reference:

Neus Roca-Ayats, Nuria Martinez-Gil, Ménica Cozar, Marina Gerousi, Natalia Garcia-

Giralt, Diana Ovejero, Leonardo Mellibovsky, Xavier Nogués, Adolfo Diez-Pérez, Daniel

Grinberg, Susanna Balcells. Functional characterization of the C7ORF76 genomic
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region, a prominent GWAS signal for osteoporosis in 7q21.3. Bone. 2019;123:39-47. doi:
10.1016/j.bone.2019.03.014
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GWAS S'ﬁm’l . underlying the association. We re-sequenced the genomic region in two extreme BMD groups from the BARCOS
Non-coding regulatory variant o ) - . s ) -

EnEanca cohort of postmenopausal women to search for functionally relevant variants, Eight selected variants were tested

ac for association in the complete cohort and 2 of them (rs4342521 and rs10085588) were found significantly
associated with lumbar spine BMD and nominally associated with osteoporotic fracture. cis-eQTL analyses of
these 2 SNPs, together with SNP rs4727338 (GWAS lead SNP in Estrada et al., Nat Genet. 44:491-501, 2012),
performed in human primary osteoblasts, disclosed a statistically significant influence on the expression of the
proximal neighbouring gene SLC25A13 and a tendency on the distal SHFM1. We then studied the functionality of
a putative upstream regulatory element (UPE), containing rs10085588. Luciferase reporter assays showed
transactivation capability with a strong allele-dependent effect. Finally, 4C-seq experiments in osteoblastic cell
lines showed that the UPE interacted with different tissue-specific enhancers and a IncRNA (LOC100506136) in
the region.
In summary, this study is the first one to analyse in depth the functionality of C7ORF76 genomic region. We
provide functional regulatory evidence for the rs10085588, which may be a causal SNP within the 7q21.3 GWAS
signal for osteoporosis.

1. Introduction with the causal variant.
To date, many GWAS have been performed to find genetic asso-

Genome-wide association studies (GWAS) have been successfully ciation with bone mineral density (BMD) and osteoporotic fracture

used to identify genetic variants associated with complex traits and
diseases, such as osteoporosis. In a few cases, the associated SNPs are
located within a coding region of a gene, facilitating its functional
evaluation. However, the vast majority of associated SNPs lie in non-
coding regions, which make it challenging to understand the functional
mechanisms underlying the association [1,2]. In addition, it is highly
probable that the associated SNPs are in linkage disequilibrium (LD)

[3-12]. BMD is a genetically determined, extensively measured quan-
titative trait (heritability of 0.5-0.85) and, therefore, a good marker for
bone status. Low-trauma fracture, the clinical outcome of osteoporosis,
is also heritable, albeit to a lesser extent (heritability of 0.54-0.68)
[13]. These GWAS have identified > 500 candidate loci [12], although
the causal variants remain largely unknown. In addition, all the GWAS
findings together only explain a small proportion (—20%) of the total
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genetic impact on BMD [12]. Some associated loci contain genes not
previously known to play a role in bone biology, which is the case of
C7O0RF76 (AKA FLJ42280, currently annotated as transcript variant 6 of
gene SEM1 in GRCh38), in the 7q21.3 genomic region. Several SNPs
within this region have been found significantly associated with both
lumbar spine (LS) and femoral neck (FN) BMD as well as with osteo-
porotic fracture in different GWAS and meta-analyses [4,6-8,14-16]. In
particular, in the largest meta-analysis carried out so far [7], the lead
SNP of this locus (rs4727338) was one of the genome-wide top-asso-
ciated signals. Yet, C7ORF76 is a poorly studied gene of unknown
function and there are other genes within this region that could also be
responsible for the associations observed.

In this study, we aimed at elucidating the causality and molecular
mechanisms underlying the strong association identified in the
C70RF76 genomic region. We have deeply re-sequenced the genomic
region in two extreme BMD groups of postmenopausal women of the
BARCOS cohort and selected some variants to analyse their association
in the full cohort. Through a combination of several in silico and ex-
perimental approaches, we studied a possibly causal SNP located in a
regulatory region and demonstrated its functionality.

2. Material and methods
2.1. Study cohort

The BARCOS cohort consisted of 1490 postmenopausal women of
Spanish descent from the Barcelona area, monitored at the Hospital del
Mar (Barcelona, Spain). Exclusion criteria were any history of bone
diseases, metabolic or endocrine disorders, hormone-replacement
therapy, or use of drugs that could affect bone mass. BMD of all par-
ticipants was measured at LS and FN by dual energy X-ray absorptio-
metry (DXA). The following data were also recorded: age, age of me-
narche and menopause, number of fractures and anthropometric
measures such as weight and height. DNA is available from all samples
of the cohort. Details of the cohort and DNA extraction have been de-
seribed previously [17,18]. Written informed consent was obtained
from all patients in accordance with the regulations of the Clinical
Research Ethics Committee of Parc de Salut Mar, which approved the
study. All experiments and protocols were approved by the Bioethics
Committee of Universitat de Barcelona (IRBO0003099).

For the re-sequencing of the C7ORF76 locus, two extreme LS-BMD
groups were selected from the BARCOS cohort, using the statistical Z-
score. The 50 women with the highest Z-score values (from 2.98 to
0.73) were included in the 50-H group and the 50 women with the
lowest Z-score values (from —2.41 to —4.26) were included in the 50-L

group.
2.2. Re-sequencing

Re-sequencing  of  the C70RF76  (ENSGO0000197851;
ENST00000356686.1) genomic region was performed in the 100 in-
dividuals of the two extreme subgroups of the BARCOS cohort, ac-
cording to the Z-score. A 28 kb region (chr7:96,108,695-96,136,619;
GRCh37), including the C7ORF76 gene and the 3.8 kb upstream and
2kb downstream regions of the gene, was amplified in 7 overlapping
fragments by Long Range-PCR (Supplementary Table 1). All amplicons
were purified and quantified using the Quant-iT PicoGreen dsDNA
Reagent and Kit (Life Technologies, Thermo Fisher) before pooling
them equimolarly into two groups, one of HBM and another of LBM.
Both pools were tagged with a MID adaptor and an emulsion-PCR was
carried out prior to massive parallel sequencing at 3600 > coverage per
pool with Roche's 454 GS Junior System. The massive parallel se-
quencing was carried out in the Genomics facilities of the Universitat de
Barcelona. The raw data obtained were processed to trim the MIDs,
using a custom pipeline, and were mapped against the reference
genome (GRCh37), using the GS Mapper software (Roche). Mapped
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reads were filtered, sorted and indexed using SAMtools [19]. Single
Nucleotide Variants (SNVs) and indels were identified using GATK
standard hard filtering parameters [20]. The variants were filtered ac-
cording to the following criteria: coverage =1.000 reads, variants
present in = 1% of the reads per pool and low strand bias. The number
of reads of a variant was normalised with its coverage and the variants
were classified according to minor allele frequency (MAF): Common
(MAF = 5%), and lower frequency variants (MAF < 5%). The variants
were validated either by differential digestion with restriction enzymes
or by high resolution melting, using the Light Cycler® 480 ResoLight
Dye (Roche).

2.3. In silico functional analyses and motif analysis

In silico functional analyses consisted in annotating the European
and Iberian MAF of the variants obtained from dbSNP and 1000
Genomes, when available; predicting the pathogenicity of exonic var-
iants, using SIFT [21], PolyPhen [22] and Mutation Taster [23]; and,
for the intronic variants, analysing the DNase I hypersensitivity, histone
modifications, transcription factor binding, miRNAs binding, ete. of the
regions of interest. All the in silico data was obtained from ENCODE
[24], International Human Epigenome Consortium [25], The Roadmap
Epigenomics Project, FANTOMS [26], HaploReg [27], RegulomeDB
[28], miRTarBase [29], miRdSNP [30], MirSNP [31], BioMart, and
Ensembl and UCSC Genome Browser. All variants were analysed with
the Variant Effect Predictor from Ensembl, the Variant Annotation In-
tegrator from UCSC, and FuncPred from the National Institute of En-
vironmental Health Sciences. Transcription factor binding sites pre-
diction considering the different alleles of the variants was done using
MatInspector [32] and the Bioconductor “motifbreakR” package
(https: //bioconductor.org/packages/release/bioc,/html/motifbreakR.
html) [33] using default method settings (weighted sum) and a p-value
cut-off at 5 x 10~ ° for SNPs. Super-enhancer data was obtained from a
catalogue of super-enhancers in 86 human cell and tissue samples [34]
and from SEdb [35].

2.4. SNV genotyping

Genotyping of 8 selected variants in the complete BARCOS cohort
was carried out at LGC Genomics (Hoddesdon, UK). In addition, as
BARCOS was included in the replication phase of the meta-analysis by
Estrada et al. [7], the genotyping results of the SNP rs4727338 were
also available. The genotyping of 6% of the samples was performed in
duplicate, as a genotyping quality control, and showed a concordance
above 99%.

2.5. Linkage disequilibrium analysis

The Haploview software [36] was used to calculate and represent
the degree of linkage disequilibrium between the genotyped common
variants using the default parameters.

2.6. Cell culture

The human osteosarcoma cell line Saos-2 was used for luciferase
reporter assays and 4C-seq assays. It was obtained from the American
Type Culture Collection (ATCC® HTB-85™) and grown in Dulbecco's
Modified Eagle Medium (DMEM; Sigma-Aldrich), supplemented with
10% Fetal Bovine Serum (FBS; Gibco, Life Technologies) and 1% pe-
nicillin/streptomycin (Gibco, Life Technologies), at 37 °C and 5% of
CO». Human fetal osteoblasts (hFOB) 1.19 cells were used for 4C-seq
assays. They were obtained from ATCC (ATCC® CRL-11372™) and
grown in DMEM:F12 (1:1) medium without phenol red (Gibco, Life
Technologies), supplemented with 10% FBS and 0.3 mg/ml Geneticin
(Gibco, Life Technologies), at 34°C and 5% of CO,. Human medulla-
derived mesenchymal stem cells (MSCs) were also used for 4C-seq
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assays. They were kindly provided by Dr. José Manuel Quesada Gémez,
from Instituto Maimonides de Investigacién Biomédica, Hospital
Universitario Reina Soffa, Cérdoba, Spain. They were grown in alpha-
MEM medium (Gibeo, Life Technologies), supplemented with 10% FBS,
1% penicillin/streptomycin  and 1x Glutamax (Gibco, Life
Technologies), at 37 °C and 5% of CO,. Human primary osteoblasts
(hOB) were used for eQTL assays. They were obtained from trabecular
bone of women who underwent knee replacement due to osteoarthritis
and who did not have any other pathology that could affect the bone
status. Bony tissue was cut up into small pieces, washed in phosphate
buffered saline (PBS; Gibco, Life technologies) to remove non-adherent
cells, and placed on a 140 mm culture plate. Samples were cultured in
DMEM supplemented with 10% FBS, 100 U/ml penicillin/streptomycin,
0.4% fungizone (Gibco, Life Technologies) and 100 ug/ml ascorbic acid
(Sigma-Aldrich). DNA and RNA extractions were performed at max-
imum passage 2. HeLa and HEK293 cell lines were obtained from ATCC
(ATCC® CCL-2™ and ATCC® CRL-1573™, respectively) and grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at
37°C and 5% CO..

2.7. Human primary osteoblasts DNA extraction and sequencing

DNA was extracted from cultured hOBs using the Wizard® Genomic
DNA Purification Kit (Promega), according to manufacturer's instruc-
tions. The concentration of the purified DNA was analysed in a spec-
trophotometer (Nanodrop). Genotypes for rs4727338, rs10429035,
rs12674052, rs4342521, and rs10085588 were assessed by Sanger se-
quencing using the BigDye® Terminator v3.1 (Applied Biosystems) in
the Genomics facilities of Universitat de Barcelona. Primers (Invitrogen,
Thermo Fisher) were designed using the Primer3 Input 0.4.0
(Supplementary Table 2).

2.8. Human primary osteoblasts RNA extraction, retrotranscription and
qPCR

RNA was extracted from cultured hOBs using the High Pure RNA
Isolation kit (Roche), according to manufacturer's instructions. RNA
was quantified using a Nanodrop spectrophotometer and retro-
transcribed using the High Capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher), according to the specifications of
the manufacturer. gPCR was performed using UPL Probes (Roche) on a
LightCycler 480 Instrument Il (Roche). Expression of HMBS was used as
a normalizing control, and fold changes (FC) were calculated by re-
lative quantification, using the 2nd derivative method. Primers used to
amplify the neighbouring genes of the C7ORF76 locus are summarised
in Supplementary Table 3.

2.9. Amplification of an UPstream regulatory Element (UPE)-derived
transcript

UPE-derived transcript was amplified from Hela, HEK293, human
primary osteoblasts and Saos-2 ¢cDNA (200ng) by PCR, using the fol-
lowing primers: 5-CACTTTTTCAAATCCCACCTG-3 and 5-TGAGAGC
TGCTTAGAAATGGAA-3. PCR products were run in a 2% agarose gel.

2.10. Luciferase reporter constructs and site-directed mutagenesis

The 750 bp-fragment containing the UPE was PCR-amplified from
human genomic DNA using the following primers: 5-CACTTTTTCAA
ATCCCACCTG-3° and 5-TGAGAGCTGCTTAGAAATGGAA-3, and
cloned in both orientations using Xhol and Kpnl restriction enzymes in
the pGL3-Basic vector (Promega). The minor allele of the rs10085588
(A) was introduced with the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent), following the manufacturer instructions. All
the plasmids were validated by Sanger sequencing.
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2.11. In vitro luciferase assay

Saos-2 cells were seeded at a density of 3.0 x 10° cells per well in a
6-well plate. After 24 h, they were transfected with 2.2 ug of total DNA
per well using FuGENE HD reagent (Promega), according to manufac-
turer's instructions. Two plasmids were cotransfected in each well: the
pGL3-Basic empty or with the UPE fragment cloned upstream of the
Firefly Luciferase coding region and the pRL-TK plasmid, containing the
Renilla Luciferase gene, in a proportion of 1/10. Forty-eight hours after
transfection, cells were rinsed with PBS and lysed. The luciferase ac-
tivity was measured using a Glomax Multi+ luminometer (Promega),
with the Dual-Luciferase® Reporter Assay System reagents (Promega).
Each experiment was performed in two biological replicates and was
repeated 5 times.

2.12. 4C-seq

4C-seq was carried out at the Functional Genomics Service of the
Centro Andaluz de Biologia del Desarrollo (Sevilla, Spain). 4C-seq li-
braries were generated from Saos-2, hFOB 1.19 and hMSCs lines as
described previously [37,38]. 4-bp cutters were used as primary (DpnlI)
and secondary (Csp6l) restriction enzymes. For each cell line, a total of
1.6 ug of library was amplified by PCR (primers used: CTGGAAGAGT
CCCAGGGATC and AATGGAAGAGTGGAGATTCAGG; chr7:96,137,244-
96,137,535). Samples were sequenced with Illumina Hi-Seq technology
according to standard protocols at the Genomics Service of the Centro
Nacional de Investigaciones Cardiovasculares (Madrid, Spain). 4C-seq
data were analysed as described previously [39]. Briefly, raw sequen-
cing data were demultiplexed and mapped to the corresponding re-
ference genome (GRCh37). Reads located in fragments flanked by two
restriction sites of the same enzyme, in fragments smaller than 40 bp or
within a window of 10kb around the viewpoint were filtered out. 4C-
seq data were normalised by the total weight of reads within + 2 Mb
around the viewpoint. The experiments were carried out in one biolo-
gical replicate.

2.13. Topologically associating domain (TAD) analysis

TAD data on different cell types from Dixon et al. [40] was collected
from the 3D Genome Browser (http://promoter.bx.psu.edu/hi-c/) [41]
and displayed using the UCSC Genome Browser. The 3D Genome
Browser was also used to visualise published Hi-C data.

2.14. Statistical methods

Statistical analyses were performed using the R software version
3.4.1. Hardy-Weinberg equilibrium (HWE) was calculated using Chi-
square test and p-values < 0.01 were considered significant. Fisher's
exact test with Bonferroni correction for multiple testing was used to
statistically compare the differences of the genotype frequency of the
common variants in each extreme group (HBM and LBM). Linear re-
gression analysis adjusted by years since menopause (YSM) was per-
formed to determine the association between BMD and the genotype of
each SNV in the complete BARCOS cohort. Linear regression was also
used to assess the association between gene expression levels and
genotypes (cis-eQTL) in primary osteoblasts. All analyses were per-
formed using the SNPassoc package testing the additive, recessive and
dominant models. p-values < 0.05 were considered significant.
Correction for multiple testing was performed using the Bonferroni's
method for the number of SNPs tested.

Relative luciferase units (RLU, ie. the ratio of the firefly luciferase
activity over the Renilla luciferase activity) were calculated for each
individual measurement and a one-way blocked ANOVA with
TukeyHSD post-hoc test was performed. All the data was ascertained for
normality, homoscedasticity and atypical data points and p-values =
0.05 were considered significant.
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Fig. 1. Schema of C70ORF76 locus. In green, region re-sequenced in the present study. In dark red, SNPs genotyped in the BARCOS cohort and in bold, SNPs found
associated with BMD; # SNP previously genotyped (Estrada et al. [7]). Transcription factor ChIP-seq, DNase HS, H2A.Z, H3K4mel, H3K27ac, H3K4me2 and
H3K4me3 ChIP-seq from osteoblasts (ENCODE), and vertebrate conservation are shown. The red boxes represent putative regulatory elements, according to epi-
genetic marks as well as transcription factors binding. Note that V-Enh comresponds to an enhancer (hs2311) described in VISTA Enhancers database [42].
PRE1 = putative regulatory element 1; PRE2 = putative regulatory element 2; V-Enh = VISTA enhancer hs2311; UPE = 4 kb upstream putative regulatory element.

3. Results

3.1. Re-sequencing of C7ORF76 locus in extreme BMD groups of the
BARCOS cohort and variant functional annotation

We resequenced 28kb of the C7ORF76 genomic region
(chr7:96,108,695-96,136,619; GRCh37) in the 50 women with the
highest and 50 women with the lowest LS-BMD of the BARCOS cohort
(Fig. 1). Total number and location of single nucleotide variants (SNVs)
detected before and after filtering and validating are shown in Table 1.
Fifty-one common variants (MAF above 5%) and 59 lower frequency
variants (MAF below 5%) were identified. The lower frequency variants
were equally distributed between both extreme groups. To better assess
the importance of the variants, we explored their functionality using
publicly available in silico data (transcription factor binding, DNase I
hypersensitivity, conservation, miRNAs binding, and histone marks).
Twenty-eight variants were found in putative regulatory regions, 4 of
which were located in osteoblast regulatory regions (rs9785005,
1s10238953, rs4613908 and rs117923361) and 1 of them (rs4613908)
was found in an active osteoblast enhancer. One missense variant was
also identified but it was predicted to be tolerated by SIFT, to be benign
by Polyphen and to be a polymorphism according to MutationTaster.
None of the variants was predicted to affect miRNAs binding. Only 1

Table 1
Number and location of single nucleotide variants found in this study.

variant (rs4342521) showed nominal significance between the geno-
type frequencies of the two extreme groups (Fisher's exact test,
p = 0.0382). This SNP is located 3 kb upstream of the C7ORF76 gene
and the minor allele (T) was overrepresented in the LBM group.

3.2. Association of variants with BMD in the complete cohort

We selected 8 interesting variants, taking into consideration both
frequency and functionality (Fig. 1), including 2 located in a putative
regulatory region 4 kb upstream of the C7ORF76 transcription start site
(TSS), which we named UPE, that was not included in the re-sequen-
cing. These 8 variants were genotyped in the complete BARCOS cohort
(n = 1490) to test their association with BMD and osteoporotic frac-
ture. For all of them, we obtained MAF values similar to those found in
the 1000 Genomes database for the European or Iberian populations
(Supplementary Table 4). Significant differences were obtained with
two of the 5 upstream SNPs, 154342521 and rs10085588 (Fig. 1), for
LS-BMD under additive and recessive models and nominal differences
were obtained with the same SNPs for osteoporotic fracture, under
additive and dominant models (Table 2). In all cases, the minor allele (T
and A, respectively) had a BMD-lowering effect on LS and had a da-
maging effect on osteoporotic fracture. The two associated SNPs were
found to be in linkage disequilibrium with the GWAS hit (rs4727338)

Raw Selected by filtering and validating Coding Regulatory regions” Putative osteoblast regulatory elements Active enhancer
Common variants 96 51 0 12 3 1
LFV 24,243 59 1 16 1 i}
Total 24,339 110 1 28 4 1

¢ Either present in flanking regions, 5'UTR, 3'UTR or introns; LFV: lower frequency variants (MAF < 0.05).

70



Functional characterization of the C7ORF76 locus, a GWAS signal for BMD and osteoporotic fracture

N. Roca-Ayats, et al

Effect size (OR;

95% CI)

p-value osteoporotic fracture

Effect size (B coeff; 95%

p-value FN-BMD
CI)

Effect size ([ coeff; 95%

[8i1]

p-value LS-BMD

Type of

Genomic position

SNP

Association between common and LFV variants of C7ORF76 and LS-BMD, FN-BMD or osteoporotic fracture.

Table 2

variant

(GRCh37)

5UP
5UP

7:96137731G > A

15115076023"
510085588

1.51 (1.05, 2.17)

032373 0.02242

0.03554

0.12419 0.11909 0.30848

~0.0324 (~0.0541,

= 0.0108)

0.00361 0.00343 0.05032

7:96137674G > A

1.53 (1.06, 2.19)

0.39100 0.01974

0.03911

0.12453 0.09115 0.36111

—0.0332 (—0.0547,

~0.0117)

0.00314 0.00251 0.05233

5UP

7:96136005G > T

154342521

0.30987
0.18380
0.15002

1.00000

0.27134

0.55917

0.58472
0.14074

0.85483 0.66330 0.89686
0.55060 0.30356 0.86063
0.71522 0.57609 0.83130

0.24861

0.68070 0.65857 0.63405
0.06164 0.08889 0.15109

0.57370 0.49214

021722

5UP

7:96132999C = A

157794042

7:96125315G > A

54613908

0.48140

0.69433

7:96124975T > C

1510238953

0.63625

0.07618

796121343 A > G

5190892252
rs4727338"

1.50 (1.03, 2.18)

0.03270

0.56459

~0.0175 (- 0.0345,

=0.0004)

0.06943 0.04540 027708

~0.0362 (- 0.0592,

=0.0132)

0.00141 0.00207 0.02430

7:96120675G > C

1.00000  0.22534

0.30507

0.08217 0.62988 0.08427

0.68376 0.87501

0.82861

3UTR

796111486 C > A

15117923361

Values in bold indicate statistical significance; values in italics indicate nominal significance.

A: Additive model; R: Recessive model; D: Dominant model.

# SNP found monomorphic in the BARCOS cohort.

b SNP previously genotyped in the BARCOS cohort (Estrada et al. [7]).
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from Estrada et al. [7] (Fig. 2), which was also significantly associated
with LS-BMD in the BARCOS cohort (Table 2).

3.3. cis-eQTL analyses

To evaluate the functionality of the associated variants (rs4727338
~GWAS hit-, rs4342521 and rs10085588) we first tested them as cis-
eQTLs in human primary osteoblasts, a cell type unavailable in GTEx.
Of note, we failed to detect C7ORF76 mRNA expression in these cells.
None of the SNPs were found to be eQTLs for DLX5, DLX6, DLX6-AS1, or
SHFM1 (SEM1 transcript variant 5 in GRCh38), although a tendency
was observed for the latter (Table 3). On the contrary, the 3 SNPs were
found nominally associated with SLC25A13 gene expression, where the
minor alleles were associated with decreased gene expression. We also
tested another SNP of the region (rs10429035) found associated with
BMD in a previous GWAS meta-analysis [8] and described in GTEx to be
eQTL for SHFM1 in tibial artery. However, we failed to detect an as-
sociation of this SNP with gene expression of any of the nearby genes
(data not shown).

3.4. Evaluation of the regulatory capability of the UPE

Next, as the associated SNP rs10085588 is located in a putative
regulatory region 4 kb upstream of the C7ORF76 gene (UPE; Fig. 1), we
assessed the functionality of the UPE. We performed luciferase reporter

Table 3
¢is-eQTL analysis of 3 C70RF76 variants associated with BMD.

SNP pvalues

DLXS5 DLX6 DLX6-AS1 SHFM1 SLC25A13
1510085588 0.14207 0.53849 0.59125 0.05270 0.03350
rs4342521" 0.09227 0.34167 0.55062 0.05725 0.01442
rs4727338" 0.09227 0.34167 0.55062 0.05725 0.01442

Values in italics indicate nominal significance.
# p-values are identical as a reflection of the high LD between the 2 SNPs.
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Fig. 3. (A) Luciferase activity of different versions of UPE, containing the G or A allele for the SNP rs10085588, in a forward or inversed orientation, in Saos-2 cells.
Results are expressed as mean + SD. **p-value < 0.01; ***p-value < 0.001 (B) PCR amplification of UPE from cDNA of different cell types. Expected size: 750 bp.

assays in Saos-2 cells to test UPE activity in both orientations and the
effects of the two alleles of rs10085588. As shown in Fig. 34, the for-
ward UPE construct bearing the major allele (G) showed significantly
increased luciferase expression compared to the empty vector (FC: 5.3,
p = 0.0097), and compared to the construct bearing the minor allele
(A) (FC: 11.6, p < 0.001). No activity was detected when the UPE was
tested in the inverse orientation (data not shown). Results of luciferase
assays were consistent with eQTL analyses, in the sense that the minor
allele (A) fails to activate transcription and is associated with lower
expression of SLC25A13 in osteoblasts (see above). We also evaluated
whether the UPE was transcribed (as occurs in many regulatory re-
gions) by performing RT-PCR in ¢cDNA of human primary osteoblasts,
Saos-2, Hela and HEK293 cells. We were able to amplify the UPE se-
quence from ¢DNA of HeLa, HEK293 and Saos-2 cells but we failed to
amplify it from different cDNA samples of human primary osteoblasts
(Fig. 3B). We also interrogated the FANTOMS Cap Analysis of Gene
Expression (CAGE) dataset [26] for evidence of UPE transcription and
we could observe a signal for TSS expression in smooth muscle cells.

3.5. Chromatin interactions from the UPE

Finally, we investigated the possible genomic targets of the UPE by
examining the 3D chromatin interactions by 4C-seq in different cell
types (MSCs, hFOB 1.19 and Saos-2). We detected interaction between
UPE and the genomic region spanning approximately 750kb on each
side of it (Fig. 4), and no other interactions were detected elsewhere in
the genome. Notably, we found higher interaction levels with most of
the tissue-specific enhancers described in the VISTA browser [42,43],
especially in the hFOB 1.19 cell line. We could also detect higher in-
teraction with the long non-coding RNA gene LOCI00506136, upstream
of C70RF76. In addition, we analysed the topologically associated do-
mains (TADs) of the region on different cell types using available Hi-C
data [40] and the 3D Genome Browser [41] and we observed that in
many cell types, the TAD containing the gene C7ORF76 spanned from
approximately 50 kb upstream of DYNC1II TSS to approximately 25 kb
upstream of ACN9 TSS (Fig. 4), consistent with the 4C-seq results.

4, Discussion

Different non-coding variants in the CZORF76 genomic region have
been previously associated with BMD and osteoporotic fracture in dif-
ferent GWAS [4,6-8,14-16] and at this point, deciphering the func-
tionality of this region would be the next logical step for understanding
these associations. In this line, we have analysed the C7ORF76 region in
depth, including re-sequencing, testing variants for association in the
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BARCOS cohort, and analysing the functionality of the variants and
regulatory regions both in silico and experimentally. Two upstream
variants (rs4342521 and rs10085588) were found significantly asso-
ciated with LS-BMD and nominally associated with osteoporotic frac-
ture. In addition, both SNPs have been identified as eQTLs of SLC25A13
in human primary osteoblasts. Moreover, the SNP rs10085588 falls in a
regulatory region (UPE) able to stimulate transcription in an allele-
dependent manner. This UPE was found to interact with different
tissue-specific enhancers and a IncRNA present in the nearby region.

The C70RF76 gene is an uncharacterised gene of unknown function
without expression data in GTEx. In the current human genome as-
sembly (GRCh38) it is annotated as alternative transcript 6 of SEM1
(encoding a 265 proteasome complex subunit, whose alternative his-
torical name is SHFM1 for Split Hand and Foot Malformation 1).
However, although RefSeq currently labels it as curated gene, surpris-
ingly few data have been gathered and the real function of C7ORF76
remains elusive. This is in contrast with the consistent finding of potent
GWAS signals for osteoporosis within this gene. Of note, this gene
seems to be not expressed in primary osteoblasts, Saos-2, HeLa and SH-
SYS5Y (data not shown) which suggests that either it might, indeed, not
be an osteoblast gene, vet regulate BMD from a different cell type or
organ, or, alternatively, other genes in the region could be causal for
the assocdiation.

Most GWAS variants for complex diseases are located in non-coding
regulatory regions (reviewed in Zhang et al. [44]) and several studies
have pinpointed the importance of regulatory elements for the sus-
ceptibility to osteoporosis [45,46]. Moreover, for some common traits,
it has been described that several causal variants exist in a single LD
block, located in multiple enhancers that cooperatively influence gene
expression (the so called super-enhancers) [34,47]. These enhancer
clusters are highly cell type specific. In this respect, although publicly
available datasets [34,35] did not consider the C7ORF76 genomic re-
gion to be a super-enhancer, the functional annotation of this region
revealed the presence of several putative regulatory elements con-
taining SNPs prone to confer susceptibility to osteoporosis.

To elucidate the molecular mechanisms underlying the strong as-
sociation, further exploration with high-coverage sequencing to prior-
itise potentially causal variants was necessary [48]. We performed an
extreme-truncate selection of the BARCOS cohort as a discovery phase,
prior to genotyping the selected variants in the complete cohort. The
efficiency of extreme-truncate selection approach for quantitative trait
association studies (e.g. BMD) has been widely proven, as well as its
utility for detecting rare variants [6,49,50]. The 2 SNPs found asso-
ciated in the BARCOS cohort in this study (rs4342521 and rs10085588)
were previously found associated with LS-BMD, FN-BMD and
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Fig. 4. 4Cseq using UPE as viewpoint in human fetal osteoblast (hFOB) 1.19, mesenchymal stem cells (MSC) and Saos-2 cell line. H2A.Z, H3K4mel, H3K27ac and
CTCF ChIP-seq and DNase HS from osteoblasts (ENCODE data), and vertebrate conservation are shown. Experimentally validated active enhancers from VISTA
Enhancer Browser [42] are shown in green. In red, topologically associated domain (TAD).

osteoporotic fracture in other GWA studies [4,9]. In contrast, we failed
to find association in the rest of the variants interrogated, although
other SNPs in this region have been found associated with LS-BMD, FN-
BMD, and osteoporotic fracture [6,8,16], as well as with heel BMD
[10,12] and total body BMD [11]. Taken together, these association
data are consistent with the existence of a large LD block encompassing
all the associated variants and the comparatively small sample size of
the BARCOS cohort may preclude the detection of some of them.

To further delineate the role of the three associated variants (the
two mentioned above and the GWAS SNP in Estrada et al. [7]), we
performed cis-eQTL analyses in human primary osteoblasts and we
detected a nominal association between the minor alleles of the three
SNPs and decreased SLC25A13 gene expression. We also detected a
trend for association with decreased expression of SHFM1. These results
reflect the LD among the SNPs. We failed to find an association between
SNP rs10429035 and transcription levels of SHFM1, while in GTEx this
SNP is described as eQTL for this gene in tibial artery. It could be that it
is not eQTL in primary osteoblasts. Alternatively, our limited power
(n = 45) and the fact that primary cells are not as homogeneous as cell
lines may have prevented us to detect it in primary osteoblasts [51].

Out of the 3 associated SNPs, only one lies within a regulatory re-
gion (UPE, see Fig. 1), while the others map to sequences lacking reg-
ulatory marks. We set out to experimentally study the UPE, which is a
conserved region located approximately 4 kb upstream of C7ORF76
TSS, with enhancer marks such as H3K27ac and H3K4me1l, as well as a
DNase hypersensitivity signal. According to ENCODE ChIP-seq data,
many transcription factors bind to UPE, among which RAD21, MYC,
POLR2A, and the P300 histone acetyltransferase, known to be involved
in transcription regulation, initiation and elongation and in enhancer
activity [52,53]. Our results, including luciferase assays, RT-PCR and
4C analyses, indicate that, indeed, the UPE acts as a regulatory element,
able to activate transcription of a reporter gene. It is well known that
many such elements can be transcribed [54-56], producing non-coding
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RNAs (or eRNAs for enhancer-RNAs) and, in this sense, we found UPE
to be transcribed in Saos-2 cells.

Our results also provide clear evidence that SNP rs1 0085588, within
the UPE, is itself functional, since we showed that the minor allele (A)
abolished luciferase activation, which was otherwise stimulated by the
major allele G. We have performed an in silico analysis and found
predictions that the histone deacetylase HDAC2 may bind the A allele
more probably than the G (p-value: 5.30016e-06), a possible explana-
tion for the reduced expression observed.

The 4C-seq experiments showed that, in the cells included in this
study, the UPE interacted with several sites within the TAD where it
belongs (see Fig. 4), and nowhere else in the genome. This suggests that
the biological function of the GWAS signal should be limited to genes
within this TAD, further supported by strong CTCF signals limiting the
region. However, interactions with other genomic regions may exist in
different tissues or differentiation stages, not tested by us. In this sense
and interestingly, a computationally-based characterization of osteo-
porosis associated SNPs identified an interaction between the GWAS
SNP 154729260 in the C7ORF76 region and the Xq12 genomic region
[571, which contains the androgen receptor gene, known to be involved
in bone metabolism [58].

Within the TAD, the UPE enhancer interacted with many other
tissue-specific enhancers previously identified [42,43], suggesting that
they may act cooperatively or redundantly in regulating gene expres-
sion. Several of these enhancers have been shown to affect DLX5/6 gene
expression [43]. However, we have not detected strong interaction
signals with the DLX5/6 region and, in our eQTL study in primary os-
teoblasts, we did not observe any effect of the associated SNPs on
DLX5/6 gene expression. Likewise, we detected modest interactions
between the UPE and the SHFM1 and the SLC25A13 coding regions, and
negligible signals with that of DYNCIII. In contrast, we did detect a
marked interaction with a IncRNA in the close vicinity of C7ORF76,
namely LOC100506136. Interestingly, a recent study found a SNP
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within LOCI00506136 to be one of the 2 out of approximately 55,000
genome-wide SNPs in IncRNAs associated with total hip BMD [59].
Another recent publication found a LS-BMD associated signal within
LOC100506136 in a Mexican-Mestizo cohort [60]. These studies sug-
gest that this IncRNA could be involved in osteoporosis pathogenesis.
This work has some limitations including the sample size of the
BARCOS cohort, and of the primary osteoblasts used for the eQTL
analyses, both of which preclude the detection of variants with smaller
effects. In addition, C7ORF76 was not tested in other bone cells such as
osteoclasts. However, these results provide interesting data to under-
stand the functionality of this unexplored region, one of the most fre-
quently found associated with osteoporosis in GWA studies. They also
highlight the importance of regulatory variants in bone phenotypes and
the usefulness of integrative approaches to uncover their functionality.

5. Conclusions

In summary, this study is the first one to analyse in depth the
functionality of the CZORF76 genomic region, associated with BMD and
osteoporotic fracture in many GWAS. We provide functional regulatory
evidence for rs10085588, which may be a causal SNP within this
7q21.3 GWAS signal for osteoporosis.
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Supplementary Information:

Supplementary Table 1. Coordinates and primers for the amplification of the C7ORF76
genomic region by LR-PCR

lr:nr:gi Geno?éicRgcr)g%inates Primer Fwd Primer Rev S?ngd(%;t)
1 7:96,136,619-96,132,152 TTGACCTGAATACTGCCGC GCCAAATGAATGTGGACAAG 4468
2 7:96,132,302-96,127,711 CACTGCTGGGTCTTAGATTGG GCATGTGTGCATGATGTTGG 4592
3 7:96,127,863-96,123,028 TGCAAGTTTCCCTCAATTCATC TCCCTCTCATCTGTGCAACAC 4836
4 7:96,123,158-96,118,311 TTAGGTGAGTAGAAAGCAATGGC CTGGGTGGCTATAGACCTGAATAG 4848
5 7:96,118,477-96,114,227 GCGGCACTGTGAGAGTACATC CCTGGTGGAAATGGGAACA 4251
6 7:96,114,348-96,110,480 CTGACACTTTGGCAGCACC GGGATTGTTGAAGCTGACCC 3869
7 7:96,110,702-96,108,695 CAACCATCACAACCCATAGAC CCTGAGCAAGTCTCGTAAGTG 2008

Supplementary Table 2. Primers used for genotyping the selected SNPs

SNP Primer Fwd Primer Rev
rs4727338 CACATACACTTGACTGTGTTTGGT GGATTCTGGCTTTGACATCC

rs10429035 TCTTTTGTTGTTTGAGGAAAGG TCCTGTACGGAACCCTGACT
rs12674052 GGAAACCCTGTGTTATTTCAGC GGTTGCCCAAGTCACCAC

rs4342421  TTAAATGTGACCTTTGTACTCAACA AAATGTCAGAGGATGGTCCAG
rs10085588 TGTTCCAGATGCAAGATGATT AGTGGAGATTCAGGGGGAAT

Supplementary Table 3. Primers used for qPCR assays

Gene Primer Fwd Primer Rev

DLX5 CTACAACCGCGTCCCAAG GCCATTCACCATTCTCACCT

DLX6 ATATATTAGAGAAGAGCGAGGGAGAG CCCTCTGCAGCCACCTTA
AS-DLX6 TGATTCCTGTATGTATGGCAGCTA GGTTTTCCTTTGTCTCAGCAAT

SLC25A13 AGATGGTTCGGTCCCACTT GCAAACGGATCTTGACGATT
SHFM1 GACGACGAGTTTGAAGAGTTCC CCCAATTATCCTCCCAGACA
HMBS TGCCCTGGAGAAGAATGAAG CAGCATCATGAGGGTTTTCC
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Supplementary Table 4. Minor allele frequency (MAF) from 1000 Genomes project: total
population (ALL), European population (EUR) and Iberian population in Spain (IBS) and MAF of
complete BARCOS cohort.

