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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 (7q21.3) 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 lncRNA and 

other regulatory elements within the region. 

We also studied a previously described mouse Dlx5/6 enhancer (eDlx#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 eDlx#18 was shown to be a 

cis-eQTL for DLX6 in primary osteoblasts. Finally, the homozygous deletion of eDlx#18 

in mice resulted in reduced viability, decreased Dlx5 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 GGPS1 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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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. 

 

 



INTRODUCTION 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

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/β-catenin or NOTCH 

signalling proteins, estrogens or parathyroid hormone (PTH) (Figure 1). Once 

differentiated, osteoblasts may undergo apoptosis or become osteocytes or lining cells. 

Box 1. Structure of long bones 

Long bones are composed of three parts: a shaft or 

diaphysis, two wide rounded ends or epiphyses, and 

two flared cone-shaped metaphyses between the 

diaphysis and the epiphyses. Metaphyses limit with 

epiphyseal or growth plates, made of cartilage, that 

allow the bone to progressively increase its length. 

Once the growth is complete, this cartilage is 

substituted by bone tissue.  

Bones are covered by the periosteum, except for the 

articular regions, covered by hyaline cartilage. In the 

internal part of the bone, there is the medullar cavity, 

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 

of connective tissue that contain osteoprogenitor cells 

and are responsible for bone growth, remodelling and 

fracture repair (reviewed in Clarke, 2008). 

Modified from Shier et al., 2016  
 



INTRODUCTION 

5 

 

Figure 1. Osteoblast differentiation from MSCs. Molecular signals involved in the regulation of 

this process are shown. Modified from Arboleya & Castañeda, 2013. 

Osteocytes, the most abundant cell type in bone, are terminally differentiated 

osteoblasts that remain embedded in small lacunae 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 I 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-

κB ligand (RANKL), and interleukins (ILs). 

 

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 & Castañeda, 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 Cl- 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 I 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). 

 

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-β. 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 (Sözen et al., 2017). In many cases, 

osteoporosis is only diagnosed following a fragility 

fracture, since bone loss is asymptomatic. OFs 

can arise with minimal trauma, and clinical 

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 I 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 II 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 

Figure 4. Scanning electron 

micrographs of normal (left) and 

osteoporotic (right) bones. A loss of 

bone internal structure can be 

observed in osteoporotic bone. 

Extracted from Marx, 2004. 
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arthritis, type I 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). 

 

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/cm2 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 
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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). 

 

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-I collagen (NTX), and formation markers, namely serum 

procollagen type-I N-terminal propeptide (s-PINP) and serum OCN, is also useful to 

determine the extent of bone deterioration and fracture risk and monitor treatment 

(Sözen et al., 2017; Vasikaran et al., 2011). 

 

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

Pouresmaeili et al., 2018) 

Female gender It modulates both PBM acquisition and bone loss during postmenopause 

(Nieves, 2013) 

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

Early menopause (Eastell, 2017; Gallagher, 2007) 

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

Bone geometry Hip geometry measures, particularly longer hip axis length, increase 

susceptibility of hip fracture (Bouxsein & Karasik, 2006; Leslie et al., 

2015) 

Family history 

(genetic factors) 

It is an important risk factor, since osteoporosis and OFs have a high 

genetic load (Kanis et al., 2004a; Compston et al., 2017) 

Previous low-trauma 

fractures 

It is an important risk for future fractures (Johnell et al., 2004; Kanis et al., 

2004b) 

Low body mass 

index (BMI) 

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) 

Hormonal status Sex-steroids are indispensable for PBM attainment and bone 

homeostasis (Pouresmaeili et al., 2018; Riggs et al., 2002) 

Nutritional deficiency Insufficient supply of calcium and vitamin D impairs bone formation and 

mineralization, and increases bone resorption (Bonjour et al., 2013; 

Christodoulou et al., 2013) 

Low physical activity 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) 

Cigarette smoking Smoking is associated with a decrease in circulating vitamin D levels and 

an increase in serum PTH (Kanis et al., 2005; Ward & Klesges, 2001) 

Alcohol consumption It affects bone mass in a dose-dependent manner (Cheraghi et al., 2019; 

Ronis et al., 2011) 

Falls and factors that 

increase falling risk 

For example, visual defects, dementia, muscular weakness, etc. 