SNP Minor — A1|  EUR  IBS BARCOS
allele
rs115076023 A 0.011 0000 0000  0.000
rs10085588 A 0223 0359 0360  0.392
14342521 T 0221 0360 0360 0.396
(7794042 A 0.009 0014 0005 0.031
4613908 A 0.386 0.363 0332 0.321
rs10238953 C 0.116  0.156 0220  0.167
rs190892252 G 0.004 0.008 0009 0.012
rs4727338 C 0221 0360 0360  0.390
rs117923361 A 0.016 0.040 0014 0.035
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Article 2

Title: A DLX5/6 enhancer in the C7TORF76 locus: Characterization of its role in

development and in bone

Summary:

Enhancers play important roles in precise spatiotemporal regulation of gene expression,
essential for defining cell identity during development. DLX5/6 are two transcriptional
regulators involved in the development of branchial arches, inner ear and skeleton,
among others, that have been related to split hand and foot malformation 1. Several
tissue-specific enhancers thought to regulate DLX5/6 have been described. The aim of
this work was to functionally characterise one such enhancer (eDIx#18), present within
C70RF76 (a locus repeatedly associated with bone mineral density and osteoporotic
fracture in genome-wide associated studies), both in embryonic development and in a
bone context. eDIx#18 displayed transactivation capacity in an osteoblastic cell line when
tested using a reporter gene assay, and a SNP within eDIx#18 (rs10238953) was
nominally associated with transcript levels of DLX6 in human primary osteoblasts. In
addition, 4C-seq in osteoblastic cell lines demonstrated interactions between eDIx#18
and the DLX5 promoter, as well as with different DLX5/6 tissue-specific enhancers
described in the nearby region. Finally, a homozygous deletion of eDIx#18 caused a
reduced survival in mouse embryos and several defects including decreased DIx5
expression in otic vesicle and branchial arches in E11.5 embryos, and a slightly smaller
dentary, a deficient ossification of supraoccipital bone, vertebral bodies, sternum and
pelvic bones, and minor affectations in the ribs in E17.5 embryos, while no limb
malformations were observed. These phenotypes partly recapitulate the Dix5”
phenotype.

In summary, this is the first study to analyse in depth the functionality of the eDIx#18
enhancer. We provide functional evidence in vivo that this enhancer may regulate
DLX5/6 in different body locations during development and it may have an effect on

osteogenesis.
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Abstract

Enhancers play important roles in precise spatiotemporal regulation of gene expression,
essential for defining cell identity during development. DLX5/6 are two transcriptional
regulators involved in the development of branchial arches, inner ear and skeleton,
among others, that have been related to split hand and foot malformation 1. Several

tissue-specific enhancers thought to regulate DLX5/6 have been described. The aim of
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this work was to functionally characterise one such enhancer (eDIx#18), present within
C70RF76 (a locus repeatedly associated with bone mineral density and osteoporotic
fracture in genome-wide associated studies), both in embryonic development and in a
bone context. eDIx#18 displayed transactivation capacity in an osteoblastic cell line when
tested using a reporter gene assay, and a SNP within eDIx#18 (rs10238953) was
nominally associated with transcript levels of DLX6 in human primary osteoblasts. In
addition, 4C-seq in osteoblastic cell lines demonstrated interactions between eDIx#18
and the DLX5 promoter, as well as with different DLX5/6 tissue-specific enhancers
described in the nearby region. Finally, a homozygous deletion of eDIx#18 caused a
reduced survival in mouse embryos and several defects including decreased DIx5
expression in otic vesicle and branchial arches in E11.5 embryos, and a slightly smaller
dentary, a deficient ossification of supraoccipital bone, vertebral bodies, sternum and
pelvic bones, and minor affectations in the ribs in E17.5 embryos, while no limb
malformations were observed. These phenotypes partly recapitulate the Dix5”
phenotype.

In summary, this is the first study to analyse in depth the functionality of the eDIx#18
enhancer. We provide functional evidence in vivo that this enhancer may regulate
DLX5/6 in different body locations during development and it may have an effect on

osteogenesis.

Introduction

Projects aiming at deciphering the functional genome, such as ENCODE"and Roadmap
Epigenomics?, have revealed a high abundance of cis-regulatory elements (i.e.
enhancers) in the genome that play a central role in determining precise spatiotemporal
gene expression patterns, essential for defining cell identity during development35. In
addition, several human diseases caused by enhancer disruptions and mutations, as
well as by disturbing enhancer-promoter interactions due to chromosomic

rearrangements, have been identified”°.

The distal-less homeobox genes DLX5 and DLX6 encode two paralogous transcriptional
regulators important for skeletal, branchial arches, forebrain, olfactory placode and inner
ear development'®'5. Several evolutionary conserved cis-acting enhancers thought to
regulate the DLX5/6 locus in a tissue-specific manner have been described in the 7921.3
genomic region (Figure 1A)'". Disruptions of these enhancers are thought to cause
isolated split-hand/-foot malformation 1 (SHFM1; OMIM #183600) or syndromic SHFM1
(OMIM #220600), in combination with the characteristic ectrodactyly, hearing loss (HL),
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craniofacial anomalies (CF), and/or intellectual disability (ID)'"-'°. Rasmussen et al."’,
proposed three phenotypic 7921.3 subregions, and correlated them with the
corresponding tissue-specific DLX5/6 enhancers (Figure 1B). In addition, DLX5 and
DLX6 intragenic mutations have been found in a few SHFM1 patients, of which only one

presented hearing loss?*-22,

Otherwise, the 7921.3 genomic region has been repeatedly found associated with bone
mineral density (BMD) and osteoporotic fracture in genome-wide association studies
(GWASs) and meta-analyses?*-2°. In particular, SNPs within the C7ORF76 locus have
been found among the genome-wide top-associated signals. This locus has been studied
in detail in a previous work by us?®, highlighting the importance of non-coding regulatory
regions. One of the previously described tissue-specific DLX5/6 enhancers (eDIx#18)
lies within intron 2 of C7ORF76 (Figure 1C). eDIx#18 was found to be active in branchial
arches of zebrafish embryos (72h post-fertilization, hfp) and mouse embryos (embryonic
day E11.5) in transgenic enhancer assays'® and, interestingly, it is marked as an

enhancer active in osteoblasts by ENCODE".

In this study, we aimed at characterising the eDIx#18 enhancer present in the C7ORF76
locus, both in embryonic development and in a bone context. Through a combination of
different experimental approaches, we studied its transcription activation capacity and

long-range interactions, and we showed the effects of its deletion in mouse embryos.

Materials and methods

In silico functional annotation

Epigenetic regulatory features, such as DNase | hypersensitivity, histone modifications,
conservation and miRNAs binding, were annotated for the region of interest using data
from ENCODE", International Human Epigenome Consortium?’, The Roadmap
Epigenomics Project, FANTOM5%, miRTarBase (http:/mirtarbase.mbc.nctu.edu.tw),
MiRASNP (http://mirdsnp.ccr.buffalo.edu), MirSNP
(http://bioinfo.bjmu.edu.cn/mirsnp/search), RegulomeDB (http://www.regulomedb.org),
HaploReg https://pubs.broadinstitute.org/mammals/haploreg), BioMart, and Ensembl

and UCSC Genome Browser.
Cell culture

The human osteosarcoma cell line Saos-2 was used for luciferase reporter assays and

4C-seq assays. It was obtained from the American Type Culture Collection (ATCC® HTB-
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85™) and grown in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich),
supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Life Technologies) and 1%
penicillin/streptomycin (Gibco, Life Technologies), at 37°C and 5% of CO,. Human fetal
osteoblasts (hFOB) 1.19 cells were used for 4C-seq assays. They were obtained from
ATCC (ATCC® CRL-11372™) and grown in DMEM:F12 (1:1) medium without phenol red
(Gibco, Life Technologies), supplemented with 10% FBS and 0.3 mg/ml Geneticin
(Gibco, Life Technologies), at 34°C and 5% of CO.. Human medulla-derived
mesenchymal stem cells (MSCs) were used for 4C-seq assays. They were kindly
provided by Dr. José Manuel Quesada Gomez, from Instituto Maimoénides de
Investigacion Biomédica, Hospital Universitario Reina Sofia, Cérdoba, Spain. They were
grown in alpha-MEM medium (Gibco, Life Technologies), supplemented with 10% FBS,
1% penicillin/streptomycin and 1x Glutamax (Gibco, Life Technologies), at 37°C and 5%
of CO2. Human primary osteoblasts (hOB) were used for eQTL assays. They were
obtained from trabecular bone of patients who underwent knee replacement due to
osteoarthritis. Bony tissue was cut up into small pieces, washed in phosphate buffered
saline (PBS; Gibco, Life technologies) to remove non-adherent cells, and placed on a
140 mm culture plate. Samples were cultured in DMEM supplemented with 10% FBS,
100 U/ml penicillin/streptomycin, 0.4% fungizone (Gibco, Life Technologies) and 100
pg/ml ascorbic acid (Sigma-Aldrich). DNA and RNA extractions were performed at
maximum passage 2. HeLa and HEK293 cell lines were obtained from ATCC (ATCC®
CCL-2™and ATCC® CRL-1573™, respectively) and grown in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin at 37°C and 5% CO..

In vitro luciferase assay

Different constructs of the enhancer eDIx#18 (box in Figure 2A and Supplementary Table
1) were cloned upstream of the SV40 promoter of the pGL3-Promoter vector (Promega).
DNA was PCR-amplified from human genomic DNA and cloned using Xhol and Kpnl

restriction enzymes.

Saos-2 cells were seeded at a density of 3.0 x 10° cells per well in a 6-well plate. After
24h, they were transfected with 2.2 pg of total DNA per well using FUGENE HD reagent,
according to manufacturer instructions (Promega). Two plasmids were cotransfected in
each well: the pGL3-Promoter empty or with the corresponding construct cloned
upstream of the SV40 promoter and the pRL-TK plasmid, containing the Renilla
Luciferase gene, in a proportion of 1/10. Forty-eight hours after transfection, cells were
rinsed with PBS and lysed. The luciferase activity was measured using a Glomax Multi+

luminometer (Promega), with the Dual-Luciferase® Reporter Assay System reagents
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(Promega). Each experiment was performed in two biological replicates and was

repeated 5 times.

Human primary osteoblasts DNA extraction and sequencing

DNA was extracted from cultured hOBs using the Wizard® Genomic DNA Purification
Kit (Promega), according to manufacturer’s instructions. The concentration of the purified
DNA was analysed in a spectrophotometer (Nanodrop). Genotypes for rs4613908 and
rs10238953 were assessed by Sanger sequencing using the BigDye® Terminator v3.1
(Applied Biosystems) in the genomic services of Universitat de Barcelona. Primers
(Invitrogen, Thermo Fisher) were designed using the Primer3 Input (v. 0.4.0) and the
UCSC Genome Browser: for rs4613908: Fwd 5-CCTACACACATACACCACCT-3'and
Rev 5-GTACAATGAAATGACAGCAAAC-3; and for rs10238953: Fwd 5'-
CTGTCTGTCAACCAAGCCAG-3’ and Rev 5-TGAAGGTCTTGTTTGAGAGGC-3'.

Human primary osteoblasts RNA extraction, retrotranscription and gPCR

RNA was extracted from cultured hOBs using the High Pure RNA Isolation kit (Roche),
according to manufacturer’s instructions. RNA was quantified using a spectrophotometer
(Nanodrop) and retrotranscribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fisher), according to the specifications of the
manufacturer. gqPCR was performed using UPL Probes (Roche) on a LightCycler 480
Instrument Il (Roche). The HMBS gene was used as an internal control, and fold changes
were calculated by relative quantification, using the 2" derivative method. Primers used

are summarised in Supplementary Table 2.
4C-se

4C-seq libraries were generated from microdissected E14.5 mouse developing humeri
as described previously?®. 4-bp cutters were used as primary (Csp6l) and secondary
(Dpnll) restriction enzymes. For each viewpoint (eDIx#18 and DIx5 promoter), a total of
1.6 ug of library was amplified by PCR (primer sequences in Supplementary Table 3).
Samples were sequenced with Illumina Hi-Seq technology according to standard
protocols. For 4C-seq data analysis, reads were pre-processed and mapped to a
corresponding reference (mm9) using BWA-MEM* and coverage was normalised as
reported previously®. The viewpoint and adjacent fragments 1.5 kb up- and downstream
were removed, and a window of two fragments was chosen to normalise the data per
million mapped reads (RPM). 4C-seq experiments were carried out in two biological
replicates. 4C-seq assays from human MSCs, and Saos-2 and hFOB 1.19 cell lines were

performed similarly at the Functional Genomics Service of the Centro Andaluz de
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Biologia del Desarrollo (Sevilla, Spain). Primer sequences are listed in Supplementary
Table 3.

Generation of enhancer knockout (KO) mice by CRISPR-Cas9

Two sgRNAs were designed flanking the region to delete, using the web designing tool

http://crispr.mit.edu. To minimise off-target effects, guide sequences were chosen to

have a quality score above 85%. Target region and guide sequences are listed in
Supplementary Table 4. A pair of complementary oligos for every guide was annealed,
phosphorylated and cloned into the Bbsl site of pX459 CRISPR/Cas vector (Addgene).
G4 ES cells (129/SvxC57BL/6 F1 hybrid) were cultured on CD1 MEF feeder layers under
standard ES cell culture conditions and were transfected with 8 ug of each CRIPSR
construct using FUGENE HD reagent (Promega). After 12 hours, cells were re-plated on
DR4 puro-resistant feeders and, after 1 day, they were selected with puromycin (2 pg
/ml) for 2 days. Clones were then allowed to recover for 4-6 days, isolated, expanded
and genotyped by PCR analysis (Supplementary Table 3) and Sanger sequencing. Mice
were generated by tetraploid complementation3'. Four pseudopregnant mothers per
condition (KO and wild-type; WT) were used for obtaining embryos as well as adult mice.
Embryos were collected at embryonic days E11.5 and E17.5. and were genotyped by
Sanger sequencing. All animal procedures were in accordance with institutional, state

and government regulations (LAGeSo Berlin).

Whole-mount in situ hybridization

ISH for DIx5 was carried out on WT and KO E11.5 embryos (n=3 for each group), as
previously described®. Briefly, the DIG RNA probes were synthesised from a plasmid®?
kindly provided by Dr. Birnbaum (Ben-Gurion University of the Negeyv, Israel), using the
T7 and T3 polymerases, for the antisense and sense probes, respectively. The probes
were precipitated with EtOH with LiCl 100 mM. Embryos were collected and fixed
overnight in PFA 4% at 4°C. Then, they were permeabilised with Proteinase K (10 pg/ml)
in PBST for 30 min at RT and post-fixed for 20 min in 0.1% glutaraldehyde/4% PFA in
PBS at RT. Embryos were incubated in hybridization buffer for 6h at 70 °C and in
hybridization buffer plus riboprobe (800 ng/ml) overnight at 70°C. Afterwards, embryos
were washed and blocked with 10% sheep serum and 1% BSA in TBST for 3h at RT and
they were incubated with anti-DIG antibody tagged with alkaline phosphatase (1:3500)
in blocking solution overnight at 4°C. The development was carried out by incubating the
embryos in the chromogenic solution (0.45 pl/ml NBT and 3.5 ul/ml BCIP in NTMT) at
RT protected from the light. Finally, embryos were re-fixed in 4% PFA for 30 min and
stored at 4°C in 75% glycerol.
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Skeletal preparations

Mouse embryonic skeletons at E17.5 (WT: n=6; mutant: n=4) were stained with Alcian
blue and Alizarin red, according to standard protocols®*. Briefly, embryos were fixed for
12h with EtOH at RT, after removing the viscera and skin. Then, they were incubated in
Alcian blue (150 mg/l in 80% EtOH, 20% acetic acid) for 20h at RT and post-fixed
overnight with EtOH. Afterwards, embryos were incubated in 2% KOH for 6h at RT and
in Alizarin red S (50 mg/l in 2% KOH) for 3h at RT. Finally, they were incubated in 2%
KO at RT until the soft tissues were digested and the skeletal elements visible. Embryos
were preserved in 25% glycerol. For comparison of limb skeletons from enhancer KO
and WT embryos, general parameters such as bone number, shape, length, position or
mineralization were assessed. Measurements of the ossified portions of humerus and
femur (stylopodial elements) were normalised by those of the corresponding ulna and

tibia (related zeugopodial elements), respectively.

Statistical methods

Relative luciferase units (RLU, i.e. the ratio of the firefly luciferase activity over the Renilla
luciferase activity) were calculated for each individual measurement and a one-way
blocked ANOVA was performed. A TukeyHSD test was performed as a post-hoc test for
multiple comparisons. The analyses were performed using R software version 3.4.1 and
p-values<0.05 were considered significant. All the data was ascertained for normality,

homoscedasticity and atypical data points.

Hardy-Weinberg equilibrium (HWE) was calculated using the chi-square test. Linear
regression was used to assess the association between gene expression levels and
genotypes in primary osteoblasts (cis-eQTL). Log-additive, dominant and recessive
models were tested for each gene analysis. Correlation analyses were performed using
R software version 3.4.1 with the SNPassoc package. All analyses were two-tailed and
p-values<0.05 were considered significant. Correction for multiple testing was performed
using the Bonferroni’'s method for the number of SNPs tested. A two-tailed unpaired
Student t-test was used for assessing the differences in bone length between WT and

mutant KO embryos.

Results

Functional annotation of the eDIx#18 enhancer
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We explored the functional annotation of eDIx#18 enhancer (hs2311 element from
VISTA Enhancer Browser®; chr7:96,124,919-96,125,415 GRCh37) using publicly
available in silico data from different cell types. eDIx#18 is a highly conserved 497 bp-
element located in intron 2 of C7ORF76 at 7q21.3, enriched for typical enhancer marks,
including H3K27ac, H3K4me1, and H2A.Z, as well as DNase hypersensitivity, in several
cell types, among which osteoblasts, medulla-derived mesenchymal stem cells, human

embryonic stem cells, hepatocytes, brain germinal matrix, and macrophages (Figure1C).

Evaluation of transactivation capability of the eDIx#18 enhancer in vitro

eDIx#18 was shown to have gene enhancer activity assessed by reporter gene
expression in transgenic zebrafish and mice at embryonic stages (72 hpf and E11.5,
respectively)'®. Specifically, Birnbaum et al. showed that eDIx#18 drove gene expression
in the branchial arches (in mice, mandibular branchial arch). To assess whether eDIx#18
was able to activate transcription in an osteoblastic context, we performed luciferase
reporter assays in Saos-2 cells. We tested three different constructs of the enhancer
(box in Figure 2A, Supplementary Table 1) cloned upstream of the SV40 promoter, in
the pGL3-Promoter vector: the entire eDIx#18 enhancer, a larger fragment including 270
additional bp at each side (eDIx#18ext) and a smaller central fragment (292 bp),
corresponding to the enhancer marks in some cell types (eDIx#18core). As shown in
Figure 2A, the eDIx#18 construct showed a decreased luciferase expression compared
to the empty vector (FC: 0.45, p<0.001). However, the eDIx#18ext construct showed no
significant differences with the empty vector, while the eDIx#18core construct showed a
significant increase of luciferase activity (FC: 2.6, p=0.0059), suggesting that the
eDIx#18 might contain some repressor elements in its 5’ and/or 3’ ends and an activator

region in its core that are functional, at least in osteoblastic cells.

We also evaluated if the eDIx#18 enhancer was transcribed (as occurs in many active
enhancers) by performing RT-PCR in ¢cDNA of human primary osteoblasts, Saos-2,
HelLa and HEK293 cells. We were able to amplify the eDIx#18 sequence from cDNA of
Saos-2, HeLa and HEK293 but failed to amplify it from different human primary
osteoblast cDNA samples (Figure 2B). We also interrogated the FANTOMS Cap Analysis
of Gene Expression (CAGE) dataset?® for evidence of eDIx#18 transcription and we
could observe a signal for transcription start site (TSS) expression in several cell types,
such as small cell lung carcinoma, occipital cortex, cervix carcinoma, Saos-2 cells,

gastrointestinal carcinoma, mesenchymal stem cells, and Merkel cell carcinoma.

cis-eQTL analyses of SNPs within the eDIx#18 enhancer
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Next, we evaluated whether the two SNPs present in the eDIx#18 enhancer (rs10238953
and rs4613908; Figure 1C) could be cis-eQTLs in human primary osteoblasts, a cell type
not available in GTEX. Interestingly, rs10238953 showed a nominal association with
DLX6 gene expression (p=0.04667), where the minor allele (C) was associated with a
decreased gene expression. On the other hand, neither rs10238953 nor rs4613908 were
found to be eQTLs for DLX5, DLX6-AS1, SLC25A13 or SHFM1, although a tendency
was observed for SHFM1 and SLC25A13 in the case of rs4613908 and for SHFM1 in
the case of rs10238953 (Table 1). Notably, we failed to detect C7ORF76 expression in
this cell type.

Long-range chromatin interactions between the eDIx#18 enhancer and DLX5 promoter

We then wanted to analyse the 3D chromatin interactions of eDIx#18 by 4C-seq in
different human cell types (MSCs, hFOB 1.19 and Saos-2) and in mouse developing
humeri (embryonic day E14.5). We obtained similar interaction profiles in the 4 samples,
consistent with the conserved nature of this enhancer. We detected interaction between
eDIx#18 and the region spanning 750 kb on each side of it (Figure 3), and no other
interactions were detected elsewhere in the genome. These results showed a clear
topologically associated domain (TAD) within which the interactions among different
regions would take place. Consistently, publicly available Hi-C data from many different
human cell types (obtained from the 3D Genome Browser®®3’) showed a TAD in this
genomic region spanning from approximately 50 kb upstream of DYNC1/1 TSS to
approximately 25 kb upstream of ACN9 TSS (Figure 3A). As expected, since eDIx#18
has been described as a DLX5/6 regulatory element'®, we found interaction between the
enhancer and the DLX5/6 region, although it was not evident in hFOB 1.19 cells. Notably,
we detected interaction with many of the active enhancers described in the VISTA
Browser'®3%. We also found interaction between eDIx#18 and SLC25A13 and between
eDIx#18 and SHFM1, although not to the same extent in the different samples. Besides,
an interaction between eDIx#18 and a regulatory region upstream of the C7ORF76 TSS

that we described recently?® was also observed in the three human cell lines.

Then, we investigated the chromatin interactions from the DLX5 promoter in the same
samples: human Saos-2, hFOB 1.19 and MSCs, and mouse developing humeri (E14.5).
Again, the interaction profiles were similar in the different cell types and we could only
detect interactions within the TAD described above. As expected, we found higher
interaction levels with the tissue-specific enhancers described in Birnbaum et al.'®, and
in the VISTA Enhancer Browser®, among which eDIx#18, further confirming that these

enhancers regulate DLX5/6 gene expression. In addition, we detected a strong
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interaction with the SHFM1 gene body, especially in the human cell types, and with the
human long non-coding RNA gene LOC100506136.

Generation and phenotype of a targeted eDIx#18 knockout mutation

In order to elucidate the biological role of the eDIx#18 enhancer in vivo, we used
CRISPR-Cas9 to homozygously delete a 12-kb fragment containing eDIx#18 in mouse
ES cells, and then generated embryos by chimeric tetraploid aggregation. We selected
the E11.5 embryonic stage to assess DIx5 expression by whole-mount RNA in situ
hybridization. The E11.5 KO embryos showed normal morphology. DIx5 expression in
WT embryos, was observed in the branchial arches, limb bud, otic vesicle, olfactory
placode, genital tubercle and forebrain, as previously reported'?'®. In contrast, in the
homozygous KO embryos, expression in the otic vesicle was much reduced and

expression in branchial arches was slightly reduced (Figure 4).

At E17.5 stage, selected to assess the skeletal morphology, we obtained four KO and
six WT embryos all of similar body size. Of note, KO embryos did not have a good aspect,
with two of them having a whitish colour and showing exencephaly, one of which
presenting a hole at the interparietal zone (Figure 5A). We analysed the skeleton of the
mutant embryos and observed that all KO embryos had deficient ossification of the
supraoccipital bone (Figure 5B) and the dentary was slightly smaller with a reduced
condylar process (Figure 5C). Inner ears of KO embryos seemed to present a normal
morphology. No other craniofacial malformation was observed. Moreover, all the KO
embryos presented several axial skeletal defects. An incomplete fusion and
development of sternum was observed in all of them (Figure 6A), as well as curved
irregular ribs and ectopic cartilage fusing ribs, the latter in 2/4 embryos (Figure 6A-B). In
addition, ossification centres of vertebral bodies appeared much reduced (Figure 6C).
Regarding the appendicular skeleton, no limb malformations were observed and there
were not significant differences in long bone ossification. However, pelvic girdle bones

were ossified to a lesser extent in the KO embryos compared to WT (Figure 6D).

Finally, no KO offspring was born (while WT offspring did), suggesting that the deletion

might decrease embryonic viability.

Discussion

Many developmental genes are regulated by a landscape of cis-acting enhancers®. Such

is the case of DLX5/6, in the 7q21.3 genomic region, usually found associated with BMD
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and osteoporotic fracture in GWAS'%23-25, The specific function of individual enhancers
is not well-known. In this line, and since DLX5 plays a central role in
osteoblastogenesis' 38, we studied the eDIx#18 enhancer (chr7:96,124,919-96,125,415;
GRCh37), located within intron 2 of the C7ORF76 gene and previously described as a
branchial arches enhancer by reporter gene assay in zebrafish and mouse'®35. We
specially analysed the bone-related function of this enhancer by assessing its
transcriptional activation capacity in an osteoblastic cell line, describing its interactions
in different bone-related cell types and evaluating the skeletal affectations of a
homozygous enhancer deletion. We found that eDIx#18 was able to activate gene
transcription in Saos-2 cells and showed that SNP rs10238953 within eDIx#18 was
nominally associated with DLX6 gene expression. We observed that in bone lineage
cells eDIx#18 interacted with the DLX5 promoter and with the different DLX5/6 tissue-
specific enhancers described in the nearby region. Finally, we showed that the deletion
of this enhancer caused several ossification defects and a reduced survival in mouse

embryos.

DLX5 and DLX6 genes are organized in a convergently transcribed bigene cluster, show
similar patterns of expression and display a partly redundant function'%*+#1, They are
involved in many developmental processes, such as sensory organ morphogenesis''°,
neurogenesis and forebrain development*?43, branchial arches'!, craniofacial and limb
development'?#, including chondrocyte differentiation*® and osteoblastogenesis'™ 8,
The regulation of developmental genes such as DLX5/6 is tightly controlled in order to
achieve the spatiotemporally precise and robust gene expression essential for
establishing cell fate, lineage commitment, complex body plan and organogenesis*. This
highly regulated gene expression is orchestrated by multiple enhancers that lie in
regulatory landscapes that can span over hundreds of kilobases*”*%. In the 7g21.3
region, there are 11 tissue-specific enhancers along ~1 Mb that presumably regulate
DLX5/6 expression, among which eDIx#18, that were identified by comparative genome
analysis as non-coding evolutionary highly conserved regions, with a 70% of identity
between human and frog, and tested for in vivo enhancer activity by reporter gene
assays in zebrafish and mouse'®%®. Indeed, eDIx#18 is enriched for typical enhancer
marks (i.e. open chromatin, H3K4me1, H3K27ac, etc.) in several cell types, including
osteoblasts. In addition, according to ENCODE ChIP-seq data, the EP300 histone
acetyltransferase, known to function as a coactivator in active enhancers*®, and RUNX3
bind to eDIx#18. Interestingly, RUNX3 is involved in chondrocyte maturation as well as

osteoblast-linage differentiation of MSCs%%5",
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Luciferase assays showed that the core of the enhancer is able to activate transcription
of a reporter gene. However, the full-length enhancer had a repressor activity in Saos-2
cells, which was neutralised when we tested an extended version of the enhancer,
suggesting that there might be a repressor element out of the core of the enhancer that
is functional at least in this cell type or that reductionist approaches such as luciferase
reporter assays do not capture the complexity of the native genomic environment,
especially important in cases where there might be an interplay among different
regulatory elements in the region. A recent study in the multipartite enhancer cluster
regulating /hh, demonstrated the importance of analysing the enhancers in their native
context®2. Furthermore, eDIx#18 was found to be transcribed in Saos-2 cells, in
accordance with the fact that many enhancers can be transcribed, producing non-coding
RNA molecules, known as enhancer-RNAs (eRNAs), and that enhancer transcription is

an indicator of enhancer activity®3-¢.

Enhancers need to contact somehow the promoters they regulate. Our 4C-seq
experiments showed that, in the cells tested in this study, eDIx#18 interacted with several
sites within the TAD where it belongs, including the DLX5/6 region and many of the other
tissue-specific DLX5/6 enhancers described by Birnbaum et al’® and in the VISTA
Enhancer Browser®*. No other interaction elsewhere in the genome was found.
Moreover, the DLX5 promoter was found to interact with eDIx#18, further supporting that
eDIx#18 regulates DLX5 in bone cell types. However, the cis-eQTL analyses in human
primary osteoblasts for 2 SNPs lying within the enhancer, showed a nominal association
between rs10238953 and DLX6 gene expression, suggesting that the enhancer might
also regulate DLX6 gene expression. The DLX5 promoter also interacted with the other
enhancers in this region, as previously shown for a few of them in limb embryonic
tissue® 8. These results might be indicative of some kind of enhancer crosstalk, which
would entail a complex regulation of the 3D structure of this genomic region. Little is
known about the contribution of each individual enhancer to the regulation of DLX5/6
expression. They might have distinct specific spatiotemporal activities or might overlap,
displaying functional redundancy, presenting additive and/or synergistic effects and,
thus, conferring robustness, flexibility, diversity, precision and complexity to the gene
expression repertoire®5259€0_ |nterestingly, eDIx#18 also showed interaction with the
neighbouring SLC25A13 and SHFM1 gene bodies. These results, together with the trend
for association between the SNP rs10238953 and SHFM1 gene expression and between
rs4613908 and both SLC25A13 and SHFM1 gene expression, raise the possibility that
different genes included in the same TAD are co-regulated by the same group of long-

range enhancers, as previously reported by Nora et al.®’ and Gémez-Marin et alf?. In
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addition, Slc25a13, Shfm1, DIx5 and DIx6 are similarly expressed in branchial arches,

limb bud and otic vesicle of E11.5 mouse embryos'®.

To analyse the function of eDIx#18, we generated knock-out mice with a homozygous
12 kb deletion containing it. Knock-out E11.5 embryos did not have any overt
abnormality, 50% of E17.5 embryos presented exencephaly, and no offspring was born,
suggesting that the deletion might decrease embryonic viability. Consistently, previous
studies showed that DIx5”, DIx6” and DIx5/6”" mice presented perinatal lethality, with a
variable percentage of exencephaly or anencephaly'"'23°. When we analysed DIx5 in
situ gene expression in E11.5 embryos, we detected a considerable reduction in otic
placodes and a slight reduction in branchial arches. These results are coherent with the
fact that eDIx#18 was described as a branchial arch enhancer in E11.5 mice'® and that
it is included in the SHFM and hearing loss phenotypic subregion, according to
Rasmussen et al. (Figure 1B)'". However, E17.5 embryos did not present any major
inner ear abnormality. It would have been interesting to test whether the new-born mice
had some deafness problem. Recently, a deletion of 123.6 kb including part of the
SLC25A13 gene as well as two DLX5/6 enhancers in mice was reported to be associated
with a highly reduced expression of DIx5 in otic vesicles (E9.5 and E10.5), as well as
severe inner ear dysmorphologies and deafness in adult mice®. However, when they
deleted the enhancers individually, they did not observe any phenotypic abnormality. The
reduced DIx5 expression in the branchial arches at E11.5 was translated in a slightly
smaller dentary with hypoplastic condylar process in E17.5 embryos, similar to the jaws
of DIx5”, DIx6” and DIx5/6" mice®. Both DIx5 and DIx6 have been shown to be
important for mandibular arch derivatives, as targeted double inactivation of these genes
results in the homeotic transformation of the lower jaw into upper jaw®. In addition, a
haploinsufficiency model has been proposed in which a threshold level of DIx5/6 activity
is required for the WT morphology of mandibular arch derivatives®®#'. In this sense, the
disruption of eDIx#18 would decrease DIx5/6 gene expression to an extent that only
causes slight defects in dentary morphology. DIx5” mice also showed many craniofacial
dysmorphic and ossification defects and minor affectations in the ribs''#4. Similarly, in
our E17.5 embryos, a deficient ossification of supraoccipital bone was observed and
several other skeletal defects were detected: a reduced ossification of the vertebral
bodies, pelvic bones, and sternum, an incomplete development of the sternum, and
dysmorphologies and ectopic cartilage in the ribs. However, ossification problems were
much less severe than in DIx5” mice, consistent with the presence of different enhancers
that might regulate DIx5/6 gene expression redundantly. Recently, Osterwalder et al.®,

reported several cases of limb-specific enhancers near the same genes that did not
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cause any change in limb morphology when deleted individually but caused limb
abnormalities when deleted by pairs. In our E17.5 embryos, no limb malformations were
observed, consistent with the DIx5” phenotype. It has been suggested that other Dix
genes, such as DIx6 or DIx2, compensate for the absence of DIx5, as they are also able
to stimulate chondrogenesis and osteogenesis, and compound DIx mutants DIx2/5” and
DIx5/67 showed severe malformations of the distal limb'238¢_ |t is worth noting that the
DIx5/6” mice recapitulate the SHFM phenotype seen in humans'2. Due to the embryonic
lethality, we were unable to measure the BMD and other bone parameters in adult mice
to evaluate a possible osteopenic phenotype, as it has been observed in DIx5"" mice®’.
Conditional KO of the enhancer in an osteoblastic lineage may be necessary to study its

BMD effect in adult animals.

This work has some limitations including the reduced number of embryos analysed and
the sample size of the primary osteoblasts used for the eQTL analyses, that may have
precluded the detection of small effects. In addition, possible effects of the eDIx#18
enhancer in BMD determination could not be determined since we did not obtain adult

mice.

In summary, this study is the first one to analyse in depth the functionality of the eDIx#18
enhancer, within a region associated with BMD and osteoporotic fracture in many
GWAS. We provide functional evidence in vivo that this enhancer may regulate DLX5

and DLX6 in different body locations and it may have an effect on osteogenesis.
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Tables

Table 1. cis-eQTL analysis of 2 SNPs located within eDIx#18

p-values
SNP DLX5 DLX6 AS-DLX6 SHFM1 SLC25A13
rs4613908 0.29809 0.48637 0.47592 0.07315 0.07315
rs10238953 0.54728 0.04667 0.36131 0.07257 0.67308
Values in italics indicate nominal significance
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Figure 1. Genomic location of eDIx#18 enhancer. A. The SHFM locus of human chromosome 7.
Position of the DYNC1/1, SLC25A13, C7TORF76, SHFM1, DLX6-AS1, DLX6 and DLX5 genes are
shown. In red, previously reported tissue-specific enhancers within the region'. B. Phenotypic
subregions within the SHFM Jocus established by Rasmussen et al'’. In grey, subregion
associated with isolated split hand and foot malformation (SHFM); in green, subregion associated
with SHFM with hearing loss (HL); and in purple, subregion associated with SHFM, HL and
craniofacial anomalies (CF). C. eDIx#18 region in detail. In red, eDIx#18 location and in dark red,
SNPs present in the enhancer. Transcription factor ChlP-seq , DNase HS, H2A.Z, H3K4me1,
H3K27ac, H3K4me2 and H3K4me3 ChIP-seq from osteoblasts (ENCODE), and vertebrate

conservation are shown.
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Figure 2. A. Luciferase activity of different constructs of eDIx#18 (shown in the box) cloned in
pGL3-Promoter vector, upstream of a strong promoter (SV40), in Saos-2 cells. Results are
expressed as meantSD. **p<0.01; ***p<0.001 B. PCR amplification of eDIx#18 from cDNA of
different cell types. Expected size: 480 bp.
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Figure 3. A. 4C-seq using the eDIx#18 enhancer or the DLX5 promoter as viewpoints,
respectively, in human fetal osteoblast (hFOB) 1.19, mesenchymal stem cells (MCS) and Saos-
2 cell line. H2A.Z, H3K4me1, H3K27ac and CTCF ChIP-seq and DNase HS from osteoblasts
(ENCODE data), and vertebrate conservation are shown. Experimentally validated active
enhancers from VISTA Enhancer Browser3 are shown in green. In red, topologically associated
domain (TAD) from 3D Genome Browser (http://promoter.bx.psu.edu/hi-c/)3”. B. 4C-seq using the
eDIx#18 or the DIx5 promoter as viewpoints, respectively, in mouse embryonic day (E)14.5
developing humeri. CTCF, Pol2, H3K4me1, and H3K27ac ChlIP-seq and DNase HS from E14.5
limbs (ENCODE data), p300 ChIP-seq from EO embryonic stem cells (ENCODE data), and
vertebrate conservation are shown.
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WT KO

Figure 4. Whole-mount in situ hybridization for DIx5 in wild-type (left) and homozygous eDIx18
knock-out (right) E11.5 mouse embryos. WT embryos showed DIx5 expression in the branchial
arches, genital tubercle, otic vesicle, forebrain, frontonasal prominence and limb buds (both in the
AER and in the anterior limb bud). In the KO embryos, Dx/5 expression appeared severely
reduced in the otic vesicle (red arrow). Bars= 1 mm

iS g cs prgg Is P

Figure 5. General aspect and craniofacial affectations of E17.5 KO mice. A. General aspect of
mice. KO mice presented a whitish colour (upper panels) and in 2/4 mice exencephaly was
observed, one of which presenting a hole at the interparietal zone (white arrowhead and zenital
view of EtOH-fixed mice at lower panels). B. Back view of mice skull, differentially stained for
bone (alizarin red) and cartilage (alcian blue). KO mice had a deficient ossification of the
supraoccipital bone. C. Lateral view of the mandible, differentially stained for bone and cartilage.
Dentary of KO mice was slightly smaller with a reduced condylar process. ab, alveolar bone of
mandible; agp, angular process of mandible; bb, basal bone of mandible; bo, basioccipital; cdp,
condylar process of mandible; crp, coronoid process of mandible; cs, coronal suture; cv, cervical
vertebrae; eo, exoccipital; fr, frontal; ip, interparietal; is, interfrontal suture; li, lower incisor; Is,
lambdoid suture; pr, parietal; so, supraoccipital; ss, sagittal suture
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A

Figure 6. Axial and appendicular skeletal defects of E17.5 KO mice, differentially stained for bone
(alizarin red) and cartilage (alcian blue). A. Frontal view of rib cage. KO mice presented and
incomplete fusion of the sternum and ectopic cartilage fusing ribs (black arrowhead). B. Lateral
view of rib cage. KO mice showed abnormally curved irregular ribs. C. Vertebrae of KO mice had
reduced ossification centres. D. Pelvic girdle of KO mice showed a reduced ossification. il, ilium;
is, ischium; pb, pubis
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Supplementary Information:

Supplementary Table 1. Primers used for cloning the different constructs of eDIx#18 in pGL3-
Promoter vector

Construct Primer Fwd Primer Rev

eDIx#18ext TGCTATGCAGCTCTGAAGGA TCACTGCTCTTAGGTGAGTCAAA
eDIx#18 TCTCAGATTAAGAAACAACACC CTGGCTTGGTTGACAGACAG
eDIx#18core GCCAGCCATCTGTGTTCATT AGTTTCCGCGATCTTCCTTT

Supplementary Table 2. Primers used for qPCR assays

Gene Primer Fwd Primer Rev

DLX5 ctacaaccgcgtcccaag gccattcaccattctcacct
DLX6 atatattagagaagagcgagggagag  ccctctgcagccacctta
AS-DLX6 tgattcctgtatgtatggcagcta ggttttcctttgtctcagcaat
SLC25A13  agatggttcggtcccactt gcaaacggatcttgacgatt
SHFM1 gacgacgagtttgaagagttcc cccaattatcctcccagaca
HMBS tgccctggagaagaatgaag cagcatcatgagggttttcc

Supplementary Table 3. Guide RNAs for CRISPR/Cas9 and genotyping primers

Genomic
Construct sgRNA coordinates Genotyping primers
(mm9)

chr6:6,304,297-
6,304,316

chr6:6,316,607-
6,316,626

ACAAATAAACCCTGACATCA F: CACTGAAAAAGCCAGAGAAGA

eDIx#18del

ATATTCCTACCAACCATGGT R: CAGTTAGGCACTGTGGAAGC
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Supplementary Table 4. Primers used for 4C-seq experiments

Genomic Genomic
Viewpoint 1st primer coordinates 2nd primer coordinates

(GRCh37/mm9) (GRCh37/mm9)
eDIx#18 chr7:96,124,920- chr7:96,124,878-
ey  GACAGCTTGTCAGGAAATGATC g1 7P0E GTTTATTCAAGGCCCTCTGG  gg 15 o7
DLX5 chr7:96,655,042- chr7:96,654,432-
zzﬁmg;e)r CCCGCAAAGGTGAATGGATC o6 a5 oo ACAGAGCCTTGTGCTGTGG G000
eDIx#18 chr6:6,316,501- chr6:6,315,255-
(mouse)  TTTCTGGCTGAGAACTGATT S 15 590 ATGCAAGGAAGGGATAAACT (805
Drl())(r5noter AAGAACCGCATCCTCTAAAC chr6:6,832,546-  \g1eTGCCTCCAGACCAAA — CNr6:6.833,079-
E’mouse) 6,832,565 6,833,097
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CHAPTER 2: IDENTIFICATION AND CHARACTERIZATION OF
GENETIC SUSCEPTIBILITY TO N-BP-ASSOCIATED AFF

Article 3

GGPS1 Mutation and Atypical Femoral Fractures with Bisphosphonates

Summary: -

Reference: Neus Roca-Ayats, Susana Balcells, Natalia Garcia-Giralt, Maite Falco-

Mascard, Nuria Martinez-Gil, Josep F. Abril, Roser Urreizti, Joaquin Dopazo, José M.
Quesada-Gomez, Xavier Nogués, Leonardo Mellibovsky, Daniel Prieto-Alhambra,
James E. Dunford, Muhammad K. Javaid, R. Graham Russell, Daniel Grinberg, Adolfo
Diez-Pérez. GGPS1 Mutation and Atypical Femoral Fractures with Bisphosphonates.
The New England Journal of Medicine. 2017;376(18):1794-1795. doi:
10.1056/NEJMc1612804.
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The NEW ENGLAND JOURNAL of MEDICINE

CORRESP

ONDENCE

GGPS1 Mutation and Atypical Femoral Fractures
with Bisphosphonates

TO THE EDITOR: Atypical femoral fractures have
been associated with long-term bisphosphonate
treatment.* However, the underlying mecha-
nisms remain obscure. We studied three sisters
who had atypical femoral fractures after receiv-
ing various oral bisphosphonates for 6 years.
Two of the sisters had a single fracture (at the
ages of 64 and 73 years), and one had bilateral
fractures (one at the age of 60 years and the
other at the age of 61 years). Given the low inci-
dence of atypical femoral fractures in the gen-
eral population (5.9 per 10,000 person-years),’
we hypothesized that these sisters might have an
underlying genetic background that contributed
to these fractures.

We performed whole-exome sequencing to
detect possible shared genetic variants involved
in their apparent increased risk. In addition, we
performed whole-exome sequencing in three un-
related patients with atypical femoral fractures
who each had received bisphosphonates for more
than 5 years. We prioritized rare nonsynonymous
mutations in the variant filtering, and only mu-
tations that were shared among the three sisters
were considered. No mutation was found to be
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homozygous or in any gene containing muta-
tions in both chromosomes (compound hetero-
zygous). Assuming that a dominant model was
involved, we detected 37 rare mutations (in 34
genes), among them a novel p.Aspl88Tyr substi-
tution in the enzyme geranylgeranyl pyrophos-
phate synthase (GGPPS), which is a site of in-
hibition by bisphosphonates in the mevalonate
pathway.* The variant that is located in the ge-
nomic position g.235505746G—T on chromo-
some 1 (GRCh37/hgl9) in GGPSI had the best
conservation score and was not described in any
of the available databases. This variant would be
expected to severely impair the enzyme activity
(Fig. 1). Furthermore, the gene encoding cyto-
chrome P-450 family 1 subfamily A member 1
(CYP1A1), which is involved in steroid metabo-
lism, was also mutated in all three sisters and in
one of the unrelated patients, which suggests
that it could be another potential susceptibility
gene for bisphosphonate-related atypical femo-
ral fractures. An additional mutation in the gene
encoding mevalonate diphosphate decarboxylase
(MVD) was detected in one unrelated patient.
Pathway analysis of the mutated genes showed
enrichment of the isoprenoid biosynthetic path-
way (GO:0008299), which includes GGPS1, CYP1A1,
and MVD (P<0.001). We speculate that other vari-
ants that have been identified might also be in-
volved in susceptibility to bisphosphonate-related
atypical femoral fractures. Such variants include
missense changes in the gene encoding fibro-
nectin 1 (FNI1) and in the genes encoding syn-
apse defective Rho GTPase homolog 2 (SYDE2)
and neuronal guanine nucleotide exchange fac-
tor (NGEF); the latter two proteins are regulators
of small GTPases. We speculate that our results
may support a model in which accumulation of
susceptibility variants (including some in rele-

NEJM.ORC  MAY 4, 2017
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CORRESPONDENCE

Homo sapiens

Homo sapiens 167
Pan troglodytes 167
Macaca mulata 167
Callithrix jacchus 167
Bos taurus 167
Muis musculus 167
Rattus norvegicus 167
Xenopus laevis 167
Danio rerio 168
Arabidopsis thaliana 273
Solanum lycopersicum 267
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Figure 1. High Degree of Conservation of the Relevant Amino Acid Sequence of GGPPS in Multiple Species.

Shown is the alignment of the region containing the D188 residue (arrow) in geranylgeranyl pyrophosphate synthase
protein encoded by GGPSI in different species. This mutation would be expected to severely impair enzyme activity
by disrupting a Mg?" binding site that is critical for binding of the farnesyl pyrophosphate substrate and for catalysis.”
This mutation would be expected to disrupt the a-helix secondary structure (shown above the corresponding sequences).
The numbers after each species indicate the first identified residue of the corresponding protein.

vant genes, notably GGPS1) may lead to a possible
genetic component of predisposition to atypical
femoral fractures.
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Article 4

Functional Characterization of a GGPPS Variant Identified in Atypical Femoral Fracture

Patients and Delineation of the Role of GGPPS in Bone-Relevant Cell Types

Summary:

Atypical femoral fractures (AFFs) are a rare but potentially devastating event, often but
not always linked to bisphosphonate (BP) therapy. The pathogenic mechanisms
underlying AFFs remain obscure, and there are no tests available that might assist in
identifying those at high risk of AFF. We previously used exome sequencing to explore
the genetic background of three sisters with AFFs and three additional unrelated AFF
cases, all previously treated with BPs. We detected 37 rare mutations (in 34 genes)
shared by the three sisters. Notably, we found a p.Asp188Tyr mutation in the enzyme
geranylgeranyl pyrophosphate synthase, a component of the mevalonate pathway,
which is critical to osteoclast function and is inhibited by N-BPs. In addition, the CYP1A1
gene, responsible for the hydroxylation of 17b-estradiol, estrone, and vitamin D, was also
mutated in all three sisters and one unrelated patient. Here we present a detailed list of
the variants found and report functional analyses of the GGPS1 p.Asp188Tyr mutation,
which showed a severe reduction in enzyme activity together with oligomerization
defects. Unlike BP treatment, this genetic mutation will affect all cells in the carriers.
RNAI knockdown of GGPS1 in osteoblasts produced a strong mineralization reduction
and a reduced expression of osteocalcin, osterix, and RANKL, whereas in osteoclasts,
it led to a lower resorption activity. Taken together, the impact of the mutated GGPPS
and the relevance of the downstream effects in bone cells make it a strong candidate for
AFF susceptibility. We speculate that other genes such as CYP1A1 might be involved in
AFF pathogenesis, which remains to be functionally proved. The identification of the
genetic background for AFFs provides new insights for future development of novel risk

assessment tools.

Reference:

Neus Roca-Ayats®, Pei Ying Ng*, Natalia Garcia-Giralt, Maite Falc6-Mascard, Mdnica

Cozar, Josep Francesc Abril, José Manuel Quesada Gomez, Daniel Prieto-Alhambra,
Xavier Nogués, James E Dunford, R Graham Russell, Roland Baron, Daniel Grinberg,
Susana Balcells, Adolfo Diez-Pérez. Functional Characterization of a GGPPS Variant

Identified in Atypical Femoral Fracture Patients and Delineation of the Role of GGPPS
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in Bone-Relevant Cell Types. Journal of Bone and Mineral Research. 2018;33(12):2091-
2098. doi: 10.1002/jbmr.3580

*co-first authors
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Functional Characterization of a GGPPS Variant
Identified in Atypical Femoral Fracture Patients and
Delineation of the Role of GGPPS in Bone-Relevant
Cell Types
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ABSTRACT

Atypical femoral fractures (AFFs) are a rare but potentially devastating event, often but not always linked to bisphosphonate (BP)
therapy. The pathogenic mechanisms underlying AFFs remain obscure, and there are no tests available that might assist in
identifying those at high risk of AFF. We previously used exome sequencing to explore the genetic background of three sisters with
AFFs and three additional unrelated AFF cases, all previously treated with BPs. We detected 37 rare mutations (in 34 genes) shared by
the threesisters. Notably, we found a p.Asp188Tyr mutation in the enzyme geranylgeranyl pyrophosphate synthase, a component of
the mevalonate pathway, which is critical to osteodast function and is inhibited by N-BPs. In addition, the CYP1A1 gene, responsible
for the hydroxylation of 17B-estradiol, estrone, and vitamin D, was also mutated in all three sisters and one unrelated patient. Here
we present a detailed list of the variants found and report functional analyses of the GGPS1 p.Asp188Tyr mutation, which showed a
severe reduction in enzyme activity together with oligomerization defects. Unlike BP treatment, this genetic mutation will affect all
cells in the carriers. RNAi knockdown of GGPS1 in osteoblasts produced a strong mineralization reduction and a reduced expression
of osteocalcin, osterix, and RANKL, whereas in osteoclasts, it led to a lower resorption activity. Taken together, the impact of
the mutated GGPPS and the relevance of the downstream effects in bone cells make it a strong candidate for AFF susceptibility. We
speculate that other genes such as CYP1A1 might be involved in AFF pathogenesis, which remains to be functionally proved. The
identification of the genetic background for AFFs provides new insights for future development of novel risk assessment tools.
© 2018 American Society for Bone and Mineral Research.
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Introduction

steoporosis with its associated fractures is the most
O common postmenopausal bone disorder, but it also affects
older men and women of all ethnicities. Nitrogen-containing
bisphosphonates (N-BPs) are currently the most commonly used
treatments for osteoporotic disease in millions of patients
worldwide. Although the clinically important antifracture
efficacy of BPs and their overall safety have been robustly
demonstrated in several clinical trials'” and systematic
reviews, a number of uncommon adverse effects potentially
associated with prolonged use of these drugs have also been
described, among them atypical femoral fractures (AFFs)."
These fractures, characterized by their location in the sub-
trochanteric region or femoral shaft, are distinct from classic
osteoporotic fragility fractures.”

The pathogenic mechanisms underlying AFFs remain ob-
scure, and there has been much speculation about the cau ses.
Given the low absolute incidence of AFFs, it may be
hypothesized that rare underlying genetic causes may increase
susceptibility to these fractures, which may then occur
spontaneously or be triggered after additional interactions
with bisphosphonates (BPs) or other antiresorptive drugs.
Currently, there are no tests available, genetic or biochemical,
that may assist in identifying those at high risk of AFFs.
Identification of genetic determinants of AFF would therefore
shed light on etiological mechanisms and lead not only to novel
diagnostic and risk algorithms for the millions of patients taking
bisphosphonates for either osteoporosis or cancer-related bone
disease but also to possible therapeutic strategies for patients
with delayed fracture or nonunion.

Previously, we identified 3 sisters who have been treated with
BPs for more than 5 years and diagnosed with AFFs.'® This
observation suggested that a patient’s genetic background may
predispose the individual to AFF after long-term BP therapy.
Accordingly, we performed whole-exome sequencing (WES) to
identify potential AFF-related mutations in these three sisters
and three other unrelated long-term BP-treated patients with
AFFs. We identified several variants, which we list here. Among
them, we identified the p.Asp188Tyr mutation in the geranyl-
geranyl diphosphate synthase (GGPS1) gene.”® Given that this
enzyme is a site of inhibition by bisphosphonates in the
mevalonate pathway, we focused on the mutation found for
further functional studies. We demonstrate that p.Asp188Tyr
markedly reduced GGPP synthase activity. Using shRNA-
mediated knockdown of GGPS? in both mouse calvarial
and mouse macrophage cells lines, to recapitulate the global
loss of synthase activity due to the p.Asp188Tyr mutation, we
showed that loss of GGPPS function resulted in defective
osteoblast and osteodlast activity. Therefore, this mutation may
possibly explain the bone fragility in these patients, possibly
exacerbated by BP treatment.

Materials and Methods

Subjects

For whole-exome sequencing analysis, 6 patients with AFFs
who had received long-term (>5 years) treatment with BPs
were recruited: 3 sisters from Hospital Universitario Reina Sofia
(Cordoba, Spain) and 3 unrelated women from Hospital del
Mar (Barcelona, Spain). Given that the clinical phenotype may
be related in the majority of cases to exposure to BPs, we also

selected 3 women with more than 6 years of BP treatment but
with no history of AFF. Baseline characteristics of AFF patients
and controls are described in Supplemental Table S1. The
3 affected sisters, all with hypercholesterolemia, had been on
statins and received regularly proton pump inhibitors (PPls)
but no glucocorticoids or other bone-acting agent except BPs.
Their mother had a forearm fracture as well as 2 of the
3 sisters. Written informed consent was obtained from all
patients in accordance with the regulations of the Clinical
Research Ethics Committee of Parc de Salut Mar, which
approved the study.

Whole-exome sequencing

DNA of patients with AFF was extracted from peripheral blood
with the Wizard Genomic DNA Purification Kit (Promega,
Madrid, Spain) and used for whole-exome sequencing in the
CNAG platform (Barcelona, Spain) using an Agilent capture kit
and lllumina sequencing (Supplemental Methodology). The
bioinformatics analysis is detailed in Supplemental Methodol-
ogy. Genetic variants were filtered according to the following
premises: 1) non-synonymous change; 2) not previously
described or with a Minor Allele Frequency < 0.005 in NCBI
dbSNP Human Build 135 (http://www.ncbi.nlm.nih.gov/), 1000
genomes project and ExAC database; 3) not present in NHLBI
Go Exome Sequencing Project (ESP) (http://evs.gs.washington.
eu/EVS/); and 4) not present in in-house exomes of individuals
drawn from the general population (n=8). Because of the
small number of in-house exomes, variants were later
searched for in the CSVS (Collaborative Spanish Variant
Server), which at present includes data from 1644 Spanish
individuals, most of them sequenced in the same facilities.
SIFT,"? PonPhen,[B] Mutation Taster,'” and conservation scores
obtained from PhastCons""” were used for prioritization
sorting.

Genetic variant validation

Filtered mutations were validated by polymerase chain reaction
(PCR) and automatic Sanger sequencing. Sequencing was
performed bidirectionally using BigDye v3.1 Terminator Cycle
Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA),
according to the manufacturer's instructions. Relevant validated
mutations were in silico analyzed (Supplemental Methodology)
and screened in 3 samples from women without atypical
fracture and long-term bisphosphonate use by Sanger
sequencing.

GGPPS enzyme activity and conformation

The cDNA for both wild-type and Asp188Tyr GGPPS were cloned
into an inducible bacterial expression vector, and the resulting
His-tagged proteins were expressed overnight in transformed
E coli BL-21 (DE3) cells. Protein extracts were obtained and
correct expression was verified by Western blot using an anti-
GGPPS antibody (sc-271680 Santa Cruz Biotechnology, Dallas,
TX, USA). GGPPS was purified from extracts using Ni sepharose
followed by gel filtration chromatography. Analysis of the
oligomerization of the GGPPS monomers was undertaken using
a Sephadex S300 gel filtration column. Enzyme activity was
assayed using substrates, Farnesyl pyrophosphate, and C14-
isopentenyl pyrophosphate (400 KBg/pMol) at 20 pM in buffer
containing 100 mM HEPES pH7.5, 2mM MgCl2, 0.1% Tween 20.
Reactions were stopped after 10 minutes at 37 °C by the addition
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of acidified methanol. Reaction products were extracted directly
into water-immiscible scintillation fluid and quantified by
scintillation counting.

Cell culture and transduction

MC3T3-E1 osteoblast/calvarial and RAW264.7 macrophage cell
lines were cultured in complete a-MEM (10% fetal bovine serum,
100 U/mL penicillin, and 100 U/mL streptomycin) and main-
tained in humidified conditions with 5% CO, at 37°C. To
generate osteoblasts and macrophages depleted of GGPST
expression, MC3T3-E1 osteoblast/calvarial and RAW 2647
macrophage cell lines were transduced with either five different
GGPS1 MISSION shRNAs or non-target shRNA control lentiviral
transduction particles (MilliporeSigma, St. Louis, MO, USA).
Stable cell lines for MC3T3-E1 were established through
puromycin selection at 2 pg/mL. For RAW 264.7 macrophages,
successfully transduced cells were selected using puromycin at
6 p.g/mL for 7 to 8 days. Once single cell-derived colonies were
observed, three individual cell colonies per shRNA were
harvested using cell cloning cylinders and further expanded
to form stable cell lines.

Mineralization assay and analysis

To assay for mineralization activity, stably transduced MC3T3-E1
cells were plated in 24-well plates and cultured in osteogenic
media (complete a-MEM with 2 pg/mL of puromycin, 50 p.g/mL
L-ascorbic acid, and 10 mM B-glycerophosphate). Osteogenic
media was replaced every 3 days, and cells were fixed with 4%
paraformaldehyde (PFA) after 21 days. Bone nodules were
stained using Alizarin Red solution, and bone nodule area (mm?)
were quantified using the Fiji software.

Osteoclast culture and resorption assay

Stably transduced RAW 264.7 macrophages were differentiated
into osteoclasts in differentiation media (complete a-MEM with
6 pg/mL of puromycin, supplemented with 10ng/mL recombi-
nant mouse RANKL [R&D Systems, Minneapolis, MN, USA]).
Media was changed every 48 hours, and after 4 days, cells were
fixed with 4% PFA. Cells positive for TRAP activity and containing
three or more nuclei were scored as mature osteoclasts. To
assess resorptive activity, macrophages were plated onto
24-well Osteo Assay Surface plates (Corning, Lowell, MA, USA)
and cultured in differentiation media for 7 days. Media was
aspirated from the wells at the end of day 7, and cells were
gently removed using a 10% bleach solution. The wells were
washed with distilled water and dried well before a Von Kossa
stain was performed to contrast between resorption pits formed
and the surface coating. Six random fields per well were imaged
using light microscopy, and the percentage of resorbed area was
analyzed using the Fiji software.

Results

Variants detected in WES

The 3 sisters (AFS1, AFS2, AFS3) and the 3 unrelated patients
(AFU1, AFU2, AFU3) were distributed into two groups and
analyzed separately. The workflow and number of identified
variants are shown in Fig. 1. In a first step, only mutations
shared by the 3 sisters were taken into account both in a
dominant and a recessive model. No variants were identified
in homozygosis, whereas 74 variants were identified in

| Wariants obtained in WES after filtration I

4 N

Shared among three sisters Unrelated patients
Dominant model Dominant model Recessive model

Recessive model

N=74 N=0 N(AFUL)=252 N{AFU1}=15
N(AFU2)=255 N{AFUZ}=12
,L N{AFUZ)=269 M{AFUS}=11
Varantsvalidated by \l'
Sanger sequencing —>| IGV analysis of:

1) wariantsfound in
the sisters panel
2) screening for
other variants in
the same genes
N=2 variants

)

Screened in ExAC: Not previously described N=11; Rare mutations N=28

|

Absent in 3 controls with long-BP treatment
and without AFF
MN=39variantsin 34 genes

N=37 variants in 34 genes

Fig. 1. Flow chart of approach for detecting AFF-associated mutations.
N{AFU1)} = number of variants detected in the patient AFU1; N(AFU2) =
number of variants in the patient AFU2; N(AFU3) = number of variants in
the patient AFU3.

heterozygosis (consistent with a dominant model), 37 of
which were validated by Sanger sequencing. In three genes
(FN1, BRATI1, and XAB2), the sisters were found to carry two
different mutations. Direct visualization of sequence reads
with the IGV software as well as polymorphism analyses
indicated that the variants were in phase in all cases,
being double-mutant alleles rather than compound hetero-
zygotes. The 37 coding variants shared by the 3 sisters, all
missense except for one nonsense and one in-frame deletion,
are listed in Supplemental Table 52, according to their
conservation score. The first variant in the list, with the best
conservation score, was in the GGPS1 gene, as we previously
described.”®

In a second step, the genes with variants shared by the sisters
werescreened in the WES results of the unrelated patients using
the IGV software. None of the variants was found in any of
the unrelated patients. However, in BRATI and CYP1A1, two
other variants were found in AFU3 and AFU1, respectively
(Supplemental Table $S3). The CYP1A1 variant present in AFU1
(p.Ser216Cys) is a change of a serine to a sulphur-containing
amino acid next to the substrate binding siteand is predicted to
be very deleterious to its function. Likewise, the CYP1A1 variant
present in the sisters (p.Arg98Trp) is a very significant change of
a basic (arginine) to an aromatic hydrophobic amino acid
(tryptophan), lying in a hydrogen-bonded turn of the protein.
Conversely, the three variants detected in the BRAT1 gene (two
of them in the 3 sisters, in a double-mutant allele, and one in
patient AFU3) were predicted as unlikely to affect its function.
None of the variants in Supplemental Tables S2 and S3 was
found in 3 controls (long-term treated with BPs but without
AFFs). A total of 11 mutations are not present either in the NCBI
dbSNP or in ExAC. The other variants, without MAF in dbSNP,
have allele frequencies <2/10,000 according to ExAC. Only 10
variants are present in the CSVS database, all but one (in FN1)
with allele frequencies <5/1000, in the Iberian population
(Supplemental Table S2).

Journal of Bone and Mineral Research

115

GGPPS VARIANTS IDENTIFIED IN AFF PATIENTS 2093 M



RESULTS: Chapter 2

Functional analyses of the GGPPS mutation

Asp188 is an active site residue of GGPP synthase, involved in
the binding of the substrate via a magnesium salt bridge.
Disruption of this residue is expected to lead to a vastly reduced
rate of activity. To confirm this prediction, we produced mutant
and wild-type recombinant GGPPS enzymes (Fig. 24) and
assayed their activity in vitro. As shown in Fig. 28, the
mutant displayed 5.7% of wild-type activity, with values of
0.72 +£0.09 cpm/ng/min for the wild-type and 0.04 + 0.013 cpm/
ng/min for the mutant (n = 3). Gel filtration experiments using a
calibrated 5300 column showed the wild-type enzyme as having
a molecular weight in excess of 220kDa, indicative of the
expected hexameric conformation, in line with previous
findings.""” The mutant enzyme consistently showed two peaks
corresponding to the hexamer and to the monomer (peak at
approximately 38 kDa), suggesting the mutation has a destabi-
lizing effect on the oligomerization of the enzyme (Fig. 2C).

Next, we studied the effect of GGPPS depletion in vitro by
utilizing shRNA-mediated knockdown of GGPS? in MC3T3-E1
and RAW 264.7 cells. To this end, five independent shRNAs
against GGPST (denoted #1 to #5) and a control non-targeting
shRNA were initially screened for their efficacy in depleting
GGPST mRNA expression in MC3T3-E1 cells. mRNA expression
levels were examined using RT-gPCR. Of the five shRNAs, only
shRNAs #1 and #2 exhibited promising potential knockdown
effects at the mRNA level in MC3T3-E1 cells (=>50%) (Fig. 3A).
However, when subjected to immunoblot analysis, only shRNA
#1 showed a strong reduction of GGPST at the protein level
(Fig. 3B). As such, only shRNA #1 was used in further
experiments.

Control and GGPS1-depleted MC3T3-E1 cells were cultured
under mineralizing conditions and stained with alizarin red
(Fig. 3Q). Bone nodule formation in vitro was dramatically
reduced after GGPS1 inhibition (Fig. 3D). To assess whether the
impaired mineralization activity of GGPS1-depleted MC3T3-E1
cells were a result of impaired osteoblast differentiation, we

further analyzed the mRNA expression of key osteoblast markers
using RT-qPCR. Interestingly, there were clear reductions in
RANKL, 05X, and OCN mRNA expression in GGPS1-depleted cells
(Fig. 3E), while no significant effects were observed for RUNX2,
ALPL, MEPE, and PHEX.

Similarly, RAW 264.7 mouse macrophages were transduced
with the same five shRNAs against GGPS1 and a non-targeting
shRNA control. Initial screening of the resultant five heteroge-
nous polyclonal pool of stable RAW 264.7 cells using RT-qPCR
indicated that GGPS? knockdown efficiency was lower than
expected (data not shown). As such, 2 to 3 monoclonal stables
for each GGPS1-shRNA were generated (denoted shRNA #1A-C,
#2A-B, #3A-C, #4A-C, and #5A-B). Using RT-qPCR, we again
screened for the efficiency of GGPST knockdown and found that
monoclonal stable cell lines generated from shRNAs #1C, #28,
and #4B yielded the most potent effects, achieving consistent
knockdown of GGPS1 at the mRNA level (>65%) (Fig. 4A). At the
protein level, however, only macrophages generated from
GGPS1 shRNA #4A exhibited a significantly decreased protein
expression of GGPS1 (Fig. 4B) and was therefore selected for
further analyses.

To assess whether GGPS1 was functionally required during
osteoclast formation, control and GGPS1 knockdown cells were
plated in 24-well plates in triplicates and treated with RANKL
every 48 hours over a course of 4 days. Cells were fixed with
4% PFA, stained for TRAP, and imaged using light microscopy
(Fig. 4C). When quantitated, we found that loss of GGPS1
expression increased osteoclast formation significantly
(Fig. 4D). Lastly, to examine if GGPS1 was necessary for
resorptive activity, control and GGPS1 knockdown cells were
cultured on Osteo Assay Surface plates for a course of 7 days,
supplemented with RANKL every 48 hours. Both TRAP activity
and F-actin ring formation in GGPS1 knockdown osteoclasts
appeared indistinguishable from the control, and GGPS1
knockdown osteoclasts also appeared to retain some resorp-
tive abilities (Fig. 4E). However, when the resorptive pits were
quantitated, we found that GGPS1-depleted osteoclasts had
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Fig. 2. (A) Heterologous expression of WT and p.Asp188Tyr GGPPS, assessed by Western blot of 2.5 g of transformed non-induced or IPTG-induced
Ecoli extracts. (B) GGPPS enzyme activity in WT and p.Asp188Tyr mutant. p.Asp188Tyr GGPPS had 5.7% of the WT activity, measured by scintillation
counting of [*C]Geranylgeranyl pyrophosphate. Results are expressed as mean + SD (n = 3).***p < 0.001. (Q) Gel filtration chromatograms for the WT
GGPPS and the p.Asp 188Tyr mutant. The WT enzyme appears to have a molecular weight of around 220 kDa, suggesting that it is present as a hexamer.

The p.Asp188Tyr mutant enzyme consistently showed two peaks corresponding to the hexamer and the monomer (a peak around 38 kDa), suggesting

that the mutant destabilizes the oligomerization of the enzyme.
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decreased resorption area, although it did not reach signifi-
cance (Fig. 4F).

Discussion

In the present study, we describe the list of rare variants
identified by WES in 3 sisters affected with AFF. Because
causality cannot be attributed to rare variants that segregate
within a small family just because they are rare,""*'¥ we have
carefully analyzed the function of the most interesting variant,
the p.Asp188Tyr mutation in GGPS1, which we recently reported
elsewhere.®" The results presented here provide functional
evidence of pathogenicity of this GGPST mutation and its role in
regulating bone cells and their activities.

The GGPS1 gene encodes the GGPPS enzyme involved in the
mevalonate pathway (Supplemental Fig. S1), and along with
farnesyl pyrophosphate synthase (FPPS), is known to be
inhibited by a variety of N-BPs."" The primary function of the
mevalonate pathway is the production of cholesterol, as well as

the synthesis of isoprenoid lipids, including farnesyl diphos-
phate (FPP) and geranylgerany! diphosphate (GGPP),"* which
are required for the posttranslational modification (prenylation)
of some proteins. The geranylgeranyl diphosphate synthase
enzyme (GGPPS) catalyzes the synthesis of geranylgeranyl
diphosphate (GGPP) from farnesyl diphosphate and isopentenyl
diphosphate. GGPPS functions as a homohexamer, in which
each monomer binds 3 Mg?" ions.""”

We clearly show that the p.Asp188Tyr (D188Y) mutation
severely impairs in vitro enzyme activity, consistent with the fact
that it lies in the second aspartate-rich region, highly conserved
across all GGPPS and FPPS, and involved in the binding of the
substrates to the enzyme-active site via a Mg®" salt bridge,
which is essential for catalytic activity. It is well known that any
disruption in this region results in an almost complete loss of
activity”'® We also show, by gel filtration experiments, that the
p.D188Y mutation destabilizes the homohexameric conforma-
tion of the enzyme elucidated by Kavanagh and colleagues.""’
Taking all the data together, and according to the American
College of Medical Genetics and Genomics criteria,"” this
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mutation is classified as pathogenic, eventhough it has not been
reported in any additional AFF patient so far.

To examine the functional role of GGPPS in bone cells, we
performed in vitro studies in GGPS1-depleted osteoblasts or
osteoclasts. GGPPS-depleted MC3T3 cells had reduced minerali-
zation capacity and reduced gene expression of osteocalcin,
osterix, and RANKL. These results are in agreement with those of
Weivoda and Hohl'® in which GGPPS was inhibited with
digeranyl bisphosphonate (DGBP) in MC3T3 cells. These authors
suggested that the observed lack of mineralization and the
decrease in ALPL and OCN gene expression were due to
the accumulation of FPP and its subsequent activation of the
glucocorticoid receptor,'’® which is known to inhibit ostecblast
proliferation and bone formation and to increase osteoblast
apoptosis.”” In addition, the depletion of RANKL would lead to
an aberrant osteoblast-osteoclast cross-talk. The effect of GGPPS
depletion in osteoclasts was an increase in cell number and a
slightly decreased activity. Disruption of GGPS1 as depicted in
our shRNA assay is predicted to reduce the synthesis of GGPP.
Depletion of GGPP impairs the prenylation of GTPases such as

Rho, Rac, Rap1, and Rabs, which have been shown to play
essential roles in both osteoclast formation and function.”'*
Mouse models utilizing osteoclast targeted depletion or global
depletion of these key GTPases have shown conflicting trends in
the resulting osteoclast numbers, which is not well understood,
and might stem from the different ages at which the different
laboratory groups analyzed their mice specimen.”*?* Interest-
ingly, however, all of the mice models exhibited osteopetrotic
phenotypes, indicating that osteoclast resorptive activity is
highly dependent on geranylgeranylation.?*?® Unlike these
previous studies, our work in disrupting GGPS! does not
specifically target any of the GTPases mentioned. Loss of
prenylation and membrane localization of these GTPases
after GGPPS depletion does not necessarily translate to inhibited
GTPase function. In fact, it has been shown that unprenylated
GTPases can remain in the GTP-bound form, accumulate in the
cytosol, and retain partial functional activity such as inducing
activation of the p38 MAPK,“” which is an important signaling
pathway for osteoclast differentiation and formation.””® There-
fore, despite the increased osteoclast numbers in our GGPS1
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shRNA population, there is a slight decrease in bone-resorptive
activity, consistent with previous studies showing that ger-
anylgeranylation plays a pivotal role during osteoclast bone
resorption due to alterations in vesicular traffic, a cellular
function possibly less essential during osteoclast differentiation.

Of note, and unlike BPs, which preferentially target osteo-
clasts, the GGPPS mutation in the 3 sisters will affect all of their
cells, including osteoblasts. Because the administration of
bisphosphonate targets mainly FPP synthase, which is upstream
of GGPPS, we speculate that the effect of bisphosphonates on
the cell lines will be compounded because of the loss of both
farnesylation and geranylgeranylation. However, although the
relevant cell lines may reveal some answers, they may not fully
replicate what happensin clinical cases, where in vivo osteoblast
and osteoclast responses are intimately associated due to their
coupling in bone remodeling. Furthermore, it appears that the
onset of atypical femoral fractures usually occurs after
prolonged bisphosphonate treatment, which is difficult to
mimic in an in vitro environment. Developing an animal model
strategy should provide more compelling evidence. The GGPS1-
BP interaction is also supported by the finding of a common
variantinthe GGPS1 promoter, which was associated with lack of
bone mineral density (BMD) improvement after BP therapy,"*®
possibly indicating that the pathway was already impaired in
these patients.