(Compston et al., 2017, 2019; Pouresmaeili et al., 2018) 

Medication 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) 

Other diseases 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 (PPi; Figure 6). The P-C-P backbone structure is resistant to enzymatic 

and chemical hydrolysis and, therefore, BPs are not metabolized. The side chains (R1 

and R2) 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. 

 

Figure 6. Chemical structures of Inorganic pyrophosphate and 

bisphosphonates. Extracted from Drake et 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). 

 

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 ApppI, a cytotoxic 

molecule that triggers OCs’ apoptosis (Mönkkönen 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, Bmpr1a, Birc1b and Flt1 down-regulated and Alpl, Cdk2, Col2a1, Col4a1, 

Ctsk, Faslg, Fgf2, Fos, Hk2, Jun, Pparg and Vegfa up-regulated. Some other genes, such as 
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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 

N-BP 
Fracture risk reduction (%) BMD increase (%) 

References 
Vertebral Hip Non-vertebral Vertebral Hip 

Alendronate 50% 51% 50% 8.8% 5.9% 
(Liberman et 

al., 1995) 

Risedronate 41% 40% 36% 5.4% 3.1% 
(Harris et al., 

1999) 

Ibandronate 62% NS 
Only in high-risk 

population 
6.5% 3.4% 

(Chesnut III 

et al., 2004) 

Zoledronate 70% 41% 25% 6.7% 5.1% 
(Black et al., 

2007) 

*All the data refers to 3-years treatment 

NS: not significant 

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 Atp6v0b, 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). 
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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 (h2) 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 (h2>95%) (Tse et al., 2009).  

Likewise, other bone parameters have been shown to be highly heritable: bone 

geometry, h2=30-70% (Demissie et al., 2007); bone turnover markers, h2=30-75% 

(Hunter et al., 2001); bone ultrasound measures, h2=40-50% (Arden et al., 1996); and 

measures of bone microarchitecture, h2=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. 
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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 loci 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 (OI) 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; Ioannidis 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, 1q21-23 or 20p12 (Ioannidis 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 TGFβ 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 (Ioannidis, 

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 

(Ioannidis, 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 

(Ioannidis 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<5x10-8. No significant association was observed for TGF-β (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]), 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<5x10-8) 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; 

Styrkársdóttir 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 loci, although SOST, MARK3 and MHC loci failed to achieve 

genome-wide significance. A second larger multi-ethnic GEFOS meta-analysis, with a 

total of 83,894 individuals from 17 GWASs, identified 56 loci 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<5x10-8 (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 loci associated with eBMD, of which 153 were not reported previously. In 

2018, Kim identified 1,362 independent SNPs clustered into 899 loci 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 loci 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 GWASs 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 locus 

(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 

LRP5. 

Regarding OFs, most of the associations have been found by testing known GWAS 

BMD loci. 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 locus 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 loci, 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 



INTRODUCTION 

33 

(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, EN1 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-Gómez 

et al (2012) identified variants in the WNT16 locus (also including CPED1) that showed 

genome-wide association with skull and TB-BMD in children. Moreover, in 2018, Medina-

Gómez et al. performed a multi-ethnic life-course meta-analysis of TB-BMD in which they 

described variants in 80 loci, 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 IZUMO3) 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 loci (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. 

 

Figure 8. Genetic loci associated with BMD at various skeletal sites identified in 

GWASs. 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 modification, 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 SIRT1) is a histone 

deacetylase that regulates the SOST promoter, reducing its expression and increasing 

the Wnt/β-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 Vrtačnik 

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 GWASs. 