Another interesting potentially causative gene in our list is
CYP1A1, which was found mutated in the 3 sisters, in 1 of our
unrelated AFF patients, and also in another AFF patient
reported elsewhere.”” According to the American College of
Medical Genetics and Genomics criteria,”'”’ these CYP1A1
mutations may be classified as likely pathogenic. Functional
studies needed to confirm their pathogenicity are underway.
CYP1A1 encodes a member of the cytochrome P450 super-
family, involved in the metabolism of drugs and xenobiotics
and arises as a good AFF-susceptibility candidate because it is
responsible for the hydroxylation of 17@-estradiol, estrone,
and vitamin D in extrahepatic tissues.®" Its role in bone
biology is also supported by the association found between
the CYP1A1 C4887A polymorphism and a higher degree of
estrogen catabolism and lower femoral BMD in postmeno-
pausal women.®?

The strengths of our study were the possibility to analyze 3
sisters with AFF and the choice of a hypothesis-free WES
approach that allowed us to detect new variants not included in
exon arrays, as previously performed.®* On the other hand, the
small number of AFF patients and controls studied here is an
important limitation, and further WES of additional AFF cases are
underway. Moreover, we could only analyze 3 sisters, who have
an a priori chance of 1/8 of sharing any variant, which is above a
conventional level of statistical significance. Another potential
limitation of the study is the impact that hypercholesterolemia
and statin treatment might have had in bone metabolism in the
3 sisters.

In summary, our results show the negative impact of the
GGPPS p.Asp188Tyr mutation and the relevance of the
downstream effects in bone cells, which makes it a candidate
for AFF susceptibility. In addition, our data show other
potential AFF contributory genes, although functional studies
are needed to prove their involvement in the pathology.
Further identification and/or replication of genetic variants will
be necessary to detect at-risk individuals and to decide which
patients are suitable for being treated with BPs with no risk of
this side effect.
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Supplementary Information:

Supplementary methodology

Whole-Exome Sequencing (WES)

Library preparation for capture of selected DNA regions (SureSelect XT Human All Exon; cat:
5190-6208; Agilent Technologies) was performed according to Agilent’s SureSelect protocol for
lllumina paired-end sequencing. In brief, 3.0ug of genomic DNA was sheared on a Covaris™
E220 instrument. The fragment size (150-300 bp) and quantity were confirmed with the Agilent
2100 Bioanalyzer 7500 chip. The fragmented DNA was end-repaired, adenylated, and ligated to
Agilent indexing-specific paired-end adaptors. The DNA with adaptor-modified ends was PCR-
amplified (6 cycles, Herculase Il fusion DNA polymerase from Agilent) with SureSelect Primer
and SureSelect Pre-capture Reverse PCR primers (SureSelect XT Human All Exon), quality
controlled on the DNA 7500 assay for the library size range of 250 to 450 bp, and hybridized for
24h at 65°C (Applied Biosystems 2720 Thermal Cycler). The hybridization mix was washed in the
presence of magnetic beads (Dynabeads MyOne Streptavidin T1, Life Technologies) and the
eluate was PCR-amplified (16 cycles) in order to add the index tags using SureSelectXT Indexes
for lllumina. The final library size and concentration was determined on Agilent 2100 Bioanalyzer
7500 chip and sequenced on an lllumina HiSeq 2000 platform at a coverage of 40x with paired
end runs of 2x76bp following the manufacturer’s protocol. Images from the instrument were

processed using the manufacturer’s software to generate FASTQ sequence files.

WES data analysis

The lllumina RTA sequence analysis pipeline was used for base calling and quality control.

The data of the sequenced fragments, in FASTQ format, were aligned with the Burrows-Wheeler

Aligner (1) free software (http://bio-bwa.sourceforge.net/) using the GRCh37 (hg19) build of the

reference human genome. Mapped reads were filtered (leaving only those mapping in unique
genomic positions with enough quality), sorted, and indexed with SAMtools (2). Mean mapping
qualities were: 69.57 for AFS1, 69.96 for AFS2, 69.40 for AFS3, 69.82 for AFU1, 69.21 for AFU2
and 67.28 for AFU3. GATK (3) was then used to realign the reads as well as for the base quality

score recalibration. Once a satisfactory alignment was achieved, single nucleotide variants and
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indels were identified using GATK standard hard filtering parameters (4): Quality by Depth (QD)
> 2.0, Fisher Strand (FS) < 60.0, Strand Odds Ratio (SOR) < 3.0, Root Mean Square Mapping
Quality (MQ) > 40.0, Mapping Quality Rank Sum Test (MQRankSum) > -12.5 and Read Position

Rank Sum Test (ReadPosRankSum) > -8.0.

For the final report of the exome-sequencing analysis, we used the VARIANT (5) annotation tool,
which provides additional information on relevant variants for the final process of candidate gene
selection. In particular, minor allele frequency (MAF) was obtained from dbSNP (6) and the 1000

Genomes project (http://www.1000genomes.org) (7) to help with the selection of new variants not

reported in healthy populations to date. Finally, processed data were converted to BAM (binary

equivalent SAM) format for variant detection and analysis using the Integrative Genomics Viewer

(IGV) (http://www.broadinstitute.org/igv).
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In silico analysis

Mutations were located within the gene context using the UCSC Genome Browser

(https://genome.ucsc.edu/) and the Ensemble Genome Browser (http://www.ensembl.org/). Gene

information was extracted from GeneCards (http://www.genecards.org/) and BioGPS

(http://biogps.org/). Information from other WES projects was extracted from the Exome

Aggregation Consortium (ExXAC) (http://exac.broadinstitute.org).

The in silico functional study of mutated proteins was performed using The Universal Protein
Resource  (UniProt) (http://www.uniprot.org/), RCSB Protein Data Bank (PDB)
(http://www.rcsb.org/pdb/) and Pfam (http://pfam.xfam.org/). Protein alignments were performed
using the UCSC Genome Browser or by on-line aligning of amino acidic sequences in FASTA
format using Clustal Omega (http://www.clustal.org/omega/) and on-line ESPript

(http://espript.ibcp.fr/).

123



RESULTS: Chapter 2

Supplemental Table S$1: Patient characteristics

Patient Atypical Age Weight T-score. T-scorg Time on BP Previous OP
fracture (years) (Kg) Lumbar spine total hip treatment (years) fractures
AFS1 unilateral 64 77 -11 -0.2 6 Colles
AFS2 unilateral 73 75 -2.5 -1.4 6 Colles
AFS3 bilateral 60/61 100 -0,3 bhpr 6 none
AFU1 bilateral 73/75  50.8 -1.9 -0.5 6 none
AFU2 unilateral 72 90 -2.0 -0.6 7 none
AFU3 unilateral 87 59.8 N/A N/A 10 none
control 1 78 66.5 -2.5 -1.9 7 none
control 2 70 57.5 -1.2 -2.4 6 none
control 3 74 771 -1.5 -0.9 8 none

AFS = Atypical fracture sister; AFU = Atypical fracture unrelated; Age = Age at the time of

fracture in AFF patients; bhpr = bilateral hip prosthesis replacement
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Mevalonate
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Supplementary Figure S1. GGPPS participate in the mevalonate pathway: bisphosphonates
act by inhibiting the FPPS, thereby preventing prenylation and activation of small GTPases that

are essential for the activity and survival of osteoclasts.
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Annex to Chapter 2

In the initial version of this article there was a candidate gene study in the 3 unrelated
patients and a gene/protein network analysis that were finally published in an article in
the Spanish journal Revista de Osteoporosis and Metabolismo Mineral, included in the

Annex section of this thesis.

Material and methods

Candidate gene analysis

Exome sequencing data from the 3 unrelated patients were analysed using the

Integrative Genomics Viewer (IGV; http://www.broadinstitute.org/igv) with the aim of

finding mutations in candidate genes (Table 1). Mutations were selected based on the
same criteria used for the three sisters’ exomes in Roca-Ayats et al." and were tested in
3 controls (long-term BPs use but without AFF) and in the EXAC database.

Network construction

The Atypical Femoral Fractures Gene interaction Network (AFFGeNet) was constructed
as in Boloc et al.? to identify genes or proteins that interacted with the 37 AFF driver
genes (Supplemental Table S2 from Roca-Ayats et al.' and Table 2) considering the

interactions directional and binary.

High-throughput interaction data were retrieved from BioGRID (version 3.4.133)*# and
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, version 10)°, with
additional information from GeneOntology (http://geneontology.org), GeneCards, OMIM,
UniProt, RefSeq, and UCSC. This whole human gene/protein interaction network
included 26,934 nodes and 794,052 edges.

A Perl script was implemented to capture the interactions subnetwork using AFF genes
to find all possible pair-wise shortest paths by applying the Dijkstra algorithm
implemented in the Graph Perl module. The Graph::Directed module was used to define
the whole network data structure as a directed graph, which simplified the calculations
for the AFF subnetwork. Pair-wise connectivity was explored using Circos®. The script
produced a skeleton graph stored in JSON format to make data available on the
AFFGeNet web interface (https://compgen.bio.ub.edu/AFFgenes/, available upon

request). This web interface was developed for user-friendly network exploration by
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researchers. It was implemented via PHP scripts to process queries, integrate the data,
and display the resulting network through the open-source Cytoscape JavaScript library
for graph analysis and visualization’. The main web form provides one entry point that
focuses on selected genes (similarly to other current gene/protein browsers). The web
display facilitates interaction with the nodes by zooming, displacing, changing the graph
layout (user can choose that from a list including grid, random, circle, breadthfirst, cose,
concentric, and so on), adding or removing nodes, and retrieving information about AFF
genes. The border colour of the nodes identifies them as drivers (purple), as downstream
(green) or upstream (turquoise) partners of selected drivers, and as “other” (grey). The
filling core of the nodes encodes bone-specific gene expression, which was retrieved
from the Gene Expression Omnibus (GEO)8. The colour scale goes from intense yellow
(underexpressed) to dark blue (overexpressed), with white indicating no change of
expression. A bone-related GSE database was included in the network construction:
Osteoclastic precursor cells treated or not with bisphosphonates (alendronate or
risedronate) during their differentiation into mature osteoclasts® (GSE63009). For this
specific task, a standard protocol based on the Bioconductor'’® limma R package was

run.

Pathway enrichment analysis

Functional Enrichment Analysis was assessed using the DAVID bioinformatics tool™
(https://david.ncifcrf.gov/).

Results

Candidate gene analysis in three unrelated AFF patients

We used IGV to screen, in the exomes of the three unrelated patients, several candidate
genes involved in bone metabolism, osteoclast function and the mevalonate pathway
(listed in Table 1). Three variants were found and validated in MMP9 (AFU3), MVD
(AFU2) and RUNX2 (AFU3) (Table 2). The mutation in MMP9, coding for type IV
collagenase, involved the change of a hydrophobic amino acid within the catalytic
domain to a hydrophilic residue. This variant was predicted to be damaging according to
SIFT and PolyPhen scores. The MVD variant p.Arg97GlIn, rs376949804, was predicted
to be non-damaging by SIFT and PolyPhen. The mutation in RUNX2 is a substitution of
a cyclic amino acid for an aliphatic hydrophobic amino acid in a proline/serine/threonine-
rich region. This change is described in dbSNP (NCBI) as rs201584115 with a minor
allele frequency (MAF) of 0.0004 and is predicted to be probably damaging to its function.
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Any of these mutations were found in 3 controls (long-term treated with BPs without AFF)
and were present in EXAC with a MAF<0.0005.

Gene/protein interaction network and pathway analysis

Gene/protein connections were constructed to investigate functional pathways related to
the 37 mutated genes detected in the WES approach and to detect potential causative
genes and the molecular mechanisms that might be involved in the generation of AFFs.
Incoming and outgoing connections for all genes at distances 1 to 4 are summarized in
Figure 1. FN1 is the only gene connected with others at distance 1. At distance 2, more
connectivity is observed. The majority of the pairwise shortest path connectivity for AFF
driver genes is observed at distance 3. The only gene without any interaction at any level
is IQCF6.

The network of gene/protein interactions shows that GGPS71 and CYP1A1, two of the
most relevant driver genes, are connected at distance 3, through INS and /L6 (Figure
2A). Four other AFF driver genes (RUNX2, MVD, MMP9 and PGRMC1) are connected
to either of them at distance 2. Furthermore, FN1 appears connected to MMP9 at
distance 1. Likewise, the driver genes SYDE2 and NGEF, which are small GTPase

activators, are interconnected at distance 2 through RHOB (Figure 2B).

Pathway interrogation with the DAVID web tool yielded the isoprenoid biosynthetic
pathway (G0O:0008299), containing the GGPS1, MVD and CYP1A1 genes, as enriched
among the 37 mutated genes (p-value 0.0006).

Discussion

Several other genes with variants in the three sisters might also contribute to AFF
susceptibility. FN1 encodes an extracellular matrix protein necessary for the regulation
of type | collagen deposition by osteoblasts, essential for matrix mineralization, and
fibronectin levels have been shown to be affected by BP treatment'?. SYDE2 and NGEF
encode two regulators of small GTPases. Their respective roles in activating RHO
GTPases and in exchanging their guanine nucleotides constitute interesting clues to their
putative effects on osteoclast function and responses to BPs. RHO GTPases are
downstream targets of the BPs since they need to be prenylated for their cellular function.
Additionally, our gene/protein interaction network shows how NGEF is tightly related to
the ephrins and ephrin receptors (Figure 2B), which are key players in the coupling

mechanism between osteoclasts and osteoblasts'®. Another group of genes mutated in
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the 3 sisters encode nuclear proteins with pleiotropic effects on gene expression and/or
DNA repair (KDM4C, XAB2, NVL, NKAP, ERCC6L2). Notably, KDM4C encodes a JmjC-
domain-containing lysine-specific demethylase recently found associated with age at
menarche', which is a biomarker for bone density. PGRMC1, which encodes
progesterone receptor membrane component 1 and was mutated in the sisters, was
previously reported to be involved in premature ovarian failure'®. Finally, COG4
(encoding subunit 4 of the conserved oligomeric Golgi Complex) and EML1 (encoding
echinoderm microtubule-associated protein-like 1) are of interest, given the importance
of vesicle transport through the Golgi in osteoclasts’® and of the primary cilium in

osteocytes'’, respectively.

Through a candidate gene approach, two crucial proteins for bone remodelling (RUNX2
and MMP9) and another enzyme of the mevalonate pathway (mevalonate diphosphate
decarboxylase, MVD) were found mutated in 3 unrelated AFF patients. RUNX2 is a
master transcription factor for osteoblastic differentiation’®, while MMP9, a
metalloproteinase expressed in osteoclasts, degrades the extracellular matrix of bone°.
As a consequence, it influences the architecture of trabecular bone and the structure of
cortical bone? both of which might be involved in AFF risk. RUNX2 is known to activate
MMP9 gene expression?' and this interaction may have synergistic effects on the
biomechanical properties of bone in patient AFU3, who bears these two mutations (Note:
This interaction is not shown in Figure 2A so that other interactions could be clearly
displayed). Finally, an MVD missense mutation predicted as tolerable was confirmed in

patient AFU2, adding a second mutated gene in the mevalonate pathway.

All'in all, the functions and prior knowledge on these genes are commensurate with their
possible involvement in the pathology, and especially the observed alterations in the
mevalonate pathway. Taken together, all these rare variants may belong to a genetic
pool that provides the background for the development of bone changes that give rise to
AFFs and the possible negative interaction with BPs. It is likely that several genes with
small additive effects, and their interactions, are involved in long-term BP-related AFFs.
Furthermore, each individual patient would be a carrier of different specific genetic

variants.
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Tables

Table 1. Candidate genes screened in unrelated AFF patients using IGV
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RESULTS: Chapter 2

Figures

Figure 1: Summary of the pair-wise connectivity of the genes found mutated in the AFF patients
(MAP genes), showing incoming and outgoing connections. Standard symbols for the 37 MAP
genes used to build the network are depicted on the outer ring of the diagram. Each driver gene
that interacted with another MAP gene is shown by a distinct color box, while those for which
there was no reported interaction are shown in black.
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Figure 2: A. AFFGeNet visualization focusing on some GGPS1 and CYP1A1 partners at
distance 2 (and some of the MMP9 partners at distance 1). B. AFFGeNet visualization of some
SYDE?2 and NGEF partners at distance 1.

Please note that many connections have been omitted for the sake of clarity. In particular, the
nodes RUNX2 and FN1 have not been expanded to display all of their partners. Fill color is
indicative of underexpression (yellow), overexpression (purple) and no change in expression
(white) in osteoclasts treated with alendronate or risedronate (data from Yuen et al. 20148). Outer
color code is purple for genes found mutated in our AFF patients (MAP driver genes); green for
genes downstream of the chosen node genes; grey for other genes.
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DISCUSSION

Osteoporosis is a common disorder determined by both genetic and environmental
factors, as well as by their interaction. This PhD thesis aimed at contributing to the
elucidation of the genetic determinants of osteoporosis and atypical femoral fracture
(AFF), an extremely rare complication of nitrogen-containing bisphosphonates (N-BPs)
therapy for osteoporosis. On the one side, a genome-wide association study (GWAS)
signal has been deeply studied, including dissection of the association signal in a
Spanish cohort and the functional characterization of the associated variants in their
genomic context. On the other side, a small cohort of N-BP-associated AFF patients has
been sequenced and the most interesting mutation found has been functionally

characterized using molecular and cellular approaches.

To elucidate the molecular bases of diseases several aspects have to be considered and

are discussed here.

1. Homogeneity of phenotype

One of the most important aspect when studying the genetic component of a disease
is the homogeneity and accuracy in the phenotyping. It is especially relevant when
studying various individuals together, such as large cohorts of individuals used in
association analysis for complex diseases, families used in linkage studies or small
groups of individuals, and also when comparing or replicating studies. Phenotyping is
also crucial to improve the understanding of disease pathogenesis. Otherwise, a bad
phenotypic selection can prevent the identification of causal genetic variant/s (Vissers &
Veltman, 2015).

In the case of osteoporosis, bone mineral density (BMD) and osteoporotic fracture
(OF) are the phenotypes used for its diagnosis and they are mainly used in association
studies. BMD is a quantitative variable with a clear hereditary component that can vary
depending on the measure site or the technique used (Lorentzon & Cummings, 2015).
For this reason, it is essential that all the individuals involved in an association study
have the BMD measured at the same site and with the same technique (usually DXA or
QUS). OF is a qualitative phenotype that is also widely used because the obtention of
predictive models (such as FRAX) have a great impact in clinical practice. Again, OF can
occur at different body sites and, thus, when used in association studies, the location
has to be clearly defined. For example, some studies have performed a GWAS in hip

fracture or vertebral fracture, while some others have used all type of fractures to identify
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genetic variants predisposing to OF in general (Alonso et al., 2018; Trajanoska et al.,
2018). Other bone parameters, such as size, porosity or cortical bone thickness, have

been used in GWASSs since they are also good measures of bone health.

In this thesis (Article 1, Chapter 1), a deep re-sequencing and an association study of
a genomic region (7921.3) previously found in several GWASSs as associated with BMD
and OF has been performed. We used the BARCOS cohort, which consisted of 1490
unrelated postmenopausal women of Spanish descent from the Barcelona area,
monitored at the Hospital del Mar (Barcelona). Exclusion criteria were any history of bone
diseases, metabolic or endocrine disorders, hormone-replacement therapy or use of
drugs that could affect bone mass. Therefore, the cohort meets the homogeneity
standards desirable for this kind of studies. Lumbar spine (LS) and femoral neck (FN)

BMD measured by DXA and OF, including all skeletal sites, were used.

Interestingly, it has been observed that each phenotype (including OF or BMD at
different skeletal sites) can have singular genetic determinants and, therefore, a
particular gene or variant can give different results depending on the phenotype
assessed. In this line, we genotyped 8 SNPs in the BARCOS cohort and we also included
the rs4727338 SNP genotyped previously in Estrada et al. (2012) and 3 of them
(rs10085588, rs4342521 and rs4727338) showed significant association with LS-BMD.
However, only rs4727338 was nominally associated with FN-BMD, although it could also
be due to the smaller sample size for FN-BMD association. Regarding OF, the 3 SNPs

showed nominal association.

In the case of AFFs, an accurate case definition is also of paramount importance so
that they can be clearly distinguished from ordinary osteoporotic femoral fractures.
Moreover, since they are a very rare event whose pathogenesis and pathophysiology
remain largely unknown, it is very important that all studies report on the same condition,
so that we can understand more and more all aspects related to AFFs. To address this
question, the American Society for Bone and Mineral Research (ASBMR) established
the case definition in 2010 and updated it in 2014, on the base of newer evidence (see
Table 6; Shane et al., 2010, 2014). In this line, all the patients we studied in Chapter 2
(Articles 3 and 4), coming from 2 different hospitals (Hospital Universitario Reina Sofia,
Cérdoba, and Hospital del Mar, Barcelona), fulfiled the ASBMR criteria for AFF
diagnosis. In addition, all of them had taken BPs for more than 5 years, excluding those
cases of BP-independent AFF. Besides, individuals who had taken N-BPs for more than
5 years but who did not sustain an AFF were used as controls, in which the variants

identified in the patients were not present. This approach allowed us to exclude some
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variants putatively related to the underlying osteoporotic phenotype, rather than with the
AFF. However, as osteoporosis is a complex disease where many small-effect variants
contribute, the number of controls used (n=3) is clearly far too small to disregard all the

osteoporosis-related variants.

Importantly, and as mentioned in the Introduction, very similar fractures can occur in
other monogenic skeletal diseases, including disorders of mineralization (e.g.
hypophosphatasia [HPP]), impaired bone remodelling (e.g. pycnodysostosis [PYCD])
and defects on collagen synthesis and structure (e.g. osteogenesis imperfecta [Ol]).
Furthermore, occasionally, AFF has been the presenting symptom of an unsuspected
HPP. For example, both Sutton et al. (2012) and Peris et al. (2019) reported mutations
in ALPL in AFF patients initially misdiagnosed with postmenopausal osteoporosis and
treated with N-BPs. After the AFF, these patients presented an increase in ALP
substrates and low serum ALP activity, consistent with the diagnosis of HPP. The
occurrence of these fractures in patients with other monogenic bone disorders might be
confusing when studying the genetics underlying AFF. Thus, we excluded patients
presenting with other bone diseases, such as HPP, from our small cohort. Further studies
to understand the putative differences among these fractures and AFFs occurring in

osteoporotic patients are needed.

2. Next generation sequencing

Nowadays, several methods are used to identify the genetic bases of diseases.
Different approaches are used depending on the biological hypothesis in question,
including characteristics of the disease, such as its incidence and inheritance pattern,

variant type of interest and size of the regions of interest.

The sequencing of the human genome and the advent of next generation sequencing
technologies (NGS) boosted the discovery of new genes involved in many kinds of
diseases and traits (Goldstein et al., 2013). Currently, several NGS platforms that use
different sequencing methods are available, with their own advantages and limitations
(reviewed in Chakravorty & Hegde, 2017). Remarkably, read lengths are relatively short
(35-700 bp) and error rates range from 0.1% to 15% and, hence, Sanger sequencing

validation and/or deep coverage are needed.

NGS technologies have enabled a quick and cost-effective sequencing of genomes,

exomes and gene panels or regions of interest. Whole genome sequencing (WGS) offers
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the most comprehensive discovery of all type of genetic variants (coding and non-coding,
common and rare, structural, etc.) across the genome. Targeted enrichment sequencing
allows for selective sequencing of regions of interest, reducing the amount of data
generated, as well as the cost. The most widely used is whole exome sequencing (WES),
which sequences the protein-coding regions in the genome (around 1.2% of the genome)
and has been proved to be successful in uncovering mutations causing Mendelian
diseases. It has been estimated that exonic mutations cause the majority of monogenic
diseases. However, this estimation may be biased by the difficulty of identifying disease-
causing mutations in the non-coding genome (Petersen et al., 2017; Sun et al., 2015).
Currently, one of the main challenges resides in interpreting NGS data: prioritizing,

validating and functionally characterizing the variants (see section 5 of this Discussion)

In this thesis (Articles 3 and 4, Chapter 2), we took advantage of NGS to gain insight
into the genetic architecture of N-BP-associated AFF. Before this thesis, no familial
clustering had been reported and, therefore, no segregation analyses had investigated
the architecture of AFF. Given the low incidence of N-BP-associated AFFs and the
availability of 3 affected sisters, we hypothesized that there was a genetic predisposition
in the form of shared rare genetic variants and performed WES of the 3 sisters and 3
unrelated patients, which allowed us to identify putative novel variants. After filtering non-
synonymous and rare variants (MAF<0.005) and prioritizing them, we found 37
heterozygous variants in 34 genes shared by the 3 sisters. We validated the variants by
Sanger sequencing and we further studied the most conserved one, a novel mutation in
GGPS1. Afterwards, another WES study of consanguineous familial AFF without N-BP
exposure was performed in which a mutation in the CTSK gene was detected, although

the family did not present any clinical feature of PYCD (Lau et al., 2017).

Furthermore, we deeply explored the genetic contribution of a candidate region that
arose from BMD and OF GWASs (namely, C7ORF76 at 7q21.3; Article 1, Chapter 1) by
means of ultra-deep sequencing (3600x coverage) of 7 overlapping LR-PCR-amplified
fragments in two extreme LS-BMD groups of women (n=50 per group) from the BARCOS
cohort. We identified and compared the number and frequency of variants present in
each group. The most interesting variants were selected and tested for association in
the whole cohort. Afterwards, further functional analyses were performed. With this
approach we aimed at identifying all the variation within this locus, including variants that
were not captured in GWASSs because of their low frequency, low effect size or structural
characteristics (that is, CNVs, microsatellites, etc.). Targeted resequencing of loci

emerging from GWASs in truncate selections of patients has been successfully
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performed by other research groups, including a work on /oci associated with BMD in

which the authors identified new rare non-coding variants (Hsu et al., 2016).

NGS technology is also used in functional genomic applications going beyond the
identification of DNA genetic variants. For example, they are used in ChlP-seq, ATAC-
seq, methyl-seq, 4C-seq, RNA-seq studies to functionally characterize the genome or
mRNAs (e.g. DNA-protein interaction, histone modification, chromatin accessibility and
interaction, DNA methylation, mRNA expression levels, alternative splicing or transcript
discovery; Chakravorty & Hegde, 2017).

3. Association studies

Association studies are one of the most used methodologies to identify genetic
susceptibility variants for complex diseases. In the osteoporosis field, and as described
in the Introduction, many candidate gene association studies and GWASs have been
performed. The main advantage of GWASs is the possibility of exploring, in a hypothesis-
free way, the genetic variability scattered across the genome associated with a trait of
interest. Therefore, many variants, genes or genomic regions associated with bone
characteristics that do not have any known relationship with bone biology have been
identified. Such is the case of the C7ORF76 locus in 7921.3, which has been repeatedly
found associated with LS-BMD, FN-BMD, OF, heel eBMD and total body BMD (Duncan
et al., 2011; Estrada et al., 2012; Kemp et al., 2017; Medina-Gomez et al., 2018; Morris
et al., 2019; Rivadeneira et al., 2009; Trajanoska et al., 2018; Zhang et al., 2014; Zheng
et al., 2015). As mentioned, in this thesis a two-stage approach was used, consisting in
candidate region deep sequencing of extreme phenotypes as a discovery phase followed
by association of selected variants with BMD and OF in a Spanish cohort to identify the

causal variant for the association in the C7ORF76 locus (Article 1, Chapter 1).

The genetic bases of AFF have also been investigated through association studies
elsewhere. As reported in the Introduction, two studies performed case-control GWASS,
although using a very small number of patients. Pérez-Nunez et al. (2015) assessed rare
known coding variants in 13 AFF patients and 268 controls and found an over-
representation of risk variants in the case group. However, due to small sample size,
only one variant was found significantly associated. Kharazmi et al. (2019) assessed
common variants in 51 cases and 5215 controls and the small sample sizes precluded
the identification of genome-wide significant associations. In addition, Kharazmi et al.

(2019) also performed a candidate gene association analyses in 29 genes, again with
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negative results. As already discussed in section 2 of this Discussion, we used a different

approach to discover the genetic susceptibility to AFFs.

When performing association studies, several aspects have to be considered,
including the homogeneity of the phenotype (already discussed in section 1 of this

Discussion), and others discussed below.

In association studies sample size is pivotal, since it directly impacts the statistical
power (i.e. the probability to detect a real association). Apart from sample size, there are
several factors that influence the estimation of statistical power: disease prevalence,
genetic heterogeneity, linkage disequilibrium between the genotyped polymorphism and
the functional variant and their allelic frequencies, the effect or risk that the variant
confers (i.e. B coefficient or odds ratio, OR) to the phenotype and its inheritance pattern
(Nsengimana & Bishop, 2017).

In complex diseases, it is commonly believed that causal variants have small effects
on the phenotype, correlating with the “common disease, common variant” hypothesis
(Schork et al., 2009). In this sense, osteoporosis is not an exception and association
studies have identified a high number of genes and variants, mainly with a small effect
(Morris et al., 2019). Therefore, statistical power will tend to be low unless the sample

size is increased considerably.

The sample size of the BARCOS cohort allowed the identification of common variants
with moderate effects and/or in high linkage disequilibrium with the putative causal
variants but precluded the identification of smaller effects. Notably, we failed to detect
association in several of the variants interrogated, although some were found associated
with BMD and OF in a large GWAS (Kim, 2018).

One way to increase sample size is creating large consortia. The GEFOS (GEnetic
Factors for OSteoporosis) consortium, which continues the work of the GENOMOS
(Genetic Markers for Osteoporosis) consortium, was created with this goal and has
carried out many large GWASs and meta-analyses for distinct bone properties and
characteristics. Indeed, the BARCOS cohort participated in the replication stage in

several of them.

Meta-analyses consist in analysing together data obtained from different cohorts,
which provides an increased statistical power. However, the main problem they present
is heterogeneity. The variants we found associated with BMD and OF were also found
strongly associated in several meta-analyses (Kemp et al., 2017; Medina-Gomez et al.,
2018; Morris et al., 2019; Zheng et al., 2015).
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Another way of improving statistical power while avoiding a dramatic increase in
sample size is using selected cohorts with minimal genetic heterogeneity, such as
isolated populations (e.g. Icelanders) or extreme truncate selection of individuals for
quantitative traits. For instance, one of the first GWASSs in the osteoporosis field used an
Icelandic discovery cohort and identified 5 genomic regions with variants significantly
associated with BMD (Styrkarsdottir et al., 2008). Sims et al. (2008) robustly identified
Wnt pathway genes of relevant effect sizes involved in BMD variation by using a small
cohort of postmenopausal women having either low or high hip BMD (nita=344). In 2011,
Duncan et al. performed the first osteoporosis GWAS using an extreme-truncate
selection design (1055 women with extreme high BMD and 900 women with extreme low
BMD) and reported the replication of 21 of 26 known BMD-associated genes and the
identification of 6 new loci with suggestive association. Extreme-truncate selection
studies have been proven effective for detecting rare variants associated with complex
traits, correlating with the “common disease, rare variant” hypothesis (Barnett et al.,
2013; Kang et al., 2012).

In this thesis (Article 1, Chapter 1), we used an extreme-truncate selection approach
with the 50 women with the highest Z-score (0.73 to 2.98) and the 50 women with the
lowest Z-score (-4.26 to -2.41) of the BARCOS cohort to identify new putative causal
variants in this region, including rare variants, and tested them for association in the

whole cohort.

Association studies require genotyping of a certain number (ranging from a few in
candidate genes studies to hundreds of thousands in GWASs) of polymorphisms,
generally SNPs, in a high number of samples. In such a situation, genotyping errors may
occur and affect the reliability of the results. Thus, a rigorous quality control has to be
carried out. It is usual to re-genotype a certain percentage of samples or to include
internal controls with previously known genotypes, as well as negative controls. In our
study, the genotyping of 6% of the samples was performed in duplicate and showed a

concordance above 99%.

Genotyping errors may be due to the low quality or quantity of the DNA samples or to
the low reliability of the genotyping assay for a given variant. Therefore, it is important to
establish the genotyping rate for individual and for variant and eliminate those individuals
or variants that do not reach a specific threshold (i.e. 80-90%). Another way to detect
systematic genotyping errors is testing the Hardy-Weinberg equilibrium (HWE), under
the assumption that a high error rate generates disequilibrium (Pompanon et al., 2005).

In our study, all these quality controls have been accomplished.
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Several confounding factors could lead to spurious results, either false negative or
false positive. One of the most important is population stratification, mainly because of
ethnicity mixture. Different ethnic groups might present a different disease prevalence,
as it happens in osteoporosis, which is more prevalent in Caucasian individuals (Cauley,
2011), and/or different allelic frequency for certain polymorphisms. Therefore, it is of
paramount importance that the cohort used in association studies is genetically
homogeneous or, at least, individuals from different ethnicity are distributed
homogeneously across the phenotype. In this thesis, all the postmenopausal women
included in the cohort BARCOS are from the Barcelona area and of Spanish descent. In
addition, in a previous work, the presence of population stratification was ruled out in the
cohort (Agueda et al., 2008).

Other confounding factors may influence the statistical association and, thus, have to
be homogeneously distributed in the cohort or taken into consideration as a covariable
in statistical analyses. In osteoporosis studies, some factors to take into account are
gender, age, years since menopause, BMI, nutritional and hormonal status, etc. As
mentioned, the BARCOS cohort was composed only by postmenopausal women and
exclusion criteria included endocrine and metabolic bone disorders and certain therapies
that influence bone status. Moreover, several data related to such variables were also
recorded, including anthropometric measures, age, age of menarche and menopause,
and number of children, among others. In our association study (Article 1, Chapter 1),
we evaluated the influence of all the variables available on BMD or OF and, accordingly,

used years since menopause as a covariable in the association analyses.

In association studies, a large number of variants is usually tested and, thus, the
amount of statistical comparisons is also high. As a consequence, statistical significance
thresholds have to be reconsidered to avoid increasing the incidence of false positives.
Although there is not a universal method, several approaches have been developed. The
most rigorous ones prevent the occurrence of false positives but also favour the

emergence of false negatives, while the less rigorous ones produce the contrary effect.

Some commonly used multiple testing correction methods are Bonferroni’s and False
Discovery Rate (FDR), the first being more conservative than the latter. In our
association studies (as well as in functional analyses) we applied the Bonferroni's
method. Bonferroni’s adjustment consists in dividing the traditional significance threshold
(0.05) by the number of independent tests performed. It is easy to use, and it ensure a

false positive incidence lower than 5%.
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Osteoporosis is a complex disease with a heritable component. As described in the
Introduction, BMD has an estimated heritability of 50-85% (reviewed in Boudin et al.,
2016) and other bone phenotypes have their own estimates of heritability. To date, the
genetic variants identified in association studies collectively explain around 20% of the
predicted genetic variance of bone-related phenotypes (Morris et al., 2019). This has
been referred to as the “missing heritability” problem, and it is a common finding for
virtually all complex diseases (Manolio et al., 2009). Therefore, there must be other
variants or elements that explain this missing heritability and many options have been

proposed.

Most of the association studies used SNPs as genetic markers because they are easy
to genotype in a high-throughput and automatic way. However, other types of genetic
variants may also contribute to complex traits. Structural variants (or CNVs), which
usually have a higher impact on gene expression, might help to explain a proportion of
the missing heritability of complex diseases (Nagao, 2015). As reported in the
Introduction, some studies have assessed the contribution of CNVs to bone-related
phenotypes (e.g. OF, BMD, hip geometry), identifying some associated loci (Deng et al.,
2010; Oei et al., 2014; Yang et al., 2008).

Another source of missing heritability that is being explored more and more is rare
variation. Most of the association studies use common genetic variants (frequency >5%)
present in the general population but with a higher frequency in affected individuals. This
correlates with the “common disease, common variant” hypothesis that postulates that
variability of common diseases is explained by common variants, each with small effect
on the phenotype. However, the use of NGS technologies, that has allowed an in-depth
sequencing of the genome, has brought up the possibility to analyse rare or low
frequency variants (frequency <1% or 1-5% in the population, respectively) and their
contribution to common diseases, testing the “common disease, rare variant” hypothesis
that argues that rare or LF variants may have a more penetrant effect on the phenotype
(Figure 10; Schork et al., 2009). Notably, larger sample sizes are required for association
studies with rare-low frequency variants and comparing the number or aggregated

frequency of rare variants is usually useful (Zuk et al., 2014).

In the field of osteoporosis, some rare and low frequency variants with large effects
on BMD and OFs have been identified, in some cases using NGS-approaches (Kemp et
al., 2017; Morris et al., 2019; Styrkarsdottir et al., 2013; Zheng et al., 2015). Morris et al.
(2019) showed that the rare and low frequency variants they identified explained a 0.8%

and 1.7% of the variance in eBMD, respectively. Notably, only a small amount of rare

149



DISCUSSION

and low frequency variants has been identified so far and, thus, their contribution to

heritability is expected to increase.
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Figure 10. Feasibility of identifying genetic variants by risk allele
frequency and effect size (odds ratio). Extracted from (Manolio et al.,
2009).

Importantly, and as discussed in section 2 of this Discussion, deep re-sequencing of
previously associated regions (using common variation) provide an opportunity to detect
and assess rare variants and structural variants comprehensively. In Article 1 (Chapter
1) of this thesis we deeply-explored the genetic variation in the C7ORF76 locus,
analysing both common and rare-low frequency variants (MAF<5%). We found several
interesting low frequency variants but, due to the small sample size of the BARCOS
cohort, we were not able to detect any association with BMD or OF. Rare-low frequency
variants were grouped and compared together between the two extreme groups, but

their distribution was balanced.

Some studies suggest that genetic variants whose associations failed to reach
genome-wide significance (p<5x10®) also contribute to phenotypic variation (Zhang et
al., 2012). Moreover, they argue that multiple variants at a single locus may jointly
influence a trait (i.e. allelic heterogeneity). Yet, the dissection of allelic heterogeneity is
complicated by the correlation between SNPs and an accurate estimation of allelic
effects is needed to identify all the effective SNPs in a locus (Gusev et al., 2013; Zhang
et al., 2012). In this sense, re-sequencing of known Jloci (including loci with lower
significance levels) is again a good strategy to elucidate all the putative missing

heritability buried in them.
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Complex diseases are related to multiple intermediate phenotypes, involved in their
pathogenesis. Sometimes, the genetic component of intermediate phenotypes is not
detectable when studying the main complex disease but it also contributes to its
heritability (Blanco-Gémez et al., 2016).

It has also been proposed that part of the missing heritability may be explained by
genetic interactions or epistasis, as well as gene-environment interaction (see section 6
of this Discussion). Briefly, different variants interact to regulate variation in the
phenotype, giving a non-additively effect (Zuk et al., 2012). Demonstrating and mapping
epistasis and gene-environment interactions is challenging due to large sample size
needed. Thus, the magnitude of the contribution of epistasis to the missing heritability of

complex phenotypes is difficult to determine (Mackay, 2014).

Finally, epigenetic changes may also account for a proportion of missing heritability.
DNA methylation and chromatin assembly states, as well as miRNAs, have been found
involved in many complex phenotypes (Trerotola et al., 2015). As described in the
Introduction, many studies have assessed the role of epigenetics in osteoporosis
involvement, contributing to the unmasking of further heritability (Letarouilly et al., 2018;
Michou, 2018; Vrtacnik et al., 2014).

After identifying a locus statistically associated with a complex trait, the main
challenge resides in the identification and characterization of the causal variant
responsible for the association signal. The association can be due to a direct causal
relationship between the trait and the genotyped variant or due to an indirect association,
in which the genotyped variant is in LD with the truly causal variant. For this reason, it is
necessary to prove its functionality, as well as to replicate the association in an
independent population (Gallagher & Chen-Plotkin, 2018). Achieving confidence in the
determination of causality between a gene or variant and a disease is a complicated task
that requires various types of supportive data. In addition, the challenge also resides in
evaluating the functional impact of the variants in the same large scale as they are being

discovered in association studies (Visscher et al., 2017).

In Chapter 1 of this thesis, we replicated and dissected a GWAS signal in C7ORF76
to identify the causal variants. In addition, we functionally assessed the associated
variants, as well as the regulatory elements within this locus to shed light on the

association.

Both replication and functional analyses are also crucial in determining pathogenicity

of mutations identified in sequencing-based studies (e.g. WES) aiming at elucidating the
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genetic causes of a disease. In Chapter 2 of this thesis, we identified and functionally

characterized a mutation in GGPS17 involved in AFF.

These aspects will be discussed in the following sections.

4. Replication of identified variants

Replication is fundamental when studying the genetic background for complex and
Mendelian diseases. Variants related to complex traits are identified by statistical
associations. Therefore, replication in an independent sample is crucial to confirm that
the positive result found is real and not a spurious result or false positive. Many
association studies use a two-stage design: a discovery stage in which a high number of
variants are genotyped and a replication stage where only those variants found
significantly associated in the discovery stage are assessed in a second independent
sample. In addition, independent replication studies are also carried out in which regions
previously found associated with a complex trait of interest are studied in other samples,

sometimes of different ethnicity.

Frequently, the association results are discordant and do not replicate. Some possible
reasons are differences in ethnic composition of samples, a high phenotypic variability,
small sample size, differences in environmental factors or epistasis (Greene et al., 2009).
This has not been the case of the C7ORF76 locus, which was found associated in many
GWASSs and meta-analyses assessing BMD and OF in different skeletal sites, ethnicities
genders and ages (Duncan et al., 2011; Estrada et al., 2012; Kemp et al., 2017; Medina-
Gomez et al., 2018; Morris et al., 2019; Rivadeneira et al., 2009; Trajanoska et al., 2018;
Zhang et al., 2014; Zheng et al., 2015). In Article 1 (Chapter 1), we also replicated this
association with LS- and FN-BMD and OF in our Spanish cohort of postmenopausal
women. Specifically, the two SNPs we found associated (rs10085588 and rs4342521)
were previously found associated with LS- and FN-BMD and OF in other GWASSs,
although they were not the lead SNPs (Rivadeneira et al., 2009; Zheng et al., 2015). As
already mentioned, we failed to find association in the rest of the variants interrogated,
although some of them and others in this locus not tested by us have been found

associated with BMD and OF elsewhere.

In monogenic diseases, replication is a strong evidence of pathogenicity. Although
our results and others’ suggest that N-BP-associated AFF is not a monogenic disease,

replication of our findings would have given more compelling evidence of causality.
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Unfortunately, we did not find any mutation in GGPS1 in the 3 unrelated patients, nor in
other patients we have analysed lately. Consistently, Peris et al. (2019) also analysed
the presence of mutations and polymorphisms in the GGPS7 gene by Sanger
sequencing in 17 women with N-BP-associated AFFs and no mutation was found.
Furthermore, we did not replicate any of the mutations reported in the last years (Funck-
Brentano et al., 2017; Lau et al., 2017; Pérez-Nunez et al., 2015). Instead, we did identify
a mutation in CYP1A7 in one unrelated patient of our small cohort, in addition to the
mutation present in the 3 sisters. Moreover, in the same study by Peris et al. (2019),
mutations in CYP1A1 were reported in 2 patients with N-BP-associated AFF after a
glucocorticoid-induced osteoporosis. These results make CYP1A71 a good candidate
gene for AFF and functional analyses of the mutations are underway. Besides, because
AFF incidence differs between ethnicities, it would also be interesting to corroborate

these findings in other populations.

5. Functional studies of variants and candidate genes

Functional analyses are fundamental for determining causality or pathogenicity of
genetic variants. Furthermore, they are also important to understand the molecular
pathophysiology underlying a disease and to further apply this knowledge to therapeutic

approaches.

Several layers of evidence are needed and are discussed below. Depending on the
nature of the variants, the functional approaches will differ and may include in silico

computational analyses, in vitro or in vivo analyses, using cellular and animal systems.

Definition and annotation of functional elements in the genome

When searching for causative genetic variants and characterizing them, it is crucial to
know (a priori or a posteriori) their location and in which kind of functional element of the
genome they lie: protein-coding exon, untranslated transcribed region (UTR), intron,
enhancer, promoter, etc. The first step of variant characterization is the in silico analysis
of their genomic location since, in the end, it will determine the kind of approaches used
to characterize them. Therefore, the definition and large-scale annotation of these
elements is pivotal. In this line, the ENCODE Project made a huge effort to
comprehensively annotate all the functional sequences in the human genome, using a
variety of assays and methods (The ENCODE Project Consortium, 2012).
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The concept of “gene” has evolved and become more complex since it was first
proposed in 1909 by Johannsen, who coined the term to denotate an abstract “unit of
inheritance”, without specific material attributes. Afterwards and successively, it
designated a dimensionless point on a chromosome, a linear segment within a
chromosome and, at the early 1960s, a discrete sequence on a DNA molecule that
encodes a polypeptide chain. In the late 1970s, the discovery of introns (sequences
interrupting the coding sequence) further modified the definition of a gene (Portin &
Wilkins, 2017).

During the first 50 years, some characteristics of the gene were described, such as
hereditary transmission, genetic recombination, mutation and gene function. More
recently, the advances in molecular genetics, and especially projects such as the
ENCODE or FANTOM projects (The ENCODE Project Consortium, 2012; The FANTOM
Consortium & RIKEN Genome Exploration Research Group, 2005), have uncovered
many other characteristics that add more complexity to the concept of “gene”. For
example, a single gene can produce more than one mRNA by the means of alternative
splicing or alternative promoters, transcription start sites (TSSs) or polyA sites,
generating overlapping transcripts (Raabe & Brosius, 2015). In addition, boundaries to
transcription are far from clear, leading in some cases to gene fusions and chimeric
transcripts (Parra et al., 2006). All in all, it seems that the human genome is
comprehensively transcribed from both DNA strands. Furthermore, many genes encode
for a diversity of noncoding RNA molecules that are not translated to proteins but also
exert some biological function, such as long non-coding RNAs (IncRNAs), microRNAs
(miRNAs), transfer RNAs (tRNAs) or PIWI-associated small RNAs. Actually, there are
more genes encoding regulatory RNAs than proteins in the human genome and have a
role in the regulation of epigenetics processes, differentiation and development. IncRNAs
are >200 nucleotides in length, can be intronic, antisense or intergenic and are
dynamically expressed in a range of differentiating systems (reviewed in Morris &
Mattick, 2014). Altogether, this leads to the need to redefine the concept of “gene”.
Therefore, recently, Portin & Wilkins (2017) proposed a comprehensive molecular
definition: “A gene is a DNA sequence (whose component segments do not necessarily
need to be physically contiguous) that specifies one or more sequence-related
RNAs/proteins that are both evoked by genetic regulatory networks (GRNs) and
participate as elements in GRNs, often with indirect effects, or as outputs of GRNs, the

latter yielding more direct phenotypic effects”.

The evolution of the definition of “gene” is a clear example of how concepts are linked

to the techniques that allow their characterization and, at the same time, how the
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availability of an accurate definition is crucial for identifying and annotating new elements
(in this case, new genes). Several approaches to identify new genes are used, either
experimental or computational. Importantly, sequencing technologies have boosted this
area of research. For example, the sequencing and mapping of RNAs have allowed the
identification of transcribed regions of the genome. The GTEx (Genotype-Tissue
Expression) Project represents the most comprehensive study of tissue-specific gene
expression (53 non-diseased tissue sites) to date and has allowed the annotation of
different transcripts in different cell types, as well as the correlation of gene expression
with genetic variation (eQTLs; The GTEx Consortium, 2013). In the computational side,
the identification of most genes in sequenced genomes is based either on their homology
to other known genes, or the statistically significant signature of a gene sequence,

namely ab initio algorithm-based gene prediction (Mudge & Harrow, 2016).

In this thesis (Articles 1 and 2 from Chapter 1), we explored the C7ORF76 genomic
region at 7q21.3, which was repeatedly found to be associated with BMD and OF in
many GWASs. The C7ORF76 gene is an uncharacterized gene of unknown function
without expression data in GTEx. During the last years, the annotation of this gene has
changed. First, it was annotated as an independent gene with the names C7ORF76 or
FLJ42280. It was described by Ota et al. (2004), in a large-scale attempt to characterize
all the full-length cDNAs in different human tissues. Then, it was described as an
alternative downstream transcript of SHFM1, a gene involved in split hand and foot
malformation type 1. Moreover, the exons of C7ORF76 were included in several long
transcripts coming from the principal SHFM1 promoter. Currently, in the GRCh38
genome assembly, it is annotated as transcript variant 6 of gene SEM1 (encoding a 26S
proteasome complex subunit), the new name for SHFM1. Although RefSeq labels it as
a curated gene, surprisingly few data have been gathered, the hypothetical protein has
not been characterized and the real function of CZORF76 remains unknown. In addition,
epigenetic marks do not clearly show either the presence of a promoter or gene body
signature in the putative exons. Our attempts to detect gene expression in several cell
types such as primary osteoblasts, Saos-2, HeLa, SH-SY5Y and lymphocytes, have not
succeed. Considering that it seems that the genome is a continuum of constitutive
transcription, sometimes without evident biological function, it is not clear the exact role
of this putative gene. All of this, together with the identification of regulatory elements in
this region, suggest that C7ORF76 might not be the gene underlying the association with
BMD and OF found in GWASSs, or at least not in the cell types analysed here. Another
example with an opposite result is that of Kou et al. (2011), who performed a GWAS on

OF in Japanese population and found a SNP associated within a new in silico predicted

155



DISCUSSION

gene. Using several experimental approaches, they identified a promoter and two
transcripts, one of which ubiquitously expressed in various tissues, including bone. By
protein motif prediction, they identified a signal peptide and a formiminotransferase

domain in its N-terminal and named the gene FONG.

An example of the importance of characterizing and accurately annotating the genes
for biomedical research is WES, in which protein-coding exons are captured by
hybridization to a set of probes. Notably, capture kits have been changing and improving
over the time to include new annotated genes and to better cover all the coding regions

of the genome.

More and more, genetic variants within regulatory regions have been identified as
causative for both Mendelian and complex diseases, highlighting the importance of such
regions (Ma et al., 2015). Indeed, the vast majority of variants identified by GWASSs lie in
the noncoding genome, often close to DNase | hypersensitivity sites, indicative of
regulatory potential, complicating their functional assessment (Maurano et al., 2012).
The 7g21.3 genomic region studied in Chapter 1 is a good example of it, since the
variants identified in many GWASs and meta-analysis are repeatedly located in the non-
coding genome. Therefore, the proper definition and annotation of these elements is

crucial to understand the molecular bases of diseases.

Promoters and enhancers are non-coding regulatory elements of the genome that
control gene expression. They are defined by a set of characteristics, comprising histone

marks, DNA methylation, TF binding, chromatin accessibility and conservation.

Historically, promoters and enhancers have been considered as two distinct classes
of regulatory elements. Promoters are defined as DNA sequences able to recruit RNA
polymerase Il and that regulate and initiate transcription at proximal TSSs. In recent
years, they have been identified mainly by mapping an epigenetic signature (e.g. low
H3K4me1:H3K4me3 ratio, H3K27ac) and by sequencing the 5 ends of RNAs
(Andersson et al., 2015).

Enhancers are genomic elements that regulate transcription of distantly located genes
by binding to promoters. They are described to be bound by TFs and to function in an
orientation-, position- and distance-independent manner. Enhancers tightly control gene
expression in a cell-type and spatiotemporally specific manner and one gene can be
regulated by multiple enhancers with overlapping or differing activities (IHH or DLX5/6
are examples of genes regulated by many enhancers; Ong & Corces, 2011; Will et al.,

2017). Such condition-specific regulation requires a higher-order chromatin architecture
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that places enhancers in close 3D proximity with the target promoters (Schoenfelder &
Fraser, 2019).

Enhancers have been identified mainly by gene reporter assays and by enrichment
of marks such as H3K27ac, a high H3K4me1:H3K4me3 ratio, H2A.Z, binding of
Mediator, P300 and TFs, and DNase | hypersensitivity (Coppola et al., 2016). However,
not all the putative enhancers mapped by genome-wide assays (e.g. P300 or H3K27ac
chromatin immunoprecipitation followed by sequencing [ChIP-seq]) function as
enhancers in vivo (Catarino & Stark, 2018). Actually, only a 59% of mouse candidate
enhancers and a 52% of human candidate enhancers tested in large-scale in vivo
enhancer activity assays drive reporter gene expression in some tissues (Visel et al.,
2007). Such was the case of the DLX5/6 enhancer within the C7ORF76 locus (namely
eDIx#18) studied in Article 2 of Chapter 1, identified by comparative genome analysis as
a non-coding evolutionary highly conserved region and tested for in vivo enhancer
activity by reporter gene assay in zebrafish and mouse (Birnbaum et al., 2012). In these
transgenic assays it was described to be active in branchial arches of zebrafish embryos
(72h post-fertilization) and mouse embryos (embryonic day 11.5). In addition, eDIx#18
was marked as an active enhancer in osteoblasts by ENCODE data. In Article 2, we
further characterized it during embryonic development and in a bone context. In Article
1 (Chapter 1), we also annotated 3 more putative regulatory regions (based on publicly
available epigenetic marks, TF binding and open chromatin data) containing several
variants identified in the re-sequencing stage. One of them, which we named UPE was
located 4kb upstream of the C7ORF76 TSS and contained one of the variants
(rs10085588) we found associated with LS-, FN-BMD and OF in the BARCOS cohort.
We further characterized the UPE, showing that it has regulatory activity and probably
acts as an enhancer for the IncRNA gene LOC100506136 or the neighbouring genes
SHFM1 and SLC25A13.

Lately, the historical distinction between enhancers and promoters has been
challenged, since enhancers and promoters have been shown to have similar
behavioural characteristics, adding more arguments to the similar histone modifications
and structural properties they have (Andersson et al., 2015; Kim & Shiekhattar, 2015). It
has been described that some promoters can exert distal-acting enhancer functions (Dao
et al., 2017; Diao et al., 2017) and that both promoters and active enhancers can bind
RNA polymerase Il and initiate transcription, (Andersson et al., 2014; Chen et al., 2017).
However, the properties of the RNAs they produce may differ substantially. On the one
side, promoters of protein-coding genes produce mRNAs that are generally multiexonic,

highly abundant, polyadenylated and translated. On the other side, enhancers produce
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noncoding RNAs, called eRNAs, that are generally shorter (0.1-1 kb), unspliced, non-
polyadenylated, less stable, low in abundance and retained in the nucleus. In addition,
they are often bidirectionally transcribed and the functional role of eRNAs remains
unclear (Mikhaylichenko et al., 2018). In this line, we demonstrated that both UPE and

eDIx#18 were transcribed in bone cells.

Computational prediction of variant effects

One approach to characterize a variant is the in silico prediction of its effect.
Regarding coding variants, the genetic code allows a rapid translation of the genetic
variant into the protein effect, in terms of amino acid change. Missense variants can
affect the protein structure and function to a different extent depending on the location of
the variant within the protein and the type of change. For example, an amino acid change
in the active site of an enzyme or in a protein-protein interacting domain will be highly
deleterious and a change from a neutral amino acid to a charged one (e.g. Ala to Asp)
will be more deleterious than a change to an other neutral amino acid (e.g. Ala to Gly).
Several computational predictors, such as SIFT (Kumar et al., 2009), Polyphen
(Adzhubei et al., 2010) and MutationTaster (Schwarz et al., 2014), use this information,
as well as conservation and other parameters, to give a score of deleteriousness used
to prioritize variants. Indels might affect the protein sequence and structure if they are

not multiple of 3, causing a frameshift.

In our WES analysis of the 3 sisters (Chapter 2), we used these tools to prioritize the
list of variants shared by them. The GGPPS p.Asp188Tyr mutation was the most
conserved one, with the most deleterious scores in SIFT, Polyphen and MutationTaster.
The mutation elicits the change of an acidic amino acid (aspartate) to un uncharged
aromatic residue (tyrosine) close to the active site of the enzyme. Specifically, it is
located in the highly conserved second aspartate-rich region, which is involved in the
binding to the substrate through a Mg?* salt bridge, predicting a severely impairment of
enzyme activity. In addition, an a-helix secondary structure is also predicted to be
disrupted by the mutation. To confirm all these predictions, we performed experimental

functional analyses (see below).

As for non-coding variants, other kind predictions can be made in order to assess their
functional effects. Predictors of miRNAs or TF binding and conservation scores are
available and have been used in Article 1 (Chapter 1) to prioritize the variants for
association studies, as well as to characterize the associated variants afterwards. None

of the variants assessed was predicted to affect miRNAs binding. The minor A allele of
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the rs10085588 SNP, located within UPE, was predicted to bind to HDAC2 more
probably than the G allele, possibly explaining the results observed in the reporter gene

assays (see next sub-section of this Discussion).

Experimental assessment of requlatory variants: reporter assays and eQTLs

As mentioned, the approaches used for assessing the functionality of variants depend
on the characteristics of the variant. Apart from determining the molecular functions of
the regulatory variants and elements, the genes affected by them have to be
investigated, as well as the relationship between these genes and disease risk
(Gallagher & Chen-Plotkin, 2018).

Regulatory-element activity is highly cell-type specific and, therefore, should be
analyzed in the context of the disease-relevant tissue (Albert & Kruglyak, 2015). In the
osteoporosis field, OBs and osteoblastic cell lines are the main cell types used for
functional analyses, although other cell types have also been used, including OCs and
MSCs. However, the availability of human bone material is limited and is not incorporated

into consortium-based, large-scale studies, such as GTEXx.

Many studies have shown an overlap between regulatory variants and eQTLs and
others have integrated data from eQTLs and GWAS:Ss to identify complex trait-associated
variants that influence transcript levels of putative target genes (Albert & Kruglyak, 2015;
Zhu et al., 2016). In this thesis, we assessed the cis-eQTL role of the variants within the
C70RF76 locus associated with BMD and OF, as well as of the variants lying within the
eDIx#18 enhancer (Articles 1 and 2, Chapter 1). We did so in a set of primary hOBs
(n=45) and detected a nominal association between the minor alleles of the 3 associated
SNPs and a decreased SCL25A13 gene expression, as well as a trend for association
with decreased expression of SHFM1. We also found that the rs10238953 SNP within
eDIx#18 showed a nominal association with DLX6 gene expression and a trend with
SHFM1. The other eDIx#18 SNP (rs4613908) also showed a trend with SHFM1 and
SLC25A13. These results pointed at these genes as the putative target genes for these
regulatory variants, although this strategy does not demonstrate how the SNP influences
gene expression and other approaches are necessary to confirm its mechanistic
relevance (see next section). In addition, the reduced sample size might have precluded

the identification of some smaller effects on neighbouring genes.

In parallel, the putative regulatory elements have to be tested for their transactivation
capability. Reporter gene assays in cellular systems are widely used to evaluate the

regulatory activity of candidate DNA fragments since they are easy and fast to perform.
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In addition, the different alleles of a SNP can also be tested to assess a possible allele-
specific activity of the putative regulatory element. MPRAs have been developed, in

which thousands of variants can be tested in a single experiment (Inoue & Ahituv, 2015).

In Chapter 1 of this thesis, we performed luciferase reporter assays in Saos-2 cells to
evaluate the transactivation capacity of the UPE element and showed that, indeed, it was
able to activate transcription of the luciferase gene. Interestingly, the minor allele (A) of
rs10085588 abolished luciferase activation, being consistent with eQTL analyses. In
addition, we also performed luciferase assays with eDIx#18 in Saos-2 cells to assess its
enhancer activity in an osteoblastic context. As mentioned, this enhancer was identified
by transgenic assay in zebrafish and mouse embryos and was found active in branchial
arches (Birnbaum et al., 2012). However, due to the enhancer marks detected in
osteoblasts in ENCODE data, we wanted to verify that eDIx#18 was also able to activate
transcription in a bone context and we showed that the core of the enhancer harboured

regulatory activity in Saos-2 cells.

Yet, gene reporter assays have some limitations. First, small differences in expression
may be difficult to distinguish statistically due to the transcriptional noise that this
technique can display and the differences in reporter activity that can result from small
unavoidable differences in the molar amounts of each plasmid transfected. Most
importantly, cell culture-based reporter assays do not test the transcriptional function of
a candidate region/variant in its native genomic context, but in the context of plasmid
DNA. Therefore, intricate relationships between DNA, histones, TFs, etc. are not
considered. In light of this, gene editing represents a more physiologically-relevant

method to confirm the function of a regulatory region/variant of interest.

3D genome organization

Since the genome is folded and spatially organized into the nucleus of the cells,
functional assessment of variants and genomic regions requires the understanding of

the three-dimensional implications.

Microscopy-based and chromosome conformation capture (i.e. 3C, 4C, 5C, Hi-C and
Capture-C) techniques revealed that the genome is hierarchically compartmentalized
into domains, such as topologically associating domains (TADs). TADs are relatively cell-
type invariant domains with preferential intradomain interactions (Dixon et al., 2012; Nora
et al., 2012). Importantly, it has been shown that this 3D organization plays an important
role in genome function, including transcriptional control of genes by facilitating

interactions between gene promoters and enhancers (Bonev & Cavalli, 2016;
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Schoenfelder & Fraser, 2019). In addition, disruption of TADs by structural
rearrangements or boundary deletions has been shown to result in diseases (Lupiafez
et al., 2016).

One of the main challenges of regulatory variant characterization is the discovery of
the target gene, that mediates the underlying biological mechanisms of the association.
In articles from Chapter 1 (Articles 1 and 2) we took advantage of 4C-seq to associate
regulatory elements with their putative target genes or interactors in different samples
(medulla-derived mesenchymal stem cells, the human fetal osteoblasts 1.19 and the
Saos-2 cell lines, and developing humeri from E14.5 mice, the latter only for eDIx#18).
We described that both UPE and eDIx#18 interacted with several sites within the TAD
they belong to, including a INcRNA (LOC100506136) in the case of UPE and the DLX5/6
region and promoter in the case of eDIx#18. Many other studies have used similar
approaches to map enhancer-promoter interactions, as well as to further assess eQTL
analysis results, in order to shed light on the causal mechanisms of diseases (Javierre
et al., 2016). In the field of osteoporosis, and similarly to our work, two studies from the
same group used publicly-available Hi-C data to establish the target genes for some
regulatory SNPs identified in GWASs and the authors found that the SNPs were cis-
eQTLs for the genes they interacted with (Chen et al., 2018; Zhu et al., 2018).
Nonetheless, in the majority of cases it is mechanistically unclear how variants in putative
regulatory elements contribute to gene expression changes that may underlie complex
diseases. In Article 1 we described that the minor allele of rs10085588 (A) drastically
reduced luciferase expression, functioned as cis-eQTL for SLC25A13 (which also
interacted modestly with UPE) and in silico analysis predicted the loss of binding of the
histone deacetylase HDAC2, which could explain the other results. Notably, we did not
evaluate the LOC100506136 in our eQTL analysis and, hence, we could not determine

if rs10085588 within UPE would influence its expression.

Apart from the interactions already mentioned, we also found that both UPE and
eDIx#18 interacted with other enhancers described in the nearby region. These results
are consistent with a large “spatial regulome”, as it has been observed in other occasions
(Beagrie et al., 2017; Will et al., 2017), where multiple regulatory elements converge and
may have functional redundancy or specific spatiotemporal activities that confer
robustness, precision and flexibility to gene expression. Besides, eDIx#18 showed
interaction with the neighbouring SLC25A13 and SHFM1 genes, correlating with the cis-
eQTL analyses and suggesting that different genes within the same TAD might be co-
regulated by the same group of enhancers. Supporting this notion, it has been observed

that genes within the same TADs share coordinated gene expression profiles (Gémez-
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Marin et al., 2015; Nora et al., 2012). Putative transcriptional co-regulation would imply
that sequence variants affecting the activity of regulatory elements might ultimately affect

multiple genes within a TAD.

Assessment of enzymatic mutations: GGPS1 as an example

Enzymes are proteins that catalyze chemical reactions within organisms. When a
mutation is found which modifies an enzyme, the straightforward test to perform is an

evaluation of the enzymatic activity of the WT and the mutant forms.

The most conserved and putatively deleterious mutation shared by the 3 AFF sisters
was a missense mutation in the GGPS1 gene (p.Asp188Tyr), encoding GGPPS, an
enzyme of the mevalonate pathway that catalyzes the reaction just downstream of the
reaction targeted by N-BPs. GGPPS catalyzes the synthesis of GGPP from FPP and IPP
and is also known to be inhibited by N-BPs, although to a much lesser extent (Kavanagh

et al., 2006a). It functions as a homohexamer, in which each monomer binds 3 Mg?* ions.

As mentioned in a previous section of this Discussion, the p.Asp188Tyr mutation was
predicted to severely impair enzyme activity, as well as to disrupt its secondary structure.
Therefore, we performed in vitro functional analyses of the p.Asp188Tyr mutation, which
showed a severe reduction in enzyme activity, consistent with previous work showing
that disruption of the second aspartate-rich region results in an almost complete loss of
enzyme activity (Kavanagh et al., 2006b). Furthermore, we showed mild oligomerization
defects, since the homohexameric conformation of the enzyme is destabilized by the
mutation. Interestingly, another work on GGPPS p.Asp188Tyr mutation has been
recently published (Lisnyansky et al., 2018) and the authors also observed a decreased
catalytic activity of the mutated GGPPS, consistent with our results. In addition, they
showed that it is unable to support cross-species complementation. In contrast, they only
observed the hexameric conformation of the enzyme in crystallographic experiments,
although they saw a slight break of the tertiary symmetry, as well as a lower thermal
stability of the mutated enzyme. In addition, the new tyrosine residue sterically interfered

with substrate binding.

Cellular and animal models

When characterizing genetic variants, and due to the high complexity of the genome,
it is important to test their functionality in a biological context. Therefore, cellular and

animal models are crucial. Nowadays, with the advent of CRISPR-Cas9 technologies,
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genome editing is easier, faster and more efficient and has facilitated the study of the

underlying biology pinpointed by the genetic discoveries.

Several human bone cell models are currently used to mimic bone metabolic
processes and to allow for easy, fast, non-invasive, reproducible and representative
analyses of many molecular processes that take place during differentiation and activity
of OBs, OCs and OCys (Kartsogiannis & Ng, 2004). In this line, we generated GGPS1
knock-down cell models by using shRNAs in OBs and OCs precursor cells properly
stimulated for their differentiation. In OBs, GGPS7 KD produced a dramatic reduction of
bone nodule formation and mineralization and a reduced expression of the typical
osteoblastic markers: osteocalcin, osterix and RANKL. In OCs, GGPS171 KD led to an
increase of the OC number but with a lower resorption activity. Nonetheless, these cell
models do not fully replicate what happens in clinical cases, where the mutation is
present in heterozygosis (so, the WT GGPS1 expression is less reduced) and we have
not tested if the mutant protein might have a dominant negative effect upon the WT form.
In addition, in vivo OBs and OCs are tightly coupled in bone remodelling and, thus, their
responses to GGPS1 depletion or mutation should be intimately associated. To answer
all these questions, an animal model would provide more compelling evidence. In any
case, we propose that the excessive inhibition of OC activity achieved through the
combination of the mutation and the N-BPs may lead to a reduced bone remodelling and

toughness, which may increase AFF susceptibility (see also section 6 of this Discussion).

Animal models are a powerful tool to study the biological mechanisms underlying
bone diseases, identifying novel pathways regulating bone development, maintenance
and resilience, as well as to develop novel treatments. The complexity and dynamism of
the bone microenvironment only occurs in live animals and cannot be modelled ex vivo.
In addition, the use of animal models allows us to finely control experimental variables
(Ackert-Bicknell & Karasik, 2013). The mouse is used extensively because of its high
degree of genome similarity, numerous techniques for genetic manipulation, capacity to
mimic human multifactorial disease phenotypes and easiness of manipulation. In
addition, physiologically and anatomically, mice and humans are remarkably similar. In
the bone field, many of the key molecules that regulate bone have the same functions in
humans and mice and the human genetic disorders causing abnormalities of bone are
recapitulated in mice. Similarly, endocrine and metabolic control of bone is preserved in
mice (Bonucci & Ballanti, 2014). However, mice do not present the same bone structure
(that is Haversian systems) that is present in humans and other mammals and, hence,
they are not good models for studying certain aspects of bone biology. Other animal

models, such as zebrafish or dogs, have also been used in bone biology studies (Karasik
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et al., 2016). Considering the particular characteristics of each animal model, caution

should be taken in translating the findings to human populations.

In this thesis, we generated a mouse model knocked-out for eDIx#18 by
CRISPR/Cas9. The deletion in homozygosis caused a reduced survival in mouse
embryos, as well as decreased expression of DIx5 in otic vesicles and branchial arches
of E11.5 embryos and several morphological and ossification defects in E17.5 embryos,
recapitulating, to some extent, the phenotype seen in DIx5”, DIx6” and DIx5/6" mice.
Considering that many individual enhancer deletions cause subtle phenotypes at the
organismal level (Osterwalder et al., 2018), the effects of eDIx#18 knock-out in mice
were somehow surprising. However, other studies have shown that enhancer
relationships in landscapes might vary including, for instance, redundancy, exclusivity or
synergy, and that might differ depending on location and time of gene regulation in order
to confer robustness and flexibility to the gene expression repertoire (Long et al., 2016;
Will et al., 2017). The perinatal lethality precluded the evaluation of the bone properties
in adult mice, therefore, the putative involvement of eDIx#18 in BMD determination and
bone strength could not be determined. Further work is advisable to better elucidate the

role of eDIx#18 in the bone context, such as an OB-specific depletion of the enhancer.

Regarding AFF, animal models may provide insights into the pathophysiological
mechanisms at cellular and tissue levels. In addition, they would be useful to evaluate
the involvement of N-BPs in the phenotype, as well as their interaction with the genetic
background (see next section). Animal models have been extensively used for drug
evaluation in osteoporosis therapy, including N-BPs, since they allow a preliminary
assessment of safety and tolerability (Russell et al., 2008). N-BPs have been studied in
mice, rabbits, dogs, pigs, sheep and monkey but one of the most used models are beagle
dogs (Allen & Burr, 2007; Burr et al., 2015), that recapitulate human response to drugs.
Burr et al. (2015) studied the time-dependent effects of oral alendronate on dogs and
reported a significant reduction in rib bone toughness with longer exposure to
alendronate, showing a time-dependent deterioration of cortical bone. Yet, animals do
not appear to fracture spontaneously, even following prolonged treatment with high-
doses of N-BPs. Instead, they can be used to study alterations in the structural and

material properties of the bone.

In our study, generating a heterozygous mutation in GGPS1 by CRISPR-Cas9 and
generating an animal model, would have been the best option to mimic the 3 sisters’
condition, assessing the effect of the p.Asp188Tyr mutation and analyzing the impact of

N-BPs in this context. A GGPS1 homozygous knock-out mouse was generated by the

164



DISCUSSION

IMKC/IMPC and preweaning lethality was reported. In addition, heterozygous knock-out,
showed impaired glucose tolerance (only in male mice) and cataracts. Vertebrae and
digits showed a normal number, size and morphology. These phenotypes show that
GGPPS and protein geranylgeranylation are important for other processes and it would
be interesting to treat heterozygous knock-out mice with N-BPs to see their effect.

Information about these aspects in our patients was not available.

6. Epistasis and gene-environment interaction: pharmacogenetics

and personalized medicine

Genetic interaction or epistasis has been demonstrated to be a common
phenomenon, in which there exists a highly interconnected network of genes with related
molecular functions that contribute to and regulate various cellular processes, resulting
in a particular phenotype (Mackay, 2014). Epistasis is involved in complex traits, in which
different variants contribute non-additively to the phenotype. It also occurs in Mendelian
traits, where a major gene responsible for the phenotype can be influenced by modifier
genes, giving a certain phenotypic variation. The interaction can be synergistic or

suppressive depending on the sense of the modulation (Cole et al., 2017).

Some studies have identified gene-gene interactions related to osteoporosis. For
instance, Yang et al. (2013) identified one interacting gene pair (RBMS3 and ZNF516)
with consistently significant effects on hip BMD while Wang et al. (2018) identified a
significant interaction between a SNP in P2X7R and a polymorphism in ESR1 increasing

osteoporosis risk in Chinese postmenopausal women.

Studies aiming at delineating the genetic architecture of AFF (including Articles 3 and
4 from Chapter 2 of this thesis) have uncovered genetic heterogeneity, since each
individual patient presented different specific genetic variants. In addition, in our WES-
based genetic analysis of the 3 sisters, we found several rare mutations in heterozygosis,
consistent with a dominant inheritance. Then, we functionally studied the most conserved
one, which appeared to be in a gene of the same metabolic pathway were BPs act.
However, other variants found in the 3 sisters might potentially contribute to the
phenotype, although functional studies or replication are needed to prove their
involvement in the pathology. Notably, the CYP1A7 gene was found mutated in other
AFF patients (see section 4 of this Discussion). We speculate that our results may

support a genetic architecture model in which accumulation of susceptibility variants,
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with different effect sizes, may give rise to the development of bone changes that lead
to AFF (Figure 11).

The susceptibility variants may have an additive effect, but also a probable interaction
among them would contribute to the phenotype. To further characterize the putative
functional relationships among all the mutated genes and identify the pathways involved,
we generated a gene/protein interaction network (Annex to Chapter 2) that would help
to identify other putative candidate genes to AFF and better understand the molecular
mechanisms underlying their pathophysiology. An example is the interaction of NGEF, a
guanine nucleotide exchange factor, with ephrins and ephrin receptors, involved in OB-
OC coupling (Kim & Koh, 2019). One limitation of the pathway is that it is based on
curated interactions from literature and those genes that have not been studied will be
under-represented in the network. In addition, any interesting interaction and its
functionality in the context of N-BP-associated AFF should be assessed experimentally

in a relevant system.