 

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. In 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 I 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, MAP2K5), 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. IRAK3, 

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 mRNA 

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 

GWASs. 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 LRP5 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 loci 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 loci (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 GWASs 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 

(EMSAs) or chromatin immunoprecipitation followed by qPCR (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-Cas9 in hFOB 1.19 and U2OS 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/β-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 β-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/β-catenin target but also an important component of the 

NOTCH pathway (Katoh & Katoh, 2006), and β-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-κB 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 Dll1/3/4. 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 & Ilagan, 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-β/BMP signalling 

Transforming growth factor β (TGF-β) and bone morphogenetic proteins (BMPs) are 

two families of the TGF-β superfamily of proteins, involved in the control of cell 

proliferation, differentiation and other functions in many cell types. TGF-β 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-β1 is thought to be a coupling factor 

between bone formation and bone resorption. Several genes related to the TGF-β/BMP 

signalling pathways have been identified as osteoporosis susceptibility genes, including 

TGFBR3, BMP2, BMP4, SMAD3, SMAD9 and BMPR2. 

 

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). 
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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 

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 

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. 
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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-naïve 

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; Güerri-Fernández 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 

Gene Mutations 
ExAC 

freq. 

Nº cases 

mut/ Nº 

cases 

studied 

Years 

N-BPs 

Patients 

charact. 

Genetic 

analysis 
Ref. 

ALPL c.648+1G>A 

Heteroz. 

8.24x10-6 1 F / 11 NAa HPPb Gene 

seq. 

Sum et 

al., 2013 

COL1A2 p.Arg708Gln 

Heteroz. 

0.0008 1 F / 5 >5 No OI 

features 

Gene 

seq. 

Funck-

Brentano 

et al., 

2017 

CTSK c.784+3A>C 

Homoz. 

5.77x10-5 2 consan-

guineous 

sisters / 11 

0 No PYCD 

features 

WES Lau et 

al., 2017 

PPEF2 p.Arg388Gln 0.001 5 alleles / 

26 alleles 

(13 F)c 

1-10 - Exon 

array 

Pérez-

Núñez et 

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 
cThe 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; OI: 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 PPi 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 PPi 

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-α2 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 (OI), albeit no specific physical 

features of OI 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-Núñez 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-naïve male. XLH is caused by loss-of-function mutations of the PHEX gene 

(Fuente & Hernández, 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-naïve 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-naïve 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-naïve 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. 

OI 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 OI type IV, who presented a heterozygous mutation in the 

COL1A2 gene. OI 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 OI 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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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. 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. 

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

primary osteoblasts. 

1.3. 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. 

1.4. To characterize an enhancer (eDlx#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. 

1.5. To assess the possible cis-eQTL function of 2 variants lying within the eDlx#18 

enhancer in human primary osteoblasts. 

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

expression of Dlx5 in E11.5 embryos and the skeletal defects in E17.5 embryos. 

 

2. Identification and characterization of genetic susceptibility to bisphosphonate-

associated atypical femoral fracture 

2.1. To identify rare coding mutations in 3 sisters and 3 unrelated patients who 

sustained bisphosphonate-associated atypical femoral fracture by whole-exome 

sequencing. 

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

activity and structure. 

2.3. To delineate the role of GGPPS in bone cell types. 
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CHAPTER 1: FUNCTIONAL CHARACTERIZATION OF THE C7ORF76 

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 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 lncRNA (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. 

Reference: 

Neus Roca-Ayats, Núria Martínez-Gil, Mónica Cozar, Marina Gerousi, Natàlia Garcia-

Giralt, Diana Ovejero, Leonardo Mellibovsky, Xavier Nogués, Adolfo Díez-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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Supplementary Information: 

 

Supplementary Table 1. Coordinates and primers for the amplification of the C7ORF76 

genomic region by LR-PCR 

Frag- 
ment 

Genomic coordinates 
(GRCh37) 

Primer Fwd Primer Rev 
Product 
size (bp) 

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 
allele 

ALL EUR IBS BARCOS 

rs115076023 A 0.011 0.000 0.000 0.000 

rs10085588 A 0.223 0.359 0.360 0.392 

rs4342521 T 0.221 0.360 0.360 0.396 

rs7794042 A 0.009 0.014 0.005 0.031 

rs4613908 A 0.386 0.363 0.332 0.321 

rs10238953 C 0.116 0.156 0.220 0.167 

rs190892252 G 0.004 0.008 0.009 0.012 

rs4727338 C 0.221 0.360 0.360 0.390 

rs117923361 A 0.016 0.040 0.014 0.035 
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Article 2 

Title: A DLX5/6 enhancer in the C7ORF76 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 (eDlx#18), present within 

C7ORF76 (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. eDlx#18 displayed transactivation capacity in an osteoblastic cell line when 

tested using a reporter gene assay, and a SNP within eDlx#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 eDlx#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 eDlx#18 caused a 

reduced survival in mouse embryos and several defects including decreased Dlx5 

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 Dlx5-/- 

phenotype. 