All in all, addressing gene-gene interactions is crucial to characterize N-BP-

associated AFF, a trait involving complex pharmacologic mechanisms.
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Figure 11. Proteins found mutated in AFF patients (in bold) in the context of bone tissue

Moreover, in our speculative model, the genetic background predisposing to AFF
would also negatively interact with N-BPs. The effect of genetic variants on the response

to treatment is the study object of pharmacogenetics (Meyer, 2004). Generally, variants
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in drug transporters, drug targets or metabolizing enzymes contribute to drug efficacy
and safety, involving drug pharmacokinetics and pharmacodynamics (Sadee, 2013). For
example, polymorphisms in two genes encoding liver enzymes responsible for the
metabolism of many commonly used drugs (i.e. CYP2C19 and CYP2D6) regulate their
expression and activity and, as a consequence, how people will respond to drugs.
Pharmacogenetics opens the door to a personalized or precision medicine to predict

drug treatment outcome and optimize treatment and dosing regimens.

Concerning osteoporosis, currently available drugs are non-effective in all treated
patients and/or induce adverse effects (see Table 3, Introduction). Since all of anti-
osteoporotic drugs act at the level of bone cells, interfering in different pathways that
regulate their differentiation, proliferation and activity, it is likely that variants in genes
involved in these pathways or their regulation are responsible for inter-individual
differences in drug response. To identify such genetic variation, it is necessary to
understand the molecular mechanism of drug action. For example, a CRISPRi-mediated
genome-wide screening identified SLC37A3 as a protein that, forming a complex with
ATRAID, was required for the intracellular trafficking of N-BPs to their molecular target
(i.e. FPPS) in mammalian cells (Yu et al., 2018). However, the high complexity of bone
metabolism hinders the identification of variants. In addition, a large number of variants
and their interaction may be involved, exerting various degrees of influence. To date, few
studies are available on the pharmacogenetics of osteoporosis, which investigated some
major osteoporosis candidate genes (e.g. VDR, ESR1, ESR2 and COL1A1) in relation
to anti-resorptive drug responses evaluated in terms of BMD and bone turnover markers

variation (reviewed in Marini & Brandi, 2014).

Regarding N-BPs, polymorphisms in genes related to the Wnt pathway and other
bone candidate genes have been associated with the response to N-BPs. For instance,
Palomba et al. (2003) showed that postmenopausal women on alendronate carrying the
b allele of the VDR Bsm-I polymorphism had a greater increase in LS-BMD than carriers
of the B allele. Wang et al. (2018b) showed that common SNPs in SOST contribute to
the bone response at femoral neck to alendronate treatment in Chinese osteoporotic and
osteopenic women. In addition, studies exploring the influence of genetic variants in the
mevalonate pathway on N-BPs response have been carried out. Polymorphisms of
FPPS, the main target of N-BPs, were found to be associated with the response to N-BP
therapy, as measured by changes in BMD and bone turnover markers, in Caucasian
women (Marini et al., 2008; Olmos et al., 2012). However, this association was not
observed in Asian women, suggesting an ethnic-specificity (Choi et al., 2010; Yi et al.,

2014). Interestingly, Choi et al. (2010) also reported the influence of a polymorphism in
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the promoter region of the GGPS1 gene on N-BPs response, assessed as changes in
LS- and FN-BMD after 1 year treatment, in Korean osteoporotic women. Women with a
homozygous deletion (c.-8188delA) showed a lower BMD improvement and had a 7-fold
higher risk of non-response to BPs. In our study, this deletion was present with the same

frequency in patients and controls (data not shown).

Although some studies have demonstrated the interaction of N-BPs with variants in
genes of the mevalonate pathway, we did not demonstrate such an interaction with the
GGPS1 mutation in our study (Article 4, Chapter 2). Nevertheless, considering that N-
BPs are able to bind and inhibit GGPPS (Kavanagh et al., 2006a), Lisnyansky et al.
(2018) determined the affinity of zoledronate for GGPPS (both WT and p.Asp188Tyr),
showing that the mutant exhibited a 3-fold reduction in the binding affinity of zoledronate,
although it could still be inhibited by the drug. In any case, we speculate that the effect
of N-BPs will be compounded due to the loss of both farnesylation and
geranylgeranylation of proteins. Moreover, the heterozygous AFF patients would keep a
residual GGPPS activity, sufficient to support physiologic cellular function in normal
conditions but reduced below a crucial threshold upon N-BP treatment, leading to

impaired bone remodelling and increased AFF susceptibility.

Another interesting gene found mutated in the 3 sisters and in 1 unrelated patient in
our study, as well as in Peris et al. (2019) was CYP1A1, which encodes a member of the
cytochrome P450 superfamily of enzymes involved in the metabolism of drugs and
xenobiotics. CYP1A1 is an aryl hydrocarbon hydroxylase and its potential endogenous
substrates include eicosanoids and steroid hormones, such as 17 B-estradiol, estrone
and vitamin D (Zhou et al., 2009). CYP1A1 has been involved in bone biology and
osteoporosis, as supported by Napoli et al. (2005). They showed that a c.4887C>A
(p.-Thrd61Asn) polymorphism was related to a significantly higher degree of estrogen
catabolism and lower femoral BMD in postmenopausal women. Therefore, CYP1A1
would appear to be another potential susceptibility gene for AFF, but the exact
mechanism is open to speculation. Functional studies are underway to study the effect

of the mutations in CYP1A1 and their putative interaction with N-BPs in bone cells.

A pharmacogenomic study investigating the role of genetic variation in the risk of
developing an adverse effect, such as AFF, in response to N-BPs was performed
recently (Kharazmi et al., 2019). They used two sets of controls: general population-
based controls and matched N-BP-treated controls to exclude the associations due the
underlying diseases that lead to drug prescription. Using the second set of controls they

did not find any common variant significantly associated with N-BP-related AFF.
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Probably, the low statistical power of this GWAS precluded the identification of putative
variants. In addition, considering the very low incidence of N-BP-associated AFF, our
hypothesis has been that, rather than common variants, rare variants are more probable

to be responsible for the genetic predisposition to AFF.

Apart from N-BPs, other environmental factors might interact with genetic variants in
AFF determination, some of which affecting also osteoporosis risk (e.g. diet or physical
activity). For example, calcium and vitamin D interactions with genetic variants in several
genes on bone phenotypes have been identified (reviewed in Ackert-Bicknell & Karasik,
2013)

All in all, we propose a mechanism in which susceptibility variants from different
pathways, together with the interaction among them and with N-BPs, as well as other
possible comorbid conditions, give rise to AFF, in what we might call “the perfect storm”.
In this context, it is highly important to replicate and characterize the variants involved in
AFF, as well as to identify new variants, in order to develop prediction tests to detect at-
risk individuals and decide which patients are suitable for being treated with BPs with no

risk of this side effect.

7. Future perspectives

Osteoporosis is a major worldwide public health concern, which a huge economic and
social impact. Currently, treatments are not totally effective in all treated patients or
skeletal sites. In addition, there are concerns about side effects and long-term safety,

which have reduced the adherence of patients to them.

Knowledge derived from large-scale sequencing efforts and comprehensive GWASs
is increasing, providing novel insight on the key regulatory mechanisms that control
skeletal physiology. Such abundance of genetic discoveries has to be functionally
interpreted in order to be able to translate them into clinical applications, including a
better definition and diagnosis of diseases at a molecular level, the identification of
biomarkers or the development of new therapies. In this line, it has been shown that
selecting genetically supported targets could double the success rate of new drugs
(Nelson et al., 2015).

As illustrated in this thesis, an aspect of biomedical genetics research that is still
challenging is the functional characterization of the genetic discoveries, including the

integration of different bioinformatic and experimental strategies. In this sense,
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systematic large-scale functional screening is demanding and collaborative strategies

are arising.

In the field of N-BP-associated AFF, the main prospect is the better definition of the
disease at genetic and molecular levels, allowing a better understanding of the
pathophysiological mechanisms underlying the disease and providing new insights for
future development of novel risk assessment tools. Therefore, a collaborative effort to
collect and share samples from multiple unrelated individuals with such a rare phenotype

is needed.
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Conclusions from the characterization of the C7ORF76 locus:

e Two SNPs (rs10085588 and rs4342521) located upstream of the C7ORF76 gene
are significantly associated with LS-BMD and nominally associated with OF in
the BARCOS cohort of Spanish postmenopausal women.

e The minor allele of the two associated variants (rs10085588 and rs4342521),
together with the minor allele of the SNP rs4727338, are nominally associated
with a decreased expression of the proximal neighbouring gene SLC25A13 in
human primary osteoblasts, therefore acting as cis-eQTLs.

e A conserved putative regulatory element located upstream of C7ORF76 (UPE),
containing rs10085588, has been identified based on DNase hypersensitivity
signal, enhancer marks (H3K4me1 and H3K27ac) and TF binding data.

e Reporter gene assays have shown that UPE is able to activate luciferase
expression with a strong allele-dependent effect, in which the minor allele (A)
abolishes luciferase activity. This is evidence that rs10085588 is itself functional.

e The UPE is transcribed in several cell types, including Saos-2 cells.

¢ Chromatin conformation capture experiments in different osteoblastic cells have
shown that UPE interacts with several sites within the TAD where it belongs and
nowhere else in the genome: it interacts with a IncRNA (LOC100506136) and
different tissue-specific enhancers.

e A 292-bp central part of eDIx#18 harbours regulatory activity in an osteoblastic
context since it is able to activate luciferase gene expression in Saos-2 cells.

o eDIx#18 is transcribed in several cell types, including Saos-2 cells.

e eDIx#18 interacts with several sites within the TAD it belongs to and nowhere
else in the genome, as detected by 4C-seq in human osteoblastic cells and in
mouse E14.5 developing humeri. It interacts with the DLX5/6 region and with
many of the other DLX5/6 tissue-specific enhancers, as well as with UPE.

e The DLX5 promoter interacts with several sites within the TAD and nowhere else
in the genome, as detected by 4C-seq in the same samples. High interaction
levels have been detected with the tissue-specific enhancers in the region,
among which eDIx#18.

e An SNP within eDIx#18 (rs10238953) is nominally associated with DLX6 gene
expression in human primary osteoblasts, acting as cis-eQTL.

e The homozygous deletion of eDIx#18 by CRISPR/Cas9 results in a decreased

survival in mouse embryos and in a reduced DIx5 expression in otic vesicle and
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branchial arches of E11.5 mouse embryos, as seen by whole-mount RNA in situ
hybridization

e In the E17.5 mouse embryo skeleton, the homozygous deletion of eDIx#18
results in smaller dentary, a deficient ossification of the supraoccipital bone (with
50% of exencephaly), vertebral bodies, sternum and pelvic bones and minor

affectations in the ribs. No limb malformations are observed.

Conclusions from the identification and characterization of genetic susceptibility to N-BP-

associated AFF:

e Thirty-seven rare non-synonymous mutations in 34 genes shared by 3 sisters
with N-BP-associated AFF have been identified by WES, including novel
missense mutations in GGPS1 and in CYP1A1.

e The BRAT1 and CYP1A1 genes, mutated in the 3 sisters, present another
mutation in another unrelated AFF patient (AFU3 and AFU1, respectively)

e Two unrelated patients present mutations in candidate genes: AFU2 has a
mutation in MVD and AFU3 has a mutation in MMP9 and a mutation in RUNX2.

e Pathway enrichment analysis of the mutated genes has shown an enrichment of
the isoprenoid biosynthetic pathway, including GGPS1, MVD and CYP1A1.

e The p.Asp188Tyr mutation in GGPS1 results in a severe reduction in enzyme
activity, exhibiting a 5.7% of the WT activity. It also results in oligomerization
defects, as seen by molecular exclusion chromatography.

e The depletion of GGPST in MC3T3-E1 cells by shRNA produces a strong
mineralization reduction and a decreased expression of bone formation/bone
turnover markers BGLAP (osteocalcin), SP7 (osterix) and TNFSF11 (RANKL),
while RUNX2, ALPL, MEPE and PHEX are unaffected.

e The depletion of GGPST in RAW 264.7 macrophages, followed by
osteoclastogenic differentiation, leads to an increased osteoclast formation.

However, these osteoclasts seem to have lower resorption activity.
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Resumen

FIJ42280 es un posible gen de susceptibilidad a la osteoporosis. Distintos estudios de GWAs han identi-
ticado 4 SNPs no-codificantes en este gen que se asocian a la densidad mineral dsea (DMO) y el riesgo
de fractura.

Para descubrir la causa de la asociacién entre estos SNPs y la osteoporosis, se realizé una bisqueda de
variantes genéticas mediante resecuenciacion de 28 kb que contienen el gen, en una seleccién truncada
de mujeres con DMO muy baja (n=50) o muy alta (n=50) de la cohorte BARCOS (Barcelona Cohorte
Osteoporosis, cohorte de mujeres postmenopdusicas de Barcelona). Las variantes encontradas se filtraron
y se analizé su frecuencia en cada grupo. Se analizé el solapamiento de las variantes con elementos fun-
cionales del proyecto ENCODE y también se calculé el desequilibrio de ligamiento entre los SNPs de la
regién. Finalmente, se hizo un andlisis de eQTL de los 4 SNPs no-codificantes respecto a los niveles de
expresion de genes cercanos a /42280 en linfoblastos.

Se seleccionaron 110 variantes. Las diferencias de sus frecuencias entre los dos grupos estuvieron por deba-
jo del poder estadistico del diseno experimental. Sin embargo, 3 variantes solaparon con posibles enbancers
y una solapé con un enbancer activo en osteoblastos (rs4613908). Se observé un fuerte desequilibrio de
ligamiento entre los 4 SNPs no-codificantes y el SNP rs4013908, que pertenecen a un bloque que abarca
el gen casi por completo. Ninguno de los SNPs no-codificantes mostré asociacion con los niveles de
expresion de genes cercanos a FLJ42250.

En conclusion, el SNP 154613908 podria estar implicado funcionalmente en la determinacion de la DMO.
Serdn necesarios experimentos concretos para confirmarlo.

Palabras clave: FLJ42280, densidad mineval dsea, vaviantes genéticas, eQTLs, enhancers.
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Identification of genetic variants associated with bone mineral

density (BMD) in the FLJ42280 gene

Summary

FIj42280 is a possible gene for susceptibility to osteoporosis. Different studies of GWAs have identified
4 non-coding SNPs in this gene associated with bone mineral density (BMD) and fracture risk.

In order to ascertain the cause of the association between these SNPs and osteoporosis, we searched for
genetic variants by resequencing the 28-kb gene, in a truncated selection of women with very low (n=50)
or very high BMD (N=50) of the BARCOS cohort (Barcelona Cohort Osteoporosis, cohort of postmenopau-
sal women in Barcelona). The variants found were filtered and their frequency analyzed in each group.
The overlap of the variants with functional elements of the ENCODE project was calculated. Finally, an
eQTL analysis of the 4 SNPs-coding was performed on the expression levels of FL/42280 neighbor genes
in lymphoblasts.

In all, 110 variants were selected. The differences in their frequencies between the two groups were
below the statistical power of the experimental design. However, three variants overlapped with possi-
ble enhancers and one overlapped with an active enhancer in osteoblasts (rs4013908). A strong linkage
disequilibrium was observed between the 4 non-coding SNPs and the SNP 154613908, which belong to a
block spanning the gene almost completely. None of the non-coding SNPs showed association with the
expression levels of FLJ42280 neighbor genes.

In conclusion, the SNP 154013908 could be involved functionally in determining BMD. Tangible experi-

ments will be required to confirm this.

Key words: FLJ42280, bone mineral density, genetic variants, eQTLs, enhancers.

Introduccién

La osteoporosis es una enfermedad compleja caracte-
rizada por baja masa Gsea y deterioro de la microar-
quitectura del tejido 6seo que conduce a un mayor
riesgo de fractura. Por ejemplo, en EEUU. se produ-
cen 1,5 millones de nuevos casos de fracturas cada
ano, lo que representa una enorme carga econémica
para los sistemas de atencion de la salud. La osteopo-
rosis se define clinicamente a través de la medicién de
la densidad mineral 6sea (DMO), que sigue siendo el
mejor predictor de fractura'?, Estudios de heredabili-
dad utilizando gemelos o familias han demostrado
que el 50-85% de la variacion en la densidad mineral
Osea esta determinada genéticamente®. Las fracturas
osteopordticas también muestran heredabilidad inde-
pendiente de la densidad mineral dsea’.

Los estudios de asociacion en genoma completo
(GWAs) han ampliado muchisimo la comprension
de la arquitectura genética de enfermedades comu-
nes y complejas’. Esta aproximacion gendmica esta
proporcionando informacién clave sobre los meca-
nismos de la enfermedad, con perspectivas para el
diseno de estrategias mas eficaces de evaluacion del
fesgo de enfermedad y para el desarrollo de nuevas
intervenciones terapéuticas’. Sin embargo, las varian-
tes genéticas que se identifican en los GWAs se
encuentran con frecuencia en las zonas no-codifi-
cantes del genoma, cuya posible funcién es menos
conocida y en muchos casos estas sefales pueden
estar en desequilibrio de ligamiento con variantes
causales que no han sido genotipadas. El meta-ana-
lisis de GWAs para DMO vy fractura osteoporética de
Estrada ef al.” identifico hasta 56 /oci genémicos aso-
ciados con la DMQ, 14 de los cuales también esta-
ban asociados con las fracturas osteopordticas. Uno

de los SNPs cuya asociacion con ambos fenotipos
mostrd una significacion mas sélida (1s4727338) se
encuentra en una region intronica del gen FLJ42280,
sefialindolo como un locus de susceptibilidad para
la osteoporosis (Figura 1). Otros trabajos de GWA
demostraron que otros SNPs intrénicos del mismo
gen (rs7781370, rs10429035 v rs4729260) también se
asociaban con la DMO". FLj42280 es un gen muy
poco estudiado, cuya relacion con la biologia del
hueso se desconoce.

En este contexto, el objetivo de este trabajo fue
dar sentido a esta asociacién mediante la determi-
nacién de cuil es la variante causal. ;Es rs4727338
el SNP causal o hay otro SNP en desequilibrio de
ligamiento con él que sea el verdadero SNP fun-
cional? Para ello, hemos explorado la variabilidad
genética de la region gendmica donde se encuen-
tra el gen FLj42280 v hemos abordado la funcio-
nalidad de estas variantes por enfoques diferentes.
En primer lugar, por resecuenciacion de la region
en mujeres con DMO extremadamente alta o
extremadamente baja para buscar variantes con
una distribucion desequilibrada entre los dos gru-
pos; en segundo lugar, estudio bioinformatico de
la superposicién de las variantes halladas con
senales funcionales definidas en el proyecto
ENCODE (7he Encyclopedia of DNA Elements) y
finalmente evaluacion del posible papel como
eQTLs de algunas de las variantes halladas.

Material y métodos

Seleccion de la muestra de estudio

La muestra de este estudio esta formada por 100
mujeres de la cohorte BARCOS". Esta cohorte estd
compuesta por unas 1.500 mujeres postmenopdu-
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Figura 1. Region genomica 7q21.3 con las senales de asociacion a
DMO de los SNPs testados por Estrada ef al”. La coordenada entre la
posicion genémica del SNP rs4727338 (eje x) v el —logyq del valor de
p (eje y) de su asociacion con la DMO (eje y) estd marcada con un
cuadro de linea roja. Dicho SNP muestra la mayor significacién en esta
regién. Los puntos de colores son las coordenadas del resto de SNPs
estudiados en la region. Cada color indica un grado distinto de des-
equilibrio de ligamiento entre cada SNP y el SNP rs4727338. El gen
FLI42280 no estd mostrado porque, en el momento en que se realizd
el meta-andlisis de GWAs, este gen todavia no estaba anotado en el
genoma. Su localizacién entre SLC25413 y SHFMI se indica con un
ovalo rojo. Esta figura es una modificacion de la que se presenta en

Preparacién de las muestras
genomicas

El ADN de cada mujer se extrajo
a partir de muestras de sangre
periférica. La concentracion y la
calidad de las muestras de ADN
(ratios 200/280 y 260/230) se
midieron por espectrofotometria
en un aparato NanoDrop ND-
1000 (NanoDrop Products). Para
determinar la integridad del ADN,

Estrada et al”

se analizaron 5 ul de cada mues-
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tra mediante electroforesis en gel
de agarosa al 1%. Finalmente, las
muestras se normalizaron a una
LRIt concentracion de 100 ng/pl.
: Long-Range PCR (LR-PCR)
1 Se dividié una regidn gendémica
H ve | ® de 28 kb (que contiene el gen
FIJ42280 [22 kbl junto con 3,8 kb
de regién flanqueante a 5"y 2 kb
] de region flanqueante a 37 en 7
fragmentos solapantes (Figura 2).
Los tamanos v las coordenadas de
estos 7 fragmentos y los pares de
cebadores utilizados para amplifi-
carlos, se muestran en la tabla 1.
Los fragmentos, de entre 2y 5 kb,
se amplificaron mediante LR-PCR.
Cada reaccion de LR-PCR incluyé:
100 ng de ADN gendmico, 5 pl de
tampon Ex Tag “Magnesium +"
(20 mM Mg; Takara) x10, mezcla

sicas espafolas monitorizadas en el Hospital del
Mar de Barcelona. Las mujeres diagnosticadas de
osteomalacia, de enfermedad de Paget, de algin
trastorno metabdlico o endocrino, o que estuvie-
ran siguiendo una terapia de sustitucién hormonal
o tratadas con firmacos que pudieran afectar la
masa oOsea, fueron excluidas de la cohorte. Las
mujeres con una menopausia temprana (antes de
los 40 anos) también fueron excluidas. La infor-
macion recogida para cada muestra fue la DMO,
la edad, la edad de menarquia, la edad de meno-
pausia, los anos desde la menopausia, el peso y
la estatura. De cada paciente se obtuvieron mues-
tras de sangre y consentimientos informados
escritos, seglin las regulaciones del Comité Etico
de Investigacion Clinica del Parque de Salud Mar.
La DMO (g/cm?) fue medida en el cuello del
fémur v en la columna lumbar. Se utilizé un den-
sitometro de rayos X de energia dual para realizar
las medidas.

Se seleccionaron dos grupos de 30 muestras
con valores de DMO extremos, segun el valor del
Z-score. Concretamente, los grupos consistieron
en las 50 muestras con el Z-score mas alto (rango:
de 2,98 a 0,73) y las 50 muestras con el Z-score
mis bajo (rango: de -2,41 a -4,20) de la cohorte
BARCOS.
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de dNTPs (a 2,5 mM cada uno),
Ex Tag polimerasa (5 U/pl) y
cebadores (20 pM), en un volu-
men final de 50 pl. Las reacciones se llevaron a cabo
en un termociclador GeneAmp® PCR System 2700
(Applied Biosystems). Cada fragmento requirio unas
condiciones de tiempo de elongacion y temperatura
de hibridacion distintas. El nimero total de amplico-
nes fue de 700 (100 muestras x 7 fragmentos). Se
comprobd la cantidad y calidad de todos los ampli-
cones mediante electroforesis en gel de agarosa al 1%
p/v en tampon TBE x1.

Purificacion y cuantificacion de las muestras
Para eliminar los restos de los reactivos de la
PCR, los productos de PCR se purificaron utili-
zando placas de filto de 96 pocillos con un
tamano de poro adecuado (Pall Corporation). Se
aplicé el vacio (Vacuum Manifold, Merck
Millipore) y el ADN retenido en el filtro se resus-
pendié en 35 pl de agua milliQ. A continuacién,
los productos de PCR se cuantificaron mediante
Quant-iT PicoGreen dsDNA Reagent and Kit (Life
Technologies), segin las instrucciones del fabri-
cante. Brevemente, se construyd una curva estian-
dar de concentraciones mediante medidas de emi-
sion de fluorescencia a 520 nm después de haber
excitado el ADN a 480 nm. La curva se utilizé pos-
teriormente para calcular la concentracion del
ADN de las muestras.
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Normalizacién de las concen-
traciones de las muestras y
pooling

Las muestras en las placas se nor-
malizaron a una concentracion de
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Figura 2. En la regién gendmica de FLj42280 estudios previos de GWA
han identificado 4 SNPs que muestran asociacion con la DMO, cuyos
detalles se muestran en la tabla incluida en la figura. Para conocer
mejor la variabilidad de este locus, la region se subdividié en 7 frag-
mentos solapantes (flechas amarillas) para su resecuenciacién en muje-
res con muy alta o muy baja DMO

5 ng/pl y, a continuacion, se mez-

cld en un solo wbo 5 pl de cada
muestra de una placa (un tubo por 2kb

21.9kb

placa) mediante el The epMotion®
5075 Liquid Handling Workstation
(Eppendorf). Asi, se obtuvieron 14

tubos con 250 ul cada uno, dos F7:2008 bp F6:4251 bp _ F3:4836 bp F1:4468 bp
para cada fragmento de PCR (DMO F6:3860 bp F4:4848 bp _Fratezbp
alta y DMO baja). Los 14 pools se ~28 kb
concentraron hasta 5 veces utilizan-
do el Genevac EZ-2 evaporator swp Alelas | map | Posicionsenoma | Posicion genoma Paper
. o % GRCh37/hg19 GRCh38/ hg3s

(Genevac SP Sdentific) y se cuanti- - — - — — -
ﬁ i . l— b {_' t bE\‘ 5 0 SNPL 157781370 T/C T: 96133531 20A04219 Rivadenein et al, 2009

€O cada ru = lne( 1ante Qu . = SNP2 rsi727338 G/IC G=0.25 T2 961 20675 T: 96491 363 Estrada et al, 2012
FIUOI.OI-I.IEter (L]fe TECI-anlogles)' SNP3 Ts10429033 G/A A-0.33 T: 901 19481 T: 90490168 Zhang et al, 2014
Fll’lﬂllllel'ltE?, los flagmentos de PCR SNP4 | siT20 | GO | Ge02s T: 96117915 T: s 606 Rivadencin et al, 2o

se mezclaron equimolarmente en
dos tubos, uno para la DMO alta y

otro para la DMO baja.

Secuenciacion masiva en paralelo

La secuenciacion masiva de las muestras se llevé a cabo
en el Servicio de Gendmica de los Centros Cientificos y
Tecnologicos de la Universidad de Barcelona, utilizan-
do el GS 454 Junior System (Roche). Brevemente, se
fragmenté el ADN por nebulizacion, se prepararon
dos librerias marcadas con adaptadores (secuencias
de 10 nucledtidos) distintos, una para cada grupo,
que se mezclaron en un solo tubo. Seguidamente, se
amplificé la mezcla por PCR de emulsion vy la libreria
tinal se cargd en una placa picotiter donde se llevo a
cabo la pirosecuenciacion. Se realizaron 4 carreras de
secuenciacion, correspondientes a 140 Mb de datos
tinales (35 Mby/carrera). Este volumen de datos pro-
porciona una cobertura tedrica de 40x para cada
muestra inicial.

Procesamiento de los datos de secuenciacion
y seleccién de variantes

Las lecturas obtenidas de la secuenciacion fueron
preprocesadas en base a su calidad y se alinearon
contra el genoma de referencia (GRCh37) utilizan-
do el programa GS Mapper (Roche). Las lecturas
se indexaron y filtraron utilizando SAMtools. Se
detectaron las variantes presentes en los dos gru-
pos mediante GATK utilizando parimetros de fil-
trado estindar''. Las variantes encontradas se prio-
rizaron segun los siguientes criterios: se seleccio-
naron las variantes con una cobertura de al menos
1.000 lecturas, presentes en un 1% de las lecturas
y con un strand bias bajo. El niimero de lecturas
de las variantes que pasaron los filtros fue norma-
lizado por la cobertura y las variantes fueron cla-
sificadas entre comunes (con una frecuencia
mayor al 5%) y raras o de baja frecuencia (con una
frecuencia menor al 5%).

Andlisis funcional y estadistico de las variantes
Se compararon las frecuencias de cada variante
entre los dos grupos mediante un test exacto de

Fisher, aplicando la correccién de Bonferroni para
comparaciones multiples. El andlisis funcional de
las variantes consistié en mirar si estaban descritas
en bases de datos como dbSNP y 1000 Genomas
y, en caso afirmativo, buscar su MAF en la pobla-
cién europea e ibérica. Ademas, para las variantes
exonicas se observé qué cambio de aminoacido
suponian y su severidad predicha por SIFT,
PolyPhen y Provean. Para las variantes intronicas,
se analizé la region que contiene la variante: luga-
res de hipersensibilidad a la DNAsa, union de fac-
tores de transcripcion, metilacion del ADN, modifi-
caciones de histonas, regiones reguladoras, etc.
Todos estos datos fueron obtenidos de bases de
datos y repositorios como Ensembl, UCSC Genome
Browser, ENCODE, BioMart, MatInspector. También
se utilizé HaploReg para buscar anotaciones de
regulacién. Finalmente, todas las variantes encon-
tradas fueron analizadas con el Variant Effect
Predicior de Ensembl y UCSC y con el SNP fitnc-
tion prediction del Instituto Nacional de Ciencias
de la Salud Ambiental (National Institute of
Environmental Health Sciences) de los EE.UU.

Anilisis del desequilibrio de ligamiento

Para calcular el desequilibrio de ligamiento entre
todas las variantes de la regidén genomica de
FLJ42280 se utilizaron los genotipos de los SNPs
presentes en la region y los haplotipos de los indi-
viduos de HapMap fase 3. Para calcular tal desequi-
librio y generar un grafico se utilizé el software
HaploView.

Analisis de eQTLs

Los SNPs que dieron significativos en los distintos
GWAs y el SNP 154613908 fueron evaluados como
posibles eQTLs mediante dos aproximaciones: uti-
lizando el portal del proyecto GTEx y utilizando los
genotipos de esos SNPs en individuos de HapMap
y los niveles de expresion de genes en c¢is en los
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Tabla 1. Amplicones utilizados para secuenciar la region FLJ42280

Frag Primers Tamaino (pb) Coordenadas genomicas
1 | R OO A ATOA AT T A 4468 7:96136619-96132152
2 | o Cortere o o 4592 7:96132302-96127711
3 |3k TeccieCATeIe O A ACAG 4.836 7:96127863-96123028
4 g Et%%%c?&%ﬁi%%ﬁ%e 4848 7.96123158-96118311
5 gﬁ e e 4251 7.96118477-96114227
R e S 3.869 7.96114348-96110480

mismos individuos. Concretamente, se obtuvieron
los genotipos de los SNPs de 210 individuos no
emparentados de la fase 1 y 2 de HapMap vy los
niveles de expresion de los genes SHFMI,
SLC25A13 vy DLX5 de una linea celular linfoblastoi-
de de los mismos individuos obtenidos.

Resultados

Variantes halladas y pistas sobre su funcion
La region gendmica de FL/42280 (28 kb) se rese-
cuencié masivamente en dos pools de DNA corres-
pondientes a las 50 mujeres con mayor DMO y las
50 mujeres con menor DMO de la cohorte BAR-
COS (ver detalles en Material y Métodos), a una
alta profundidad (alrededor 3.600x por grupo). Se
compard el numero y la frecuencia de las varian-
tes que se encontraron en cada grupo. Se identifi-
6 un total de 110 variantes, de las cuales 18 eran
nuevas y 39 fueron variantes raras o de baja fre-
cuencia (Tabla 2). Se observé que el numero de
variantes de baja frecuencia entre los dos grupos
extremos era equilibrado. Asi mismo, se observo
que las diferencias de frecuencia de todas las
variantes estaban por debajo de la potencia esta-
distica del disefio, aunque 9 mostraron una ten-
dencia.

Para cada variante, se analizo su superposicion
con elementos funcionales anotados en el genoma
por el proyecto ENCODE. Cuatro de las variantes
solaparon con posibles secuencias potenciadoras
de la transcripcion (o enbancers) de osteoblastos
y de ellas una [SNP rs4613908; MAF(CEU)=0,39]
solapé con un enhancer activo en osteoblastos
(Figura 3).

Analisis de desequilibrio de ligamiento

También se estudié el desequilibrio de ligamiento
entre todas las variantes comunes en esta region. Se
cre6 un grafico de desequilibrio de ligamiento (LD)
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utilizando HaploView e informacién de haplotipos
del proyecto HapMap (Figura 4) y se observé que
hay un gran bloque de LD que incluye casi todo
el gen (a excepcidn de la regién 3 UTR) y que por
la parte upstream del gen se extiende 5 kb mis
alld de la region resecuenciada. También se cons-
taté que los SNPs rs4013908 y rs4727338 (meta-
anilisis de GWAs de Estrada ef a/”) presentan una
gran desequilibrio de ligamiento entre ellos.

Andlisis de eQTLs

Para completar el andlisis funcional, se realizé un
anilisis de eQTLs. Disponiendo de los genotipos
de los cuatro SNPs asociados a la DMO, y del SNP
rs4013908 de 210 individuos del proyecto HapMap
v de los niveles de expresion génica de un array
genomico en lineas linfoblastoides de estos mis-
mos individuos, se determind si los diferentes ale-
los o genotipos de los SNPs correlacionaban con
los niveles de expresion génica de los genes situa-
dos en la region gendmica de FLj42250. Ninguno
de los SNPs mostré influencia sobre los niveles de
expresion de los genes SHFEM 1, SLC25A413 o DLXS
(en el array no hay informacién de niveles de
expresion de FLJ422580). También se accedié a la
base de datos GTEx para recabar informacion de
eQTL para los mismos SNPs y el resultado fue
negativo para todos ellos. Finalmente, se realiza-
ron busquedas de anotaciones de regulacién en
HaploReg. Este dltimo andlisis confirmé que la
secuencia que rodea el SNP 154613908 esta alta-
mente conservada entre los mamiferos y que en
varios tipos celulares, incluyendo los osteoblastos
primarios, contiene marcas de cromatina tipicas de
secuencias potenciadoras (H3K4mel, H3K27ac).
Por otra parte, HaploReg destacé la alteracion de
motivos reguladores de este SNP y de 1510429035,
pero no mostré ningun efecto de estos SNPs sobre
la expresion génica.
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Tabla 2. Numero y localizacion de variantes de un solo nucledtido halladas en este estudio

" Putativo Enbancer
Crudo Filtrado | Codificante | R8I0 | oy piucerde | activo en
reguladora osteoblasto | osteoblasto
Variantes 96 51 0 12 3 1
comunes
LEV 24.243 59 1 16 1 0
Total 24.339 110 1 28 4 1

‘incluye regiones flanqueantes, S’UTR, 3'UTR e intrones; LFV: variante de baja frecuencia (MAF<5%).

Discusién

Se ha realizado un barrido exhaus-
tivo de una regién gendomica (28
kb) en 7q21.3 que contiene varias
senales muy fuertes de asociacion
entre 4 SNPs y la densidad mine-
ral ésea™. Se ha querido conocer
todas las variantes puntuales pre-

Figura 3. A) Esquema de la region genomica de FL/42280 y localiza-
cion de algunas variantes prometedoras. Las variantes comunes se
senalan en rojo y las variantes de baja frecuencia (LFV) o raras en gris.
Los cuadrados azules representan potenciadores (enhancers) de osteo-
blastos; el mds oscuro representa un potenciador activo de los osteo-
blastos. B) Detalle del potenciador activo en osteoblastos. Se muestra
el perfil de conservacidn de secuencia en vertebrados, los lugares de
unién a factores de transcripcion y las modificaciones de las histonas.
Estos datos se extrajeron de UCSC Genome Browser -GRCh37- y de

sentes en regiones codificantes
(exones del gen FLJ42280) v no

ENCODE (datos referidos a osteoblastos)

codificantes  (intrones, 3'UTR,
S'UTR y flancos del gen) y evaluar
el potencial funcional de estas
variantes para pronosticar cudles
de ellas podrian ser las responsa-
bles de la asociacion con la DMO.
Se ha observado que la variante
154013908 solapa con un potencia-
dor génico (enhancer) activo en
osteoblastos contenido en una
secuencia con elevada conserva-
cion evolutiva. Dicho SNP (con
sus dos variantes alélicas) podria
estar afectando a la DMO por el
hecho de alterar este potenciador
génico. Queda por determinar
cudl es el gen diana del menciona-
do potenciador.

Hasta la fecha, no nos constan
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otros trabajos de otros autores que
hayan abordado la base funcional
de la asociacion con DMO de los SNPs situados en
regiones no codificantes del gen FL/42280. De
hecho, este gen ha sido anotado recientemente en el
genoma humano, de modo que cuando se detectd la
asociacion de los SNPs de la region, el gen todavia
no constaba en el mapa de 7q21.3 y los SNPs queda-
ban entre los genes SLC25A413 y SHFM1 (Figura 1).
Por ello, Estrada er al” propusieron que la funciona-
lidad de la asociacion podia estar relacionada con
SLC25A13. Actualmente, FILJ42250 sigue siendo un
gen anotado, con muy pocos datos experimentales
que lo confirmen. Es pues muy probable que la fun-
cidén de los SNPs asociados a la DMO esté relaciona-
da con otros genes. En este sentido, el gen SHEM1 se
ha asociado a algunos casos hereditarios de malfor-
macion de mano hendida-pie hendido (Split hand
and foot malformation 1; OMIM #183600) v el gen
DIX5, situado a continuacion, es de hecho el gen res-

ponsable de dicha enfermedad, dado que existen
pacientes con mutaciones puntuales en DLX5 que
cosegregan con la enfermedad”. Se han descrito una
serie de potenciadores que afectan a la expresion de
DILX5 en distintos tejidos y estadios del desarrollo y
que se distribuyen a lo largo de varios cientos de
kilobases. Estudios realizados en ratones y pez cebra
han caracterizado estos potenciadores y han mostra-
do que funcionan durante el desarrollo®". Algunos
de ellos muestran especificidad de tejido y correlacio-
nan con determinados fenotipos presentes en pacien-
tes con malformacion de mano hendida-pie hendido
portadores de varias anomalias cromosdmicas (dele-
ciones o translocaciones) que afectan a los potencia-
dores mencionados. Al colocar estos potenciadores
de DIX5 sobre el mapa de la region 7q21.3, hemos
visto con sorpresa que el SNP 154013908, que acaba-
mos de comentar como buen candidato funcional, se
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Figura 4. Grifico del desequilibrio de ligamiento presente en la region
genomica de FLJ42280. Se observa un bloque grande (24 kb) que
incluye gran parte del gen excepto su region 3'UTR. Los 4 SNPs que se
han asociado a DMO en los distintos GWAs estin senalados con 6va-
los verdes. El SNP que solapa con el potenciador activo en osteoblas-
tos estd senalado con un évalo morado. La linea horizontal azul indica

la

region gendmica resecuenciada en este estudio

encuentra en uno de estos poten-
ciadores (eDLX#18), situado a
unas 500 kb de DLX5. El potencia-
dor eDIX#18 se ha descrito como
activo en los arcos branquiales en
estadios embrionarios®.

Existen evidencias de que

DIX5 esta involucrado en la

determinacion de la DMO", lo
que nos hace proponer la hipé-
tesis de que el potenciador
L | eDLX#18 también es activo
como un potenciador para
DIX5 en osteoblastos de adultos

-
e
mazsm

v que nuestro SNP de interés es
un eQTL en osteoblastos. Serd
muy necesario comprobar esta
hipétesis mediante andlisis de
expresion de DLX5 en osteo-
blastos primarios y genotipacion
de 154613908 de los mismos.
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Resumen

Objetivos: Las fracturas atipicas de fémur (FAF) son un tipo de fracturas poco frecuentes, a menudo rela-
cionadas con un tratamiento prolongado con bisfosfonatos (BPs). Actualmente no se conocen con exac-
titud sus mecanismos patogénicos y no hay pruebas para identificar aquellos pacientes con un alto ries-
go de sufrir una FAF. El objetivo de este trabajo es investigar las bases genéticas de las FAFs,

Material y mélodos: Se secuencio el exoma completo de 3 hermanas vy de 3 pacientes adicionales no rela-
cionadas, todas tratadas con BPs durante mds de 5 anos. Se seleccionaron variantes compartidas por las
hermanas, de baja frecuencia y potencialmente patogénicas, y se construyd una red de interacciones de
genes v proteinas con los datos hallados.

Resultados: Identificamos 37 variantes raras (en 34 genes) compartidas por las 3 hermanas, algunas de ellas
no descritas anteriormente. La variante mas llamativa fue la mutacién p.Aspl188Tyr en el enzima geranil-
geranil pirofosfato sintasa (codificada por el gen GGPS1), de la via del mevalonato y esencial para la fun-
cion del osteoclasto. Otro hallazgo interesante fueron dos mutaciones (una en las 3 hermanas y una en
una paciente no relacionada) en el gen CYPIAI, implicado en el metabolismo de los esteroides.
Identificamos otras variantes que también podrian estar involucradas en la susceptibilidad a las FAFs o en
el fenotipo osteopordtico subyacente, tales como las presentes en los genes SYDEZ, NGEF, COG4 y la FNI.
Conclusiones: Nuestros datos son compatibles con un modelo donde la acumulacion de variantes de sus-
ceptibilidad podria participar en la base genética de las FAFs.

Palabras clave: fractura atipica de femur, bisfosfonatos, GGPSI, CYPIAI, secuenciacion compleia del exoma.
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Genetic study of atypical femoral fractures using exome sequencing in three
affected sisters and three unrelated patients

Summary

Objectives: Atypical femoral fractures (AFF) are rare, often related to long-term bisphosphonate (BPs) tre-
atment. Their pathogenic mechanisms are not precisely known and there is no evidence to identify
patients with a high risk of AFF. The aim of this work is to study the genetic bases of AFFs.

Material and methods: Whole-exome sequencing was carried out on 3 sisters and 3 unrelated additional
patients, all treated with BPs for more than 5 years. Low frequency, potentially pathogenic variants sha-
red by the 3 sisters, were selected, were selected and a network of gene and protein interactions was
constructed with the data found.

Results: We identified 37 rare variants (in 34 genes) shared by the 3 sisters, some not previously descri-
bed. The most striking variant was the p.Asp188Tyr mutation in the enzyme geranylgeranyl pyrophos-
phate synthase (encoded by the GGPS! gene), from the mevalonate pathway and essential for osteoclast
function. Another noteworthy finding was two mutations (one in the 3 sisters and one in an unrelated
patient) in the CYPIAZI gene, involved in the metabolism of steroids. We identified other variants that
could also be involved in the susceptibility to AFFs or in the underlying osteoporotic phenotype, such as
those present in the SYDE2, NGEF, COG4 and FNI genes.

Conclusions: Our data are compatible with a model where the accumulation of susceptibility variants

could participate in the genetic basis of AFFs.

Key words: azypical femoral fractures, bisphosphonates, GGPS1, CYP1AIL whole-exome sequencing

Introduccion

La osteoporosis y sus fracturas asociadas son el pro-
blema dseo postmenopdusico mds comun, y afecta
a mujeres y hombres de todas las etnias. Los bisfos-
fonatos nitrogenados (N-BPs), incluyendo alendro-
nato, risendronato, ibandronato y zolendronato,
son el tratamiento mds utilizado para la osteoporo-
sis en millones de pacientes en todo el mundo. A
pesar de la importante eficacia anti-fractura de los
BPs, ampliamente demostrada en varios ensayos
clinicos' y revisiones sistematicas?, se han descrito
algunos efectos adversos poco frecuentes poten-
cialmente asociados a su uso prolongado, entre
ellos las fracturas atipicas de fémur (FAFs)'. Estas
fracturas son no-traumiticas y estin caracterizadas
por su localizacién subtrocantérica o en la didfisis
del fémur, y frecuentemente son bilaterales.

Los mecanismos patogénicos de las FAFs no
son del todo conocidos, y se ha especulado mucho
sobre sus causas. Se ha propuesto que una supre-
sion excesiva de la resorcion 6sea por parte de los
N-BPs podria contribuir a desencadenar una FAF
pero su fisiopatologia es compleja y se cree que
hay otros factores importantes involucrados.
Algunos factores de riesgo propuestos son el gro-
sor cortical y la geometria pélvica’. Ademas, se han
descrito casos de FAF en pacientes afectados por
otras enfermedades éseas monogénicas, como la
hipofosfatasia®, la osteogenesis imperfecta’ o el sin-
drome de osteoporosis pseudoglioma®.

Dada la baja incidencia de las FAFs en la
poblacion general (5,9 casos por 100.000 perso-
nas/ano), podemos hipotetizar que hay unas cau-
sas genéticas raras subyacentes que pueden incre-
mentar la susceptibilidad a las FAFs, y que pueden
ocurrir espontineamente o desencadenarse des-
pués de la interaccion con los BPs. Actualmente

no hay pruebas genéticas o bioquimicas que pue-
dan ayudar a identificar los pacientes con un ele-
vado riesgo a sufrir una FAF. La identificacion de
los determinantes genéticos de las FAFs ayudaria a
esclarecer los mecanismos etiologicos, al desarro-
llo de herramientas de diagnéstico y de evalua-
ci6én del riesgo de sufrir una FAF, vy a posibles
estrategias terapéuticas.

Anteriormente, identificamos 3 hermanas diag-
nosticadas con FAF que fueron tratadas con BPs
durante mias de 5 anos’. Esta observacion nos sugi-
ri6 que podria haber un trasfondo genético que
predispusiera a las FAFs relacionadas al uso prolon-
gado de BPs. En consecuencia, llevamos a cabo la
secuenciacion del exoma completo de las 3 herma-
nas y de otras 3 pacientes no relacionadas para
identificar mutaciones potencialmente relacionadas
con las FAFs en estas pacientes. Identificamos 37
variantes raras compartidas por las 3 hermanas, una
de las cuales se estudié en detalle’. En el presente
trabajo describimos el conjunto de variantes encon-
tradas v su posible interaccion.

Material y métodos

Pacientes

Se estudiaron seis pacientes con FAFs y que habian
sido tratadas durante mas de 5 anos con BPs: 3 her-
manas visitadas en el Hospital Universitario Reina
Sofia (Cérdoba, Espana) v 3 pacientes no relaciona-
das visitadas en el Hospital del Mar (Barcelona,
Espafa). Como controles, se estudiaron 3 pacientes
tratadas con BPs por mds de 6 anos pero sin FAFs.
Las caracteristicas de pacientes y controles estin
descritas en la tabla 1. Las 3 hermanas afectas fue-
ron tratadas con estatinas by recibian regularmente
PPIs pero no habian sido tratadas con glucocorti-
coides ni ningun otro compuesto que afecte al
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hueso, aparte de los BPs. En el caso de las fractu-
ras unilaterales, se realizaron pruebas radiolégicas
y RMN que descartaban la fractura contralateral. Se
obtuvo consentimiento informado escrito de todas
las pacientes, de acuerdo con la regulacion del
Comité Ftico de Investigacién Clinica del Parque de
Salud Mar, que aprobé el estudio.

Secuenciacion del exoma completo

Se extrajo ADN de sangre periférica de las pacien-
tes con el kit Wizard Genomic DNA Purification
(Promega) y se utilizé para secuenciar el exoma
completo en el Centro Nacional de Anilisis
Genémico (CNAG) (Barcelona). Las librerias se
generaron con el kit de captura de exones
SureSelect XT Human All Exon: cat:5190-6208
(Agilent Technologies), después de haber frag-
mentado el ADN vy ligado los adaptadores especi-
ficos de Agilent. La secuenciacion paired-end
(2x76 pb) se realizé en la plataforma Ilumina
HiSeq2000. Las imagenes del instrumento se pro-
cesaron utilizando el programa del fabricante para
generar archivos de secuencia FASTQ.

El analisis bioinformatico se llevé a cabo en la
plataforma de Bioinformatica para Enfermedades
Raras (Bier) del CIBERER, en Valencia. Los archi-
vos FASTQ se alinearon con el programa libre
Burrows-Wheeler Aligner" (http://bio-bwa.source-
forge.net/) utilizando el ensamblado del genoma
humano de referencia GRCh37 (hgl9)". Las
variantes de un solo nucledtido y los indels se
identificaron utilizando el programa GATK".
Finalmente, para anadir a las variantes informa-
cion sobre la frecuencia del alelo minoritario
(minor allele frequency, MAF) proveniente de
dbSNP y del proyecto 1000 Genomas (http://

Tabla 1. Caracteristicas de pacientes y controles

@ ORIGINALES / Rev Osteoporos Metab Miner. 2018;10(4):108-18

www.1000genomes.org)®, se utilizé la herramien-
ta de anotacion VARIANT". Los datos se convirtie-
ron al formato BAM (binary equivalent SAM) y se
visualizaron mediante el programa Integrative
Genomics Viewer (IGV) (http://www. broadinsti-
tute.org/igv).

Las variantes genéticas se filtraron segiin las
siguientes premisas: a) variante no-sinénima, b)
no descrita previamente o con una MAF <0,005 en
dbSNP y en el proyecto 1000 Genomas, ¢) no pre-
sente en NHLBI Go Exome Sequencing Project
(ESP) (http://evs.gs.washington.eu/EVS/), y d) no
presente en 8 exomas de individuos de la pobla-
cién general, obtenidos en nuestro laboratorio.

Inicialmente sélo se tuvieron en cuenta las
mutaciones compartidas por las tres hermanas,
tanto en un modelo de herencia dominante como
recesivo. Después se priorizaron mutaciones en
genes candidatos en las otras tres pacientes. Las
puntuaciones de SIFT", PolyPhen" v de conserva-
cion evolutiva obtenidas de PhastCons” se utiliza-
ron para priorizar las variantes.

Validacion de las variantes genéticas

Las mutaciones encontradas se validaron mediante
PCR y secuenciacion Sanger, que fue llevada a cabo
bidireccionalmente utilizando el kit BigDyeTM v3.1
Terminator Cycle Sequencing (Applied Biosystems),
segin las instrucciones del fabricante. Los cebado-
res utilizados para la validacién se disenaron utili-
zando el programa OligoEvaluator (Sigma-Aldrich).
Finalmente, las mutaciones validadas se buscaron
en el Exome Aggregation Consortium (EXAC) para
obtener sus frecuencias poblacionales, y se anali-
zaron mediante secuenciacién Sanger en las 3
muijeres controles.

Tiempo de
a T-score Fracturas
Puciente | TS| Gony | G | olomna | TR | oonnps | oscoporiics
vertebral (aiios) previas
AFS1 Unilateral; 1 o, 77 a1 0.2 6 Colles
medio-diafisaria
Unilateral; - - .
Skt medio-diafisaria® 73 75 -2,5 -14 0 Colles
Bilateral; , . : ;
AFS3 medio-diafisaria® 60/61 100 0.3 Rbpc 6 Ninguna
Bilateral; e - - .
; 737 3 B . )
AFUL medio-diafisaria 73075 50.8 1.9 0.5 6 Ninguna
Unilateral; . .
AFUZ medio-diafisaria 72 90 2,0 0.6 7 Ninguna
Unilateral; . 0 o ; ; . .
AFU3 subtrocantérica 87 59.8 N/A N/A 10 Ninguna
Control 1 78 66,5 -2.5 -1,9 7 Ninguna
Control 2 70 57.5 -1.2 -2,4 6 Ninguna
Control 3 74 77,1 -1,5 -0,9 8 Ninguna

AFS: hermanas con FAF; AFU: pacientes con FAF no relacionadas, (*): edad al momento de la fractura atipica;
("): fracturas localizadas aproximadamente en el mismo sitio; (9): reemplazo bilateral de protesis cadera.
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Anilisis in silico

Las mutaciones se localizaron en su contexto gené-
tico utilizando el UCSC Genome Browser (https://
genome.ucsc.edu/) y el Ensembl Genome Browser
(http://www.ensembl.org/) y se extrajo informacion
de los genes de GeneCards (http://www.gencards.
org/) ¥y BioGPS (http://biogps.org/). Se realizé un
andlisis de enriquecimiento funcional utilizando la
herramienta bioinformadtica DAVID®  (https://david.
nciferf.gov/).

El estudio funcional in silico de las proteinas
mutadas se realizé utilizando Uniprot Chttp://uni-
prot.org), RCSB Protein Data Bank (PDB) (http://
www.rcsb.org/pdb) y Pfam (http://pfam xfam.org).
Los alineamientos de proteinas se realizaron utili-
zando el UCSC Genome Browser y los programas
Clustal Omega (http://www.clustal.org/omega) v
ESPript (http://espript.ibep.fr).

Construccion de la red

La red de interaccion de los genes FAF
(AFFGeNet) se construy6 segin Boloc ef al.'? para
identificar genes o proteinas que interaccionan
con los 37 genes FAF, considerados como genes
driver (Tablas 2a y 2b), teniendo en cuenta las
interacciones binarias y direccionales. Los datos
de interaccion high-throughput se obtuvieron de
BioGRID (version 3.4.133)* y STRING [Search Tool
Jfor the Retrieval of Interacting Genes/Proieins] ver-
sion 107 y la red se enriquecié con informacion adi-
cional de GeneOntology (http://geneontology. org),
GeneCards, OMIM, UniProt, RefSeq, y UCSC.

Se implemento un script de Perl para capturar la
sub-red de interaccién utilizando los genes FAF para
encontrar todos los caminos mds cortos entre dos
genes aplicando el algoritmo Dijkstra. La conectivi-
dad por parejas se analizé utilizando Circos”. El
script produjo un grifico esqueleto en formato JSON
para poder visualizar los datos en la interficie web
AFFGeNet (https://compgen.bio.ub. edu/AFFgenes,
disponible bajo demanda). El formulario web con-
tiene una entrada que se centra en los genes selec-
cionados, y la visualizacién de la red permite anadir
o quitar nodos y mostrar informacién de los genes
FAF. El color del borde identifica los nodos como
drivers (lila), parejas upsiream (verde) o downstre-
am (azul) de los drivers seleccionados, y otros
(gris). El color del interior de los nodos representa
la expresion génica especifica del hueso, que se
obtuvo del Gene Expression Omnibus (GEO)*, con-
cretamente de un estudio sobre c¢élulas precursoras
de osteoclastos tratadas o no tratadas con BPs (alen-
dronato o risendronato) durante su diferenciacion a
osteoclasto maduro® (GSE63009). La escala de colo-
res va de amarillo intenso (subexpresado) a azul
oscuro (sobreexpresado), siendo el blanco indicati-
vo de ningtin cambio de expresién.

Resultados

Variantes detectadas en la secuenciacion del
exoma completo en las 3 hermanas

Las tres hermanas (AFS1, AFS2, AFS3) y las 3
pacientes no relacionadas (AFU1, AFU2, AFU3) se
analizaron separadamente.

Los exomas de las 3 hermanas se interseccio-
naron y no se identificé ninguna variante en
homocigosis en comun. Por el contrario, se iden-
tificaron 74 variantes en heterocigosis compartidas
(coherentes con un modelo de herencia dominan-
te), 37 de las cuales se validaron por secuencia-
ci6én Sanger. En 3 de los genes (FINI, BRATI y
XAB2), se encontraron 2 mutaciones diferentes.
En los tres casos se pudo determinar que las
variantes se encontraban en fase, siendo alelos
doble-mutantes v no heterocigotos compuestos,
mediante la visualizacién de los redads con el pro-
grama IGV y el anilisis de polimorfismos intragé-
nicos. Las 37 variantes compartidas por las 3 her-
manas, todas ellas codificantes, se muestran en la
tabla 2a, ordenadas segiin su puntuacion de con-
servacion. Se trata de variantes de cambio de sen-
tido (n=33), una variante truncante y una delecion
en fase. La primera variante de la lista, con la
mejor puntuacién de conservacién y predicha
como deletérea, se encuentra en el gen GGPST, tal
v como describimos anteriormente?.

Andlisis de los genes mutados en las 3 pacientes
no relacionadas

Los genes con variantes compartidas por las 3 her-
manas (Tabla 2a) se analizaron en los exomas de
las pacientes no relacionadas utilizando el progra-
ma IGV. Ninguna de las variantes de la Tabla 2a
se encontré en las pacientes no relacionadas. No
obstante, se encontraron otras dos variantes en los
genes BRATI y CYPIAI, en las pacientes AFU3 y
AFU1, respectivamente (Tabla 2b).

La variante de CYPIAI presente en la paciente
AFUL (p.Ser210Cys) supone el cambio de una seri-
na a una cisteina, en una posicion cercana al sitio
de union al sustrato. Los predictores de patogenici-
dad sugirieron que este cambio es muy deletéreo
para la funcién de la proteina. Igualmente, la
variante de CYPIA1 presente en las tres hermanas
(p.Arg98Trp) supone el cambio de un aminodcido
basico (arginina) a un aminodcido aromdtico hidro-
fébico (triptéfano), en un giro de la proteina con
puentes de hidrégeno. Por el contrario, las tres
variantes encontradas en el gen BRAT1 (dos en las
tres hermanas, en un alelo doble mutante, y una en
la paciente AFU3) no afectan a la funcién de la pro-
teina, segln los predictores.

Anidlisis de genes candidatos en 3 pacientes
no relacionadas

A continuacion, se utilizé el programa IGV para
analizar, en los exomas de las tres pacientes no rela-
cionadas, distintos genes involucrados en el meta-
bolismo 6seo, la funcién osteocldstica y la via del
mevalonato. Se encontraron variantes en los genes
MMP9 (AFU3), MVD (AFU2) y RUNX2 (AFU3), que
se validaron por secuenciacion Sanger (Tabla 2b).
La mutacion en el gen MMP9, que codifica la cola-
genasa de tipo IV, implica el cambio de una metio-
nina (un aminoicido hidrofébico con un grupo que
contiene azufre) a una treonina (aminoacido hidro-
filico) en la posicion 419, dentro del dominio catali-
tico. Esta variante aparece en la base de datos EXAC,
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con una frecuencia alélica muy baja (8,2e-00), y
SIFT y PolyPhen predijeron que probablemente per-
judica su funcién. El gen MVD codifica la enzima
mevalonato 5-difosfato decarboxilasa, de la via del
mevalonato. Ia variante encontrada (p.Arg97Gln;
rs376949804) supone el cambio de un aminodcido
bisico a un aminodcido neutro y estd presente en la
base de datos ExAC, también con una frecuencia
alélica muy baja (3,4e-03). Se trata de un cambio no

@ ORIGINALES / Rev Osteoporos Metab Miner. 2018;10(4):108-18

perjudicial para la funcién de la proteina, segin
SIFT y PolyPhen. La mutacién en RUNX2 es una
substitucién de una prolina, un aminodcido ciclico,
por una leucina, un aminodcido alifatico hidrofébi-
co, en la posicién 296, dentro de una regién rica en
prolinas, serinas y treoninas. Este cambio, descrito
en dbSNP (rs20184115), tiene una MAF=0,0004 y
probablemente afecta la funcién de la proteina,
segun los predictores.

Tabla 2a. Variantes compartidas por las 3 hermanas, encontradas en la secuenciacion del exoma

Gen Proteina Variante: lffem 0| doswe ExAC | SRS | SIFT: |PolyPhert
Geranilgeranil : - ; -
GGPS1 difosfato sintas Chrl.g.ZﬁSS{)S, 46G>T p-D188Y 700 0,000 1,000
Proteina con repeticiones| o _ ey : - -
LRRCI1 ricas en leucinas 1 chrl:g.53707020G>A p.RI1Q 4,946¢-03 083 0,050 0,746
Tuscz | Candidato supresor de |y o0 sh26a00715c | pas3R §,24de-06 | 674 | 0338 | 0000
tumores 2
Proteina activadora e e REERAG " y 226 n
SYDE2 de GTPasa Rho chrl:g 85634903G>T p.LBY3I §,339¢-00 0639 0,018 0,997
Subunidad 4 del
COG4 complejo oligomérico | chrlf:g.70553552C>T p-G83D 027 0,150 0,735
conservado del Golgi
Proteina asociada a Tl A C = 200
EMLI microtibulos chrld:g. 100360993G>A p.R211H 6,611e-03 588 0,030 0,963
Demetilasa especifica L 5192832191 ) v
KDM4C s chr9:g 6849579A>G PITOV | Nabooond | 2471605 | 584 | 0,000 | 0509
Proteina de reparacion T OS] 2R = + T = -
ERCC6I2 por escision del DNA chr:g 98718284A>T pIos7L 8,278e-00 573 1,630 0007
Componente
PGRMCI de membrana 1 del chrX:g. 118377159C>A p.P177H 573 0,130 | 0,742
receptor de progesterona
FNI #* Fibronectina chr2:g.216235149C>T pV22411 8,245e-00 351 0,009 | 0,045
CYPIAI Citocromo P450 1A1 chrl5:g.75015147G>A p-ROBW 0,000108 340 0,000 0,998
XAB2 * P”““:‘,’i;f 2“'“““ chr19.g.7688142C>G | p.vassL 165105 | 535 | 0,007 | 0,600
Receptor acoplado . 15200892677 ,
GPR20 Bl el chr8:g.142367729C>T p-DXN MAF=0.0004 3,324e-05 515 0,000 [ 0,998
Proteina chrll:g.118404174 - ;
T4_ V230 y /
THEM25 transmembrana 25 1184041 76del p-V23%del 510 L N/A
Nepp | Facor intereanviadorde |- o 52346153654 S542L 1279¢-05 | 500 | 0350 | 0,910
nucledtidos de guanina Chre:g.2351 : L2 alde % ,
. Proteina activadora - o 15182030723 i 4O v
NKAP de NFkB chrX:g. 119006123C>T p.S265N MAF=0.0006 6,847e-03 497 0,120 0,184
Proteina nuclear que e Nera AT
NVL it — chrl:g.224491450G>A p.T3121 8,208e-06 474 0,000 0,995
s 1390178629
FNI #* Fibronectina chr2:g.216251538G>A | p.R1496W r;i:;ﬂmf; 0.004904 406 | 0,005 | 0,998
Subunidad 51 de ATPasa . . iy
ATP6API de protones vacuolar chrX:g. 133604043G>A p.V4(TI 4,501e-05 404 0,260 | 0,990
oR4pIp | Froein “I“!?[?d”” chrdg 12821722G>A | pR217H 49i8e-05 | 452 | 0,270 | 0371
rica en leucinas 1
Proteina similar a la . ; I, 4 :
HEPHLI - chrl 1:g. 93830224G>A p. W91 451 0,000 N/A
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Tabla 2a. (cont.)

Efecto en . | Conser-
Gen Proteina Variante' Ia protet dbSNP* ExAC | O ont | SET PolyPhen'
Trifosfatasa de
NIPCR |nucledsidos relacionada | chrl:g.233091444G>A p-R39Q 5,779e-05 439 0,034 | 0,502
con cancer
XAB2 * F’me;"i_gf 2‘"‘“3" chrl9:g T68R150G>C | p.T379R 1652005 | 420 | 0059 | 0200
Proteina del reticulo
endoplasmatico 100 16631 O0dd 15202164310 . 1
CHERP de homeostasis chr19:g.16631044C>T| p.R793H MAF=0,0000 0,0001009] 366 0,120 0,716
del calcio
ina i o - 53802273
MEX3D Pr;’tlfg‘i;' ;LZ;;“S’“ chr19:2.1555839G>C | p.TS60R ;if:fg‘oggé 366 | 0030 N/A
Activador de ATM Fieeo 2S04 . 15143390199 Do i
BRATI * asociacdo 2 BRACAL chr7:g.2594007C>T p.R20K MAF=26-03 1,651e-05 333 0,192 0,010
Activador de ATM 5 15308808380 1
BRATI # asociado a BRACAL chr7:g.2580068G>A p.T447M MAF=0,0002 3,845e-05 333 0,110 | 0,275
CULY Culina 9 chré:g.43154714C>T p.T4231 251 0,000 | 0,993
ALPK1 a-quinasa 1 chri:g.113353195A>C | p.D831A 00001255 | 0 | 0,060 | 0243
cD3? @ﬂ?ﬁfgfci')? chr19:g 49840212C5G pI63M 2,476e-05 0 0,040 | 0,028
IQCF6 S AT chr3:g 51812782G>A ROIW o |oot0| wa
contiene motivos 1Q e : p- ? -
Péptido O-fucosil
LENG | 3-p-N-acetilglucosaminil- | chr7:g.2566829C>T p-R375C 1,69e-05 0 0,020 | 0,772
transferasa
MeA P“i:f;‘:naﬁ?d“ chrl5ig41988923C5T | psSSTIL o |o1w0| wa
Polimerasa de o180 £ 1090404 — 15343500008 " ;
POLI ADN iota chrl8:g.51820404T>C pVI9TA MAF=0.0002 0,00024 0 0,590 N/A
Proteina 4 ; 3
SHCE || ador de sHC | Chr13:8-49254675G>T | p HISON 0 1000 [ 0,000
SMS Espermina sintasa chr}(:g.2]9389826>l’: p.Gl4R i} 0,350 0,002
Polipéptido 4 del
SNAPC4 complejo activador chr9:g.139272279C>G | p.G1334R 2,675e-05 0 0,160 | 0,707
de snRNAs
Tabla 2b. Otras variantes encontracdas en las pacientes no relacionadas
Efecto en . | Conser- Poly |Paciente|
Gen Proteina Variante! B dbSNP® EXAC ot | | phent | Fap
BRATI | ATl (oAt | 78 2580636C5T | pEiSaL 333 | 0.568] 0,000 AFU3
CYPIAL | Citocromo PA450 1A | chrlsig 7501479314 | psziec | SA002B00 1o 0001153] 0 |0,004[0,987| aFU1
MMP9 Meég'?g;ﬂ‘zldgsa chr20:g.44641147T>C | p.M419T 8,242¢:00) 496 |0,000|1,000| AFU3
Mevalonato difosfato | ;. aarr202 - rs376949804 |5 Lo e i .
MVD decarboxilasa chrl6:g.88723957C>T | p.R97Q MAF=3¢.05 3,448¢e-05 0 04481 0,009 | AFU2
iy - 5201584115 , :
RUNX2 transcripeion 2 chr(:g.45480010C>T | p.P29GL MAF=0.0004 0,0002066| 642 [0,040)|0,999| AFU3
relacionado con Runt g ]

("): posicion gendmica de la variante en el genoma de referencia humano GRCh37; ("): niimero de identifica-
dor de referencia del SNP (rs) y MAF (frecuencia del alelo minoritario) de las variantes descritas; (): frecuen-
cia alélica de las variantes descritas en la base de datos ExAC; (*): puntuacion de conservacion del PhastCons
(0 a 1.000), siendo 1.000 el locts mis conservado y 0 un locus no conservado; (<): SIFT: 0-0,05 perjudicial (en
negrita); 0,051-1 tolerable; (): PolyPhen: 0-0,4 benigno; 0,41-0,89 possiblemente perjudicial; 0,9-1 patogénico
(en negrita); (*): presente en un alelo doble mutante.
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Andlisis de las variantes en individuos controles
y en la poblacion general

Ninguna variante de las tablas 2a y 2b fue encon-
trada en 3 controles (pacientes tratadas con BPs
durante un periodo largo de tiempo pero sin
FAFs). Todas las variantes detectadas en las
pacientes con FAF se buscaron en la base de datos
ExAC para determinar si se trataba de variantes
nuevas o muy raras (MAF <0,005). En ese sentido,
once mutaciones no se encontraron ni en dbSNP
ni en ExAC (GGPSI: p.DI188Y; COG4: p.G85D;
PGRMC1: p.P177H; TMEM?25: p.V239del; HEPHLI:
pW991*; CULO: p.T4231; IQCHG: pROEIW,; MGA:
p.SS7IL; SHC4: p.HISON; SMS: p.G14R; BRATI:
p.E458L). Las otras variantes tienen frecuencias
=1/10000, segin ExAC.

Red de interaccién génica/proteica y enrique-
cimiento de vias

Se construyé una red de interacciones entre genes
y/o proteinas para investigar las vias funcionales
relacionadas con los 37 genes mutados encontra-
dos en la secuenciacion de los exomas y detectar
otros genes potencialmente causales, asi como
mecanismos moleculares que puedan estar impli-
cados en la generacion de las FAFs. La figura 1

@ ORIGINALES / Rev Osteoporos Metab Miner. 2018;10(4):108-18

muestra la conectividad entre parejas de genes. En
distintos circulos, se muestran las conexiones de
entrada y de salida para los 37 genes a distancias
1 a 4, respectivamente. A distancia 1 casi no hay
interacciones, siendo FNI el tnico gen conectado
con otros. A distancia 2 se observa mds conectivi-
dad. La mayoria de la conectividad entre parejas
de genes se observa a distancia 3. El Gnico gen
que no presenta ninguna interacciéon a ningln
nivel es IQCF6.

La red de interacciones de genes/proteinas
muestra que GGPSI v CYP1A1, dos de los genes
driver mas relevantes, se conectan a distancia 3,
a través de INS y JI16 (Figura 2a). Otros 4 genes
driver (RUNX2, MVD, MMP9 y PGRMCI) estin
conectados con GGPST a distancia 2. MMP9 tam-
bién esti a distancia 2 de CYPIA7I. Ademas, FN1
y MMP9 estin conectados a distancia 1. De
manera similar, los genes driver SYDE2 y NGEF
estan interconectados a distancia 2, a través de
KHOB (Figura 2b).

El analisis de enriquecimiento de vias en los 37
genes mutados, realizado con la herramienta
DAVID, dio como resultado la via de biosintesis de
los isoprenoides (GO:0008299) (p=0,0000), que
contiene los genes GGPSI, MVDy CYPIAIL.

Figura 1. Esquema de la conectividad entre parejas de genes a distancias 1 a 4. En los circulos se muestran los
simbolos de los 37 genes FAF encontrados en este estudio y sus conexiones de entrada y de salida
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Discusion

En este trabajo hemos estudiado el trasfondo genéti-
co de 3 hermanas con FATF v 3 pacientes adicionales,
no relacionadas, a través de la secuenciaciéon masiva
del exoma para identificar posibles genes de suscep-
tibilidad a la patologia. Hemos identificado 37 varian-
tes raras (en 34 genes) compartidas por las 3 herma-
nas, algunas de ellas no descritas anteriormente y
consideradas daninas por los predictores. La variante
mas llamativa fue la mutacion p.Asp188Tyr en el gen
GGPS1, que presento la mejor puntuacion de conser-
vacion, y que ya hemos descrito en un trabajo pre-
vio’. Otro hallazgo interesante fueron las dos muta-
ciones en el gen CYPIAI, una encontrada en las tres
hermanas y la otra en una paciente no relacionada.
Sin embargo, hay otras variantes que también podri-
an estar involucradas, en distintos grados, en la sus-
ceptibilidad a las FAFs asociadas a BPs o en el feno-
tipo osteopordtico subyacente, de modo que nues-
tros datos serfan compatibles con un modelo en el
cual la acumulacién de variantes de susceptibilidad
podria contribuir a la base genética de las FAFs.

Los estudios epidemiolégicos sugieren que exis-
te una relacién entre las FAFs y un tratamiento pro-
longado con BPs. Shane ef al., describieron perio-
dos de tratamiento de una mediana de 7 anos'. El
riesgo absoluto de sufrir una FAF asociada al trata-
miento con BPs se encuentra entre 2 casos por
100.000 pacientes/ano a los 2 anos de tratamiento y
78 casos por 100.000 pacientes/ano a los 8 afos de
tratamiento™. Estos datos sugieren que la duracion
de la terapia con BPs influirfa positivamente en el
riesgo de sufrir estas fracturas. En nuestro estudio,
los casos de 6 pacientes con FAF después de un tra-
tamiento a largo plazo con BPs son consistentes con
esta asociacion. Ademds, la ocurrencia de las FAFs
en las 3 hermanas sugiere una predisposicion gené-
tica con un papel determinante en la patologia. Este
estudio ha sido el primer anilisis de exoma de
pacientes de FAF. Hemos priorizado mutaciones
raras, no-sinénimas, compartidas por las 3 herma-
nas. No se encontré ninguna mutacién en homoci-
gosis o heterocigosis compuesta en ningln gen.
Estos hallazgos van en contra de un paudn de
herencia recesivo para estos casos y son consisten-
tes con el hecho que la FAF no es una enfermedad
genética severa que ocurra durante las primeras eta-
pas de la vida. No obstante, en el modelo dominan-
te, se encontraron 34 genes mutados, algunos muy
importantes para el metabolismo éseo. En un traba-
jo anterior que tenia por objetivo descubrir las cau-
sas genéticas de las FAFs, se utilizé un chip de
exoma con >300.000 variantes codificantes ya cono-
cidas y se encontraron 21 variantes raras sobrerre-
presentadas en 13 pacientes de FAF*. Sin embargo,
ninguno de estos alelos de riesgo se encontr6 en los
pacientes analizados en nuestro estudio. En concre-
to, No se encontraron variantes en el gen PPEF2, el
unico con un cambio asociado significativamente
con el fenotipo en el estudio de Pérez-Nunez et al.”
Esto apunta a una base genética heterogénea para
las FAFs. En todo caso, es importante sefalar que
nuestra aproximacion metodolégica difiere de la del
estudio mencionado en tanto que analizamos toda

la secuencia del exoma, cosa que nos permitié
encontrar variantes no descritas anteriormente.

En el presente estudio, el tinico gen con mutacio-
nes en las 3 hermanas y en pacientes no relacionados
fue CYP1A1. Recientemente, Peris ef al” secuenciaron
este gen en 17 pacientes de FAF y encontraron otra
mutacién en una de ellas. El gen CYPI1AI codifica la
enzima citocromo P430 1A1 que estd involucrada en
el metabolismo de firmacos y xenobidticos. Se trata de
una hidroxilasa de hidrocarburos arilos y sus sustratos
exdgenos potenciales incluyen hidrocarburos aromdti-
cos policiclicos, v esta implicada en la formacién de
distintos tipos de cincer humanos. Sus sustratos endo-
genos incluyen eicosanoides, que pueden generar
productos biolégicamente activos que actian en el sis-
tema vascular, entre otros. Este gen también es respon-
sable de la hidroxilacion del 17B-estradiol, la estrona y
la vitamina D en tejidos extrahepaticos®, Esto es cohe-
rente con su papel en la biologia 6sea, una idea apo-
vada por Napoli ef al®, quienes demostraron que el
polimorfismo C4887A estaba relacionado con un
aumento significativo del catabolismo de los estroge-
nos y con una densidad mineral 6sea (DMO) femoral
baja en mujeres postmenopiusicas. Por lo tanto,
CYPIAT se presenta como otro gen de susceptibilidad
potencial a las FAFs, aunque el mecanismo exacto de
su accion en el metabolismo 6seo todavia es descono-
cido y mas estudios son necesarios para elucidarlo.