In summary, this is the first study to analyse in depth the functionality of the eDlx#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. 

Reference: 

Neus Roca-Ayats, Núria Martínez-Gil, Mónica Cozar, Natàlia Garcia-Giralt, Xavier 

Nogués, Adolfo Díez-Pérez, Aleix Gavaldà-Navarro, Jordi Garcia-Fernandez, Daniel 

Grinberg, Darío G. Lupiáñez, Susanna Balcells. A DLX5/6 enhancer in the C7ORF76 

locus: Characterization of its role in development and in bone. To be submitted 



 

 

 



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

81 

A DLX5/6 enhancer in the C7ORF76 locus: Characterization of its role in 

development and in bone 

Neus Roca-Ayats1, Núria Martinez-Gil1, Mónica Cozar1, Natàlia Garcia-Giralt2, Xavier 

Nogués2, Adolfo Díez-Pérez2, Aleix Gavaldà-Navarro3, Jordi Garcia-Fernandez4, Daniel 

Grinberg1,*, Dario Lupiañez5,*, Susanna Balcells1,* 

1Department of Genetics, Microbiology and Statistics, Faculty of Biology, Universitat de 

Barcelona, Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER), 

ISCIII, IBUB, IRSJD, Barcelona, Catalonia, Spain. 

2Musculoskeletal Research Group, IMIM (Hospital del Mar Medical Research Institute), Centro 

de Investigación Biomédica en Red en Fragilidad y Envejecimiento Saludable (CIBERFES), 

ISCIII, Barcelona, Catalonia, Spain. 

3Department of Biochemistry and Molecular Biomedicine, Faculty of Biology, Universitat de 

Barcelona, Centro de Investigación Biomédica en Red de Fisiopatología de la Obesidad i 

Nutrición (CIBEROBN), ISCIII, IBUB, IRSJD, Barcelona, Catalonia, Spain 

4Department of Genetics, Microbiology and Statistics, Faculty of Biology, Universitat de 

Barcelona, IBUB, Barcelona, Catalonia, Spain 

5Epigenetics and Sex Development Group, Berlin Institute for Medical Systems Biology, Max-

Delbrück Center for Molecular Medicine, Berlin, Germany 

*Last co-authors 

Corresponding author: 

Susanna Balcells: sbalcells@ub.edu 

Departament de Genètica, Microbiologia i Estadística, Facultat de Biologia, Universitat de 

Barcelona. Av. Diagonal, 643. 08028 Barcelona (Catalonia), Spain 

 

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 (eDlx#18), present within 

C7ORF76 (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. eDlx#18 displayed transactivation capacity in an osteoblastic cell line when 

tested using a reporter gene assay, and a SNP within eDlx#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 eDlx#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 eDlx#18 caused a 

reduced survival in mouse embryos and several defects including decreased Dlx5 

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 Dlx5-/- 

phenotype. 

In summary, this is the first study to analyse in depth the functionality of the eDlx#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 ENCODE1 and Roadmap 

Epigenomics2, 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 development3–6. 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 identified7–9.  

The distal-less homeobox genes DLX5 and DLX6 encode two paralogous transcriptional 

regulators important for skeletal, branchial arches, forebrain, olfactory placode and inner 

ear development10–15. Several evolutionary conserved cis-acting enhancers thought to 

regulate the DLX5/6 locus in a tissue-specific manner have been described in the 7q21.3 

genomic region (Figure 1A)16. 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)17–19. Rasmussen et al.17, 

proposed three phenotypic 7q21.3 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 loss20–22. 

Otherwise, the 7q21.3 genomic region has been repeatedly found associated with bone 

mineral density (BMD) and osteoporotic fracture in genome-wide association studies 

(GWASs) and meta-analyses23–25. 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 us26, highlighting the importance of non-coding regulatory 

regions. One of the previously described tissue-specific DLX5/6 enhancers (eDlx#18) 

lies within intron 2 of C7ORF76 (Figure 1C). eDlx#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 assays16 and, interestingly, it is marked as an 

enhancer active in osteoblasts by ENCODE1. 

In this study, we aimed at characterising the eDlx#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 I hypersensitivity, histone modifications, 

conservation and miRNAs binding, were annotated for the region of interest using data 

from ENCODE1, International Human Epigenome Consortium27, The Roadmap 

Epigenomics Project, FANTOM528, miRTarBase (http://mirtarbase.mbc.nctu.edu.tw), 

miRdSNP (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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85TM) 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 37ºC and 5% of CO2. Human fetal 

osteoblasts (hFOB) 1.19 cells were used for 4C-seq assays. They were obtained from 

ATCC (ATCC® CRL-11372TM) 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 34ºC and 5% of CO2. Human medulla-derived 

mesenchymal stem cells (MSCs) were used for 4C-seq assays. They were kindly 

provided by Dr. José Manuel Quesada Gómez, from Instituto Maimónides de 

Investigación Biomédica, Hospital Universitario Reina Sofía, Córdoba, 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 37ºC 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 

µg/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-2TM and ATCC® CRL-1573™, respectively) and grown in DMEM supplemented with 

10% FBS and 1% penicillin/streptomycin at 37ºC and 5% CO2. 

In vitro luciferase assay 

Different constructs of the enhancer eDlx#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 XhoI and KpnI 

restriction enzymes. 

Saos-2 cells were seeded at a density of 3.0 x 105 cells per well in a 6-well plate. After 

24h, they were transfected with 2.2 µg 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 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 spectrophotometer 

(Nanodrop) and retrotranscribed using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Thermo Fisher), according to the specifications of the 

manufacturer. qPCR was performed using UPL Probes (Roche) on a LightCycler 480 

Instrument II (Roche). The HMBS gene was used as an internal control, and fold changes 

were calculated by relative quantification, using the 2nd derivative method. Primers used 

are summarised in Supplementary Table 2. 

4C-seq 

4C-seq libraries were generated from microdissected E14.5 mouse developing humeri 

as described previously29. 4-bp cutters were used as primary (Csp6I) and secondary 

(DpnII) restriction enzymes. For each viewpoint (eDlx#18 and Dlx5 promoter), a total of 

1.6 µg 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-MEM30 and coverage was normalised as 

reported previously8. 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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Biología 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 BbsI 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 µg 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 µg 

/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 complementation31. 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 Dlx5 was carried out on WT and KO E11.5 embryos (n=3 for each group), as 

previously described32. Briefly, the DIG RNA probes were synthesised from a plasmid33 

kindly provided by Dr. Birnbaum (Ben-Gurion University of the Negev, 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 4ºC. Then, they were permeabilised with Proteinase K (10 µg/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 ºC and in 

hybridization buffer plus riboprobe (800 ng/ml) overnight at 70ºC. 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 4ºC. The development was carried out by incubating the 

embryos in the chromogenic solution (0.45 µl/ml NBT and 3.5 µl/ml BCIP in NTMT) at 

RT protected from the light. Finally, embryos were re-fixed in 4% PFA for 30 min and 

stored at 4ºC 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 protocols34. 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 eDlx#18 enhancer 



RESULTS: Chapter 1  

88 

We explored the functional annotation of eDlx#18 enhancer (hs2311 element from 

VISTA Enhancer Browser35; chr7:96,124,919-96,125,415 GRCh37) using publicly 

available in silico data from different cell types. eDlx#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 eDlx#18 enhancer in vitro 

eDlx#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)16. Specifically, Birnbaum et al. showed that eDlx#18 drove gene expression 

in the branchial arches (in mice, mandibular branchial arch). To assess whether eDlx#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 eDlx#18 enhancer, a larger fragment