Entre los otros genes con variantes en las tres her-
manas, FIVI codifica la fibronectina, una proteina de
la matriz extracelular necesaria para la regulacién de
la deposicion del coligeno de tipo I por parte de los
osteoblastos, esencial para la mineralizacion de la
matriz extracelular, y cuyos niveles se han visto afec-
tados por el tratamiento con BPs*. Encontramos que
las tres hermanas eran portadoras de un alelo doble
mutante (p.V22411 y p.R1490W) en FVI, donde las
dos mutaciones fueron consideradas como daninas
por los predictores de patogenicidad. Esta fibronecti-
na alterada podria afectar la mineralizacion Gsea y/o
la respuesta a los BPs y estar relacionada con el ries-
go a sufrir una FAF en estas mujeres. También encon-
tramos mutados 2 reguladores de GTPasas pequenas:
SYDEZ2 y NGEF. Sus funciones respectivas (activacion
de las GTPasas RHO v de intercambio de sus nucles-
tidos de guanina) constituyen pistas sobre posibles
efectos en la funcién osteodlastica y en la respuesta a
los BPs. Las RHO GTPasas estan en la via del meva-
lonato en una posicién por debajo del sitio de accion
de los BPs, ya que tienen que ser preniladas (famesi-
ladas o geranilgeraniladas) para su cormrecta funcion
celular. Por otra parte, nuestra red de interaccion de
genes/proteinas muestra como NGEF estd muy rela-
cionado con las efrinas y los receptores de efrinas
(Figura 2b), que tienen un papel clave en el mecanis-
mo de acoplamiento entre osteoclastos y osteoblas-
tos*, Otro grupo de genes mutados en las 3 herma-
nas codifican proteinas nucleares con efectos pleiotro-
picos sobre la expresion génica y/o la reparacion del
DNA (KDM4C, XAB2, NVL, NKAF, ERCC6I2). De ellos
destacamos el gen KDM4C, que codifica una demeti-
lasa lisina-especifica que contiene un dominio JmjC,
que ha sido previamente asociado con la edad de
menarquia®, un biomarcador para la densidad 6sea.
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Figura 2. Detalles de la red de interaccion entre genes/pro-
teinas. El color del interior de los nodos indica la subexpre-
sion (amarillo), sobreexpresion (azul) o ningtn cambio de
expresion (blanco) en osteoclastos tratados con alendrona-
to o risendronato (datos de Yuen et al., 2014*). El color
externo identifica los genes como drivers (mutados en nues-
tras pacientes) en lila, upstream de los genes mutados en
verde, y otros en gris. a) Interacciones de los genes GGPS
y CYPIAI a distancia 2 (y algunas del gen MMP9 a distan-
cia 1). Nota: algunas conexiones se han omitido para la cla-
ridad de la figura. En particular, los nodos RUNX2 y FN1 no

estas pacientes en dos proteinas claves
para el remodelado 6seo (RUNX2 y MMP9)
vy en otra enzima de la via del mevalonato
(MVD, mevalonato difosfato carboxilasa).
RUNX2 es un factor de transcripcion esen-
cial para la diferenciacién osteobldstica®,
mientras que MMP9 es una metaloproteasa
expresada en osteoclastos que degrada la
matriz extracelular &sea¥, afectando a la
arquitectura del hueso trabecular y a la

se han expandido para mostrar todos sus conectores.
Interacciones de los genes SYDE2 y NGEF a distancia 1

b

estructura del hueso cortical®. Por estas
razones, ambos pueden estar involucrados
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en el riesgo a la FAF. Es sabido que RUNX2
activa la expresion génica de MMP9¥ y esta
interaccién puede tener efectos sinérgicos
en las propiedades biomecinicas del hueso
en la paciente AFU3, que tiene ambas
mutaciones (Nota: esta interaccién no se
muestra en la Figura 2a para que otras
interacciones se puedan mostrar claramen-
te). Finalmente, en la paciente AFU2 se
encontré una mutacion de cambio de sen-
tido en el gen MVD, anadiendo una segun-
da proteina mutada de la via del mevalona-
to. En la figura 3 se muestran, en el contex-
to de las células 6seas, las proteinas codifi-
cadas por los genes que hemos encontrado
mutados y cuya funcién en el hueso se
conoce o estd predicha.

En conjunto, todas estas variantes raras
pueden formar parte de un trastondo gené-
tico asociado al desarrollo de los cambios
6seos que dan lugar a las FAFs y a la posi-
ble interaccion negativa con los BPs. Es
probable que varios genes con efectos adi-
tivos pequenos, y sus interacciones, estén
implicados en las FAFs relacionadas con
los BPs. Ademas, cada paciente individual
podria ser portador de distintas variantes
genéticas especificas.

Los puntos fuertes de este estudio son la
posibilidad de analizar 3 hermanas con FAF
y el abordaje por secuenciacién del exoma
completo, que carece de hipétesis previa.

Otros genes encontrados mutados en las herma-
nas fueron el gen PGRMCI que codifica el compo-
nente 1 del receptor de membrana de la progestero-
na, v que fue previamente asociado al fallo ovarico
prematuro®; el gen COG4 (que codifica la subunidad
4 del complejo oligomérico conservado del Golgi),
relevante dada la importancia del transporte de vesi-
culas a través del Golgi en los osteoclastos™; y el gen
EML1 (que codifica una proteina asociada a microti-
bulos) que puede ser importante en relacion al cilio
primario en osteocitos®, En conjunto, las funciones y
conocimiento previo de 13 de los 34 genes mutados
en las 3 hermanas concuerdan con su posible impli-
cacién en la patologia. Estas mutadiones se buscaron
en las 3 pacientes de FAF no relacionadas, con resul-
tados negativos.

No obstante, mediante una aproximacion de
genes candidatos, se encontraron mutaciones en
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En este sentido, pudimos identificar muta-
ciones dafinas en genes que pertenecen a
la via del mevalonato, asi como otros genes relacio-
nados con el metabolismo 6seo. Por otro lado, el
bajo nimero de pacientes y controles estudiados es
una limitacion del estudio y seran necesarios mas
estudios de secuenciacion del exoma de pacientes
de FAF adicionales y de pacientes no fracturados
con un tratamiento a largo plazo con BPs (actuan-
do como controles) para clarificar el papel preciso
de estos genes y mutaciones. A pesar de la plausi-
bilidad biolégica del efecto dafino de las mutacio-
nes encontradas, se necesita la replicacion de estos
hallazgos.

La identificacién del trasfondo genético para
las fracturas atipicas de fémur abre la puerta al
futuro desarrollo de herramientas de diagnostico y
prediccion del riesgo a sufrir este tipo de fracturas
para determinar la idoneidad del tratamiento con
BPs.
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Figura 3. Proteinas codificadas por los genes mutados en las pacientes de FAF de este estudio y relacionadas
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1 | OSTEOCHONDROMATOSIS OR
MULTIPLE HEREDITARY

EXOSTOSIS

Abstract

There are many metabolic disorders that present with bone phenotypes. In some cases,
the pathological bone symptoms are the main features of the disease whereas in others
they are a secondary characteristic. In general, the generation of the bone problems in
these disorders is not well understood and the therapeutic options for them are scarce.
Bone development occurs in the early stages of embryonic development where the bone
formation, or osteogenesis, takes place. This osteogenesis can be produced through the
direct transformation of the pre-existing mesenchymal cells into bone tissue (intra-
membranous ossification) or by the replacement of the cartilage by bone (endochondral
ossification). In contrast, bone remodeling takes place during the bone's growth, after
the bone development, and continues throughout the whole life. The remodeling
involves the removal of mineralized bone by osteoclasts followed by the formation of
bone matrix by the osteoblasts, which subsequently becomes mineralized. In some met-
abolic diseases, bone pathological features are associated with bone development prob-
lems but in others they are associated with bone remodeling. Here, we describe three
examples of impaired bone development or remodeling in metabolic diseases, including
work by others and the results from our research. In particular, we will focus on heredi-
tary multiple exostosis (or osteochondromatosis), Gaucher disease, and the susceptibility
to atypical femoral fracture in patients treated with bisphosphonates for several years.

KEYWORDS
atypical femoral fracture, bone development, bone remodeling, CYP1AL, EXT2, Gaucher disease,
GGPPS, multiple hereditary exostosis

EXT2-CDG. The EXTI (exostosin 1) and EXT2 (extosin 2)
proteins form a copolymerase involved in heparan sulfate
biosynthesis.

The disease is related to bone development. Endochon-

Osteochondromatosis is characterized by the growth of mul-
tiple benign tumors mainly in long bones. The disease
belongs to the group of congenital disorders of glycosyla-
tion. In particular, it is a defect of O-glycosylation. It is
inherited as an autosomal dominant disease and it is caused
by monoallelic mutations either in the EXTY or in the EXT2
genes (reviewed in Wuyts and van Hul'). As a consequence
of this, the alternative name for the disorder is EXTI1/

dral ossification is one of the two essential processes during
fetal development of the mammalian skeletal system, by
which bone tissue is created through the replacement of
growing cartilage by bone (the other process is intra-
membranous ossification). In long bones, there is a region
called the growth plate, in which chondrocytes proliferate
and are replaced by osteoblasts. In this process, several sig-
naling molecules play key roles in the regulation and
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direction of bone growth.2 Extracellular heparan sulfate
makes a barrier that regulates the flux of these molecules.
Individuals with an inherited mutation in one allele of EXT/
or EXT2 can suffer a second (somatic) mutation in the wild-
type (WT) allele. This will lead to a local lack of heparan
sulfate and an impaired regulation of bone growth, giving
rise to osteochondromas.? The role of heparan sulfate in the
disease has been recently reviewed by Maurizio Pacifici.*
The decrease in exostosin and heparan sulfate levels caused
by the second hit (the somatic mutation in the WT allele of
the EXT gene with a germline mutation in the other allele)
causes a decrease in signaling molecules such as fibroblast
growth factor (FGF), MAPK/ERK Kinase (MEK), extracel-
lular-signal-regulated kinase (ERK), Noggin, and Gremlin,
and an increase of bone morphogenetic protein (BMP)
and hedgehog (Hh) signaling and of heparanase, which
arc involved in the abnormal growing of bone. For this
reason, this disease can be considered as an example of
abnormal bone  development. The most
complication of osteochondromatosis is malignant transfor-

severe

mation of an osteochondroma into a peripheral secondary
chondrosarcoma. The estimated lifelong risk varies among
different studies from 1% to 25%.° Czajka and DiCaprio®
studied a large international, heterogeneous cohort of around
800 patients with multiple hereditary exostoses and reported
a proporion of 2.7% of malignant degeneration to
chondrosarcoma. The mechanisms for this malignant change
are not clear. Different authors reported genetic mutations
in genes different from EXT! and EXT2 during
chondrosarcoma progression and it is assumed that these are
necessary to progress into malignancy (Reference " and ref-
erences therein). Musso et al’ described a surprising case in
which they observed a loss of the EXT2 mutant allele in the
peripheral
expected loss of the EXT2 WT allele, suggesting a different
cell of origin for osteochondromas and chondrosarcomas.
However, this is a topic that is still open.

Our group has studied the mutations present in Spanish®
and Latino American®'? patients. In general, we sequenced
polymerase chain reaction-amplified exons and flanking
regions of the EXTJ and EXT2 genes, followed by multiplex
ligation-dependent probe amplification (MLPA) analysis if
the sequencing of the exons gave negative results. In some
cases, we observed mosaicism in the first affected individual
of the family.g Occasionally, one of the parents of the pro-
band, with a very mild phenotype, learned about his/her dis-
ease after our analysis of the family. In one particular case, a

secondary chondrosarcoma, instead of the

patient came to us after having obtained negative results
both of sequencing and MLPA analyses by a private molec-
ular diagnosis company. We thought that she could either
bear a hidden mutation in EXTI or EXT2, or bear a mutation
in a hypothetical EXT3 gene, suggested to exist but never

found. We resequenced the EXT! and EXT2 genes and with
some of the single nucleotide polymorphisms (SNPs) found
in the resequencing, we performed a segregation analysis in
the patient's family to see if we were able to discard the
involvement of these two genes in their disease. The result
was the opposite: the segregation analysis showed an appar-
ent lack of heredity of EXT2, only consistent with a deletion
(Figure 1A.B), which we demonstrated afterward by MLPA
(Figure 1C). It was a serious mistake of the private
company.

As mentioned above, osteochondromatosis is inherited
as an autosomal dominant disease. Thus, only a mutation in
one allele of either EXT] or EXT2 is present in the
germline. Until a few years ago, no case with germline
mutations in the two alleles of these genes was known.
However, two cases with homozygous germline missense
mutations in the EXT2 gene have been recently publi-
shed.'®!* Surprisingly, the phenotype is characterized by
seizures and developmental disorders without exostoses.
The only bone phenotype was osteopenia, present in one of
the patients. The proposed name for this novel syndrome is
autosomal recessive EXT2-related syndrome (AREXT?2).
Notably, these cases show that the consequences of these
homozygous missense mutations are critical for brain
development, while not affecting bone. The role of heparan
sulfate in the brain is not well understood but very recently,
it was shown that it organizes neuronal synapses through
neurexin partnerships.'® Further research will be necessary
to better understand the dual roles of EXT2 in bone and
brain.

We have also studied the family of EXT genes from a dif-
ferent point of view. In Sanfilippo disease (muco-
polysaccharidosis III), there is an accumulation of heparan
sulfate in the lysosomes due to an impaired function of one
of several lysosomal enzymes. We have assayed the inhibi-
tion of the EXTL2 and EXTL3 genes, as a substrate reduction
therapy for Sanfilippo C disease in patients’ fibroblasts'® and
we are currently performing a similar approach on
Sanfilippo C neurons, derived from induced pluripotent stem
cells (iPSC) generated by our group. 17

2 | GAUCHER DISEASE

Lysosomal storage diseases (LSDs) are a group of more than
50 disorders, which mainly result from the deficient activity of
specific lysosomal enzymes. This deficiency produces a pro-
gressive accumulation of specific substrates affecting different
biochemical or cellular pathways, which subsequently will
cause the tissue pathology.'g Gaucher disease (GD), the most
common LSD, is caused by mutations in the GBA! gene
(MIM# 606463) that produce a defective activity of
glucocerebrosidase (EC 3.2.1.45; GBAIl), the lysosomal
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enzyme responsible for the hydrolysis of glucosylceramide
(GleCer) into glucose and ceramide. As a result of this autoso-
mal recessive genetic defect, GleCer and glucosylsphingosine
(GleSph) accumulate in the lysosomes of macrophages
(revised by Sidransky'g) generating the typical “Gaucher
cells,” the hallmark of the disease. Based on the absence or
presence and severity of neuronopathic involvement, GD has
into  three phenotypes, non-

been classified clinical

EXT2
T

Exons:1to 9

Healthy mother (II-4)

T

T
10 to 16

. Afected aunt (1I-2)

T

1

neuronopathic (GD1), acute neuronopathic (GD2), and chronic
or subacute neuronopathic (GD3).*° An extreme phenotypic
variability has been reported for GD, within each of the clini-
cal types, and even among patients with the same mutations.
This varability is likely due to a multitude of factors such as
genetic background, environment, and epigenetic stats.'
Davidson et al*! reviewed genetic modifiers that influence the
phenotypic outcome of GD.

»im)
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GDl is the most frequent form of the disease and it is char-
acterized by heterogeneous manifestations including visceral
(hepatosplenomegaly), hematological, and skeletal symptoms.
Bone involvement affects up to 90% of GDI patients and it is
for them the most debilitating feature because it has a major
impact on their life quality.** Skeletal manifestations include
erlenmeyer flask deformity, fractures due to osteopenia or
osteoporosis, osteosclerosis, osteonecrosis, bone pain, bone
crisis, growth retardation during childhood and, rarely, acute
osteomyelitis.* The majority of these manifestations could be
explained by the disruption of the balance between osteoblas-
tic bone formation and osteoclastic bone resorption. The
markers of bone metabolism are useful to measure changes in
the activities of osteoblasts and osteoclasts. However, contro-
versial results on the alteration of bone formation and of bone
resorption markers in GD and their response to enzyme ther-
apy have been reported (revised by van Dussen et al**). Fur-
thermore, we do not have a conclusive statement from
previous studies where mouse or cell models were used to
understand bone pathology in GD. Basically, the lack of con-
sistence between studies is an evidence that the bone pathol-
ogy in GD is complex and, based on the wide phenotypic
spectrum in patients, may be a pleiotropic disease.

Campeau et al* revealed that mesenchymal stromal cells
(MSCs) from a GD1 patient (N370S/L444P genotype) dis-
played an altered secretome that may contribute to the skele-
tal and immune problems in GD. Afterward, Mistry et al*®
provided an important model, using a conditional GBAI
knockout in hematopoietic and mesenchymal cell lineages.
They reported that the model recapitulated the main features
of GDI1, such as visceral and hematologic diseases together
with a profound osteopenia. In addition, they provided evi-
dence that whereas the mouse model had a normal osteoclast
formation  (osteoclastogenesis), the bone formation
(osteoblastogenesis) appeared to be defective. They
suggested that the osteoblastogenesis was inhibited by the
accumulation of the lipids GlcCer and GleSph, and their
consequent interaction with the protein kinase C (PKC).
Later on, the same authors proposed that the extralysosomal
glucocerebrosidase GBA?2 transformed the increased levels
in serum of GlcCer and, mainly, GlcSph in sphingosine,
which inhibited osteoblast survival.”” Despite this previous
evidence, other studies confirmed a correlation between
bone features and the osteoclast number in GD.>**

Several groups decided to use human induced Pluripotent
Stem Cells (1PSC)-derived osteoblasts to address the
unknown of the bone pathology in GD. The main study so
far is the one recently published by Ricardo Feldman's
group.® They showed that GD iPSC-derived osteoblasts
had developmental and lysosomal defects that impaired bone
matrix deposition. Moreover, they showed that the canonical
Whnt pathway was affected. In concordance, many studies

234

showed the importance of this pathway in bone metabolism,
including ours. 343

The clinical bone manifestations in GD are included in
the bone remodeling problems category, because bone prob-
lems appear as a postnatal trait. Whether the osteoblasts are
downregulated or the osteoclasts are upregulated is one of
the main questions that needs to be answered in order to
look for an effective treatment.

Our aim was to create osteoblasts derived from WT
human iPSC generated in our group” and compare them with
those generated from GD patients (N370S/N3708S, a gift from
Ricardo Feldman, G202R/L444P, a gifti from Gustavo
Tiscomia,” and N370S/84GG®). For the MSC-like cell
induction, we used a multistep culture method, summarized
in Figure 2A. For each MSC induction (WT, N370S/N370S,
G202R/L444P, and N3705/84GQG), the expression of specific
MSC surface markers (CD73, CD90, and CDI105) and the
absence of expression of hematopoietic markers (CD34 and
CD45) were verified (data not shown). This qualitative step
was required to continue with the subsequent experiments.
From now on, the MSC-like cells will be mentioned as MSC.

The MSCs with G202R/L444P and N3705/84GG geno-
types presented lack of proliferation capacity and, therefore,
could not be used in subsequent experiments. These cells
were larger and flatter compared to the WT and
N370S/N370S MSC (spindle-shaped cells in both cases).
The lack of self-renewal of these large flattened cells has
been previously described in the literature.*** Because the
relationship between cell size, morphology, and senescence
is well known,*!"*? we evaluated the cell cycle profile in the
MSC stage (in WT, N37058/N370S and N370S7/84GG
genotypes) by flow cytometry as an attempt to investigate
the possible alteration of the cell cycle in GD cells. As
shown in Figure 2B, there was a remarkable proportion
(97.9%) of GD N3708/84GG cells arrested in the GO/G1
phase compared to WT cells (88.4%). Concomitant with this,
there was a reduction in the number of replicative cells
(phase S, N370S/84GG MSC = 0.6% compared to WT
MSC=29%) and in the G2/M subpopulation
(N3708/84GG MSC =1.5% compared to WT =8.7%).
Regarding the other GD genotype (N370S8/N3708S), the num-
ber of cells in the S phase had also notably decreased in
comparison to WT cells (N370S/N370S MSC = 0.9%, WT
MSC = 2.9%). However, N370S/N370S MSC in GO0/Gl
(91.1%) and G2/M (8.0%) phase appeared to be similar to
MSC WT (GO/G1 = 88.4% and G2/M = 8.7%). The classic
features characterizing the senescence phenotype of MSCs
include growth arrest in the G1 phase of the cell cycle,
enlarged or flattened morphology and increased expression
of senesce-associated p-galactosidase (not evaluated because
the B-galactosidase activity in LSD is deregulated and could
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FIGURE 2 (A) Schematic diagram of the induction of mesenchymal stromal cells (MSC) including four main steps: embryonic body

(EB) formation, cell outgrowth from EBs on Matrigel-coated dishes, cell dissociation (%3) and monolayer culture. (B) Percentage of MSC in each
phase of the cell cycle for the indicated genotypes. (C) GBAI activity in cells of both N3708/N370S and wild-type (WT) genotypes, at the indicated
time points of the osteoblastic differentiation process. Results are shown as mean of GBA1 activity + SD. GBA1 activity is expressed in nanomoles

4-Methylumbelliferone (MU) x per milligram protein X per hour. Statistical differences (**¥) P-value <.001, using Student's  test. See Supporting

Information, Data S1 for further details

drive to misinterpretation). Thus, only GD cells with the
N3708/N3708 genotype were used in further experiments.

To check the GBAL1 activity before and after the differen-
tiation process, we analyzed the enzyme activity in the MSC
stage (considered as day 0) and after 21 days of the osteo-
genic differentiation. We showed that the activity of GBAL,
both on day 0 and day 21, in GD cells was less than 15%
(GD day 0 = 13%, GD day 21 = 14%) compared to that of
the WT cells. Moreover, the difference between GBAI1
activity in WT and GD cells did not change during the dif-
ferentiation process (Figure 2C).

We aimed to evaluate in vitro the potential impact of
GBAI deficiency on two representative genes of the osteo-
genic development and mineralization process, runt-related

transcription factor 2 (RUNX2) and tissue-nonspecific alka-
line phosphatase (ALPL), by real-time polymerase chain
reaction (RT-PCR). The expression of ALPL during the dif-
ferentiation was significantly higher in GD compared to WT
cells (Figure 3A). Although this is in disagreement with
other authors who found the expression of this gene lower in
GD compared to WT,*33 other studies have reported no
significant differences in the mRNA levels of this gene
between MSCs of GD and WT.** In the same direction,
Lecourt et al** showed that the activity of this enzyme did
not change in conduritol B epoxide-treated MSCs, indicating
that the inhibition of the GBAI enzyme does not impact in
the expression of ALPL. Regarding RUNX2 expression
along differentiation, higher levels were observed at day 7 in
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FIGURE 3 Relative mRNA expression of (A) ALPL and

(B) RUNX2 genes during the osteoblastic induction (time points:
0[MSC], 7, 14, and 21 days) in wild-type (WT) and Gaucher disease
(GD) cells. Hypoxanthine phosphoribosyltransferase (HPRT) was used
as a housekeeping gene. Data represent the mean values (nine
replicates) normalized by WT day 0 (=WT MSC) =+ SD. Statistical
differences (*) P-value<.05, (**) P-value <.01, (***) P-value <.001
and not significant (n.s) using Student's ¢ test. See Data S1 for further
details

both genotypes (GD and WT), corresponding to the MSC to
osteoblasts transition. At all time-points, the expression of
RUNX2 was higher in WT cells (Figure 3B).

To evaluate the osteoblast functionality and, therefore,
the mineralization of the extracellular matrix, we confirmed
the existence of hydroxyapatite crystals (the bone mineral
content) by the staining of calcium (Figure 4A) and phos-
phate (Figure 4B). Both calcium and phosphate were
observed from day 14 in WT and GD cells.

The results of these experiments indicate that GD MSC
seem to have a normal behavior, and they may differentiate
properly to functional osteoblasts, in agreement with the
model generated by Lecourt et al.** We can assume that the
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GD cells have a normal bone development, as expected,
because bone problems in GD are due to defects in bone
remodeling and not in bone development. The differences
between WT and GD in the expression of RUNX2 and ALPL
seem not to affect the function of GD osteoblasts.

Because osteoblast function was unaffected, GD bone
pathology could be due to an increase in osteoclast forma-
tion (osteoclastogenesis) or function. Osteoclats are
multinucleated, tartrate resistant acid phosphatase (TRAP)
positive, and bone-resorbing giant cells derived from the dif-
ferentiation and fusion of mononuclear hematopoietic pro-
genitors' cells in the monocyte/macrophage lineage. The
osteoblast-lineage cells (MSC, pre-osteoblasts, osteoblasts,
and ostecocytes) play an essential role in the regulation of
osteoclastogenesis.

Osteoblast linecage cells and osteoclasts have a permanent
cross talk through molecules such as the receptor activator
of the nuclear factor kappa B (RANK) and its ligand
(RANKL). Osteoblast lineage cells express in their surface
and release RANKL that binds to the receptor RANK in the
pre-osteoclasts’ surface and promotes osteoclasts' differentia-
tion, activation, and survival. We performed coculturing of
MSC or osteoblasts derived either from WT or GD iPSC
with monocytes from healthy female donors (Figure 5A).
The objective was to assess whether the osteoclastogenesis,
promoted by the WT or GD iPSC-derived MSC/osteoblasts,
was similar. With 4',6-diamidino-2-phenylindole (DAPI)
and TRITC-phalloidin, we were able to compare the nuclei
number and the size of the osteoclasts generated by the two
osteoblastic lineages (Figure 5B). The cells need to have at
least three nuclei to be considered mature osteoclasts. The
TRAP staining of these cells revealed the osteoclast identity
(Figure 5C). The osteoclasts generated by GD iPSC-derived
MSCl/osteoblasts were larger than the ones generated by WT
MSC/osteoblasts (Figure 5D). However, there were no dif-
ferences in the number of nuclei per osteoclasts (Figure 5E),
indicating that the larger osteoclasts are probably due to an
increased spreading, rather than to an increment of cell
fusion. We also analyze TRAP released into the culture
media because it has been reported that it is in good correla-
tion with the number of mature osteoclasts generated.“s
However, we did not find consistent differences between the
values under both conditions, assuming that the number of
osteoclasts generated by either WT or GD iPSC-derived
MSC/osteoblasts was similar (data not shown).

In summary, the results presented here show that we were
able to generate models of MSC and osteoblasts from GD-
(and WT)-iPSC. However, it seems that these models do not
reproduce faithfully the bone pathology in GD. Maybe the
complexity of the bone pathology in this disease cannot be
explained with cell-autonomous models. Similar to what had
happened with previous cellular models, our model did not
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FIGURE 4 Histochemical assays (A) Day 0
at 0, 7, 14, and 21 days of the
osteoblastic differentiation process in
both, wild-type (WT) and Gaucher
disease (GD) cells. (A) Alizarin

red staining for calcium deposits. (B)
von Kossa staining for phosphate
deposits. See Data S1 for further details
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allow the evaluation of the direct cross-talking with other
cells and other molecules such as the cytokines, which are
known to be very important in the bone remodeling.

3 | ATYPICAL FEMORAL
FRACTURE

The last example is that of a particular type of bone fracture,
known as atypical femoral fracture (AFF). AFFs were
defined as atraumatic or low-trauma fractures located in the
subtrochanteric region or femoral shaft. The diagnosis of
AFF specifically excludes high trauma fractures, fractures of
the femoral neck, intertrochanteric fractures with spiral sub-
trochanteric extension, pathological fractures associated with
primary or metastatic bone tumors, and periprosthetic frac-
tures. The fractures are usually not comminuted. Other char-
acteristic radiographic features of AFFs (Figure 6A) include
a transverse fracture line at the point of origination in the lat-
eral cortex. As the fracture propagates across the diaphysis
to the medial cortex, the orientation may become more
oblique and when it becomes complete, a prominent medial
“spike” may be present. There may be a focal or diffuse peri-
osteal reaction of the lateral cortex surrounding the region
where the fracture initiated. This reaction may appear as cor-
tical “beaking” or “flaring” adjacent to a discrete transverse
lucent fracture line or as focal thickening of the lateral cor-
tex. Focal and diffuse endosteal reactions near the fracture

site have been reported more recently. This focal cortical
thickening represents cortical hypertrophy and may be uni-
lateral or bilateral. There may also be generalized cortical
thick';-,ning.‘16 Some epidemiological studies have suggested
a relationship between AFFs and long-term bisphosphonates

(BPs) therapy, the main treatment for osteoporosis.'”*®

Denosumab treatment has also been related to AFFs
(reviewed in Anastasilakis et 3149), although this relationship
is not so clear. In any case, the pathogenesis of AFFs has not
yet been elucidated.

We studied three sisters who had AFFs after receiving
various oral BPs for 6 years.sn Two of the sisters had a sin-
gle fracture and one had bilateral fractures. Given the low
incidence of AFFs in the general population (3.0-9.8 cases
per 100 000 person-yf:arf'), we hypothesized that these sis-
ters might have an underlying genetic background that con-
tributed to these fractures.

We performed whole-exome sequencing in the three sis-
ters and in three unrelated patients with AFFs who each had
received BPs for more than 5 years. We prioritized rare non-
synonymous mutations in the variant filtering, and only
mutations that were shared among the three sisters were con-
sidered. No mutation was found to be homozygous or in
compound heterozygosity.

Assuming that a dominant model was involved, we
detected 37 rare mutations (in 34 genes), among them a
novel p.Aspl88Tyr substitution in the enzyme
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(A) Schematic representation of the coculture experiment where the osteoclastogenesis of healthy monocytes induced by wild-type
(WT) or Gaucher disease (GD) induced Pluripotent Stem Cells (iPSC)-derived MSC/osteoblasts can be evaluated. A membrane separates the well in
two compartments. The upper one contains the WT or GD iPSC-derived mesenchymal stromal cells (MSC) or osteoblasts (OB) and the bottom one
contains the peripheral blood CD 14" monocytes from the same healthy female donor. Molecules, such as RANKL, but not cells can cross the
membrane. (B) TRITC-Phalloidin staining (in gray) for the actin cytoskeleton and 4’ 6-diamidino-2-phenylindole (DAPI) staining (in green) for the
nuclei Scale bar:100um. (C) Tartrate resistant acid phosphatase (TRAP) staining (in purple/pink) as a specific marker for osteoclasts. (D) Size and
(E) number of nuclei per osteoclast analyzed. The letters in the x axis: a, b, ¢, d, e, and f correspond to different healthy female donors, whose
monocytes were distributed in two identical parts, one to assess osteoclastogenesis generated by the WT cells and the other for the generated by the
GD cells. Results are showed as median + confidence interval. Statistical differences (*) P-value <.05, (**) P-value <.01, and (***) P-value <.001
and not significant (n.s), using Mann-Whitney-Wilcoxon test. See Data S1 for further details

geranylgeranyl pyrophosphate synthase (GGPPS). This vari-
ant had the best conservation score and was not described in
any of the available population databases. Interestingly,
GGPPS 1s a homohexameric &-,nzymf:52 that participates in
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the mevalonate (or isoprenoid) pathway (Figure 6B), cata-
lyzing a reaction just downstream of the main site of inhibi-
tion by BPs.”® The mevalonate pathway leads to the
production of cholesterol and isoprenoid lipids, such as
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farnesyl diphosphate (FPP) and geranylgeranyl diphosphate
(GGPP), required for the posttranslational prenylation of
some proteins, including small GTPases. Prenylation of
small GTPases is necessary for their activation and essential
for osteoclast function and survival.>*

We performed in vitro functional analyses of the
GGPPS p.Aspl88Tyr mutation, which showed a severe
reduction in enzyme activity together with mild oligo-
merization defects.? Interestingly, another work on
GGPPS p.Aspl188Tyr mutation has been recently publi-
shed®® and the authors also observed a decreased cata-
lytic activity of the mutated GGPPS, consistent with our
results. In addition, they showed that it is unable to sup-
port cross-species complementation. In contrast, they
only observed hexameric conformation of the enzyme in
crystallographic experiments, although they saw a slight
break of the tertiary symmetry, as well as a lower thermal
stability of the mutated enzyme. In addition, the new
tyrosine residue sterically interferes with substrate bind-
ing. Moreover, and considering that GGPPS can also be
inhibited by BPs, although to a lesser extent,”’ they stud-
ied the affinity of the GGPPS-D188Y for zolendronate, a
commonly used BP, demonstrating that it exhibited a
reduction in the binding affinity although it could still be
inhibited by zolendronate.

We also performed cellular functional assays, such as
RNAI knockdown of the GGPS! gene in osteoblasts and in
osteoclasts. In osteoblasts, RNA1 produced a strong mineral-
ization reduction and a reduced expression of the typical
osteoblastic markers osteocalcin, osterix, and RANKL,
whereas in osteoclasts, it led to an increase of the osteoclast
number with a lower resorption activity,55

We and others have shown that GGPPS p.Aspl88Tyr
mutation has an impact on protein function and relevant
effects on bone cells, making it a strong candidate for AFF
susceptibility. We propose that excessive inhibition of osteo-
clastic activity by the mutation plus BPs may lead to reduced
bone remodeling and toughness, which may increase AFF
susceptibility.

Few studies aiming to elucidate the genetics underlying
AFF have been carried out, identifying some genes involved
in AFF (Table 1). One of the most interesting genes is
CYPIAI, an enzyme involved in the metabolism of drugs
and xenobiotics and responsible for the hydroxylation of ste-
roid hormones, such as eslrogens63 (Figure 6B). Mutations
in CYP1A1 were found in the three sisters and one unrelated
patient in our study>®>> and also reported elsewhere in two
patients with AFF and glucocorticoid-induced osteoporo-
sis.’® Another study identified a missense variant in the
PPEF2 gene significantly associated with AFF by exon
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TABLE 1 Genes mutated in AFF patients in cohort studies
Patients
Gene Mutations ExAC freq.  N° AFF cases Years BPs  characteristics Genetic analysis  Ref.
GGPSI p-Aspl88Tyr(Het.) Novel 3 sisters 6 - WES oS
CYPIAI  p.Arg98Timp(Het) 0.0001 3 sisters 6 = WES o
CYPIAI p-Ser216Cys(Het.) 0.0001 1 unrelated patient 6 - WES =
CYPIAI p-Arg136His(Het.) 2.14e-5 1 patient & GCC-OP Sanger seq 8
CYPIAI p-Val409Ile(Het.) 0.0003" 1 patient 12 GCC-OP;: RA Sanger seq 8
PPEF2 p-Arg388Gin 0.001 13 patients 1-10 - Exon array 2
COLIAZ  p.Arg708GIn(Het.) 0.0008 1 patient =5 No OI features Sanger seq. o
CTSK ¢.78443A>C(Homoz.)  5.77e-5 2 consanguineous 0 No pycnodysostosis ~ WES 9l
sisters features
ALPL p-Gly288Ala(Het.) Novel 1 patient 8 HPP Sanger seq. 8
ALPL ¢.64841G>A(Het.) 8.24e-6 1 patient NAP HPP Sanger seq. 22

Abbreviaitons: AR, rheumatoid arthritis; GCC-OP, glucocorticoid-induced osteoporosis; HPP, hypophosphatasia unmasked after AFF.

“Not present in ExAC, frequency from ALSPAC cohort.

"Duration of reatment not specified but the analysis was carried out during BP treatment.

array analysis of a small cohort.®” To date, this gene has no
known function in bone metabolism. Some studies have
identified genes previously known to be involved in mono-
genetic bone diseases. Recentdy, Funck-Brentano et al®
identified a heterozygous mutation in COLIA2, coding for
type 1 collagen, a major component of the bone extracellular
matrix. Mutations in COLJA2 cause osteogenesis imperfecta
(OI). However, no specific physical features of Ol were
identified in this patient, apart from short stature. In addition,
1°! identified a homozygous mutation in CTSK gene
in a consanguincous family, encoding for cathepsin K and
related to pycnodysostosis, although the patient identified

Laueta

had no clinical features of this disease. Finally, some cohort
studies identified AFFs in patients of hypophosphatasia ini-
tially misdiagnosed with postmenopausal osteoporosis and
treated with BPs, 352 Heterozygous mutations in tissue non-
specific alkaline phosphatase (TNSALP; ALPL gene) were
identified. In these cases, it might be that mild, unrecognized
forms of some monogenetic bone diseases underlie the etiol-
ogy of AFFs. Taken together, all the genetic studies carried
out in AFF patients advocate a heterogeneous genetic com-
ponent of predisposition to AFF, in which each individual
patient would be a carrier of different specific genetic vari-
ant/s (Figure 6C). In addition, in our study, we identified
some other interesting rare variants in the three sisters and
unrelated patients (eg, MMP9, MVD, RUNX2, NGEF,
SYDE2, FNI)™, suggesting a polygenic or complex back-
ground involving, to different extent, several additional vari-
ants in the susceptibility to AFF. All in all, we speculate that
an accumulation of a few susceptibility variants from differ-
ent pathways and their interactions constitute the genetic
predisposition that, together with BPs and/or other comorbid
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conditions, give rise to AFF, in what we might call “the per-

”

fect storm.” Further identification and/or replication of
genetic variants, as well as functional studies of the identi-
fied variants, are needed to detect at-risk individuals for clin-

ical decision-making.
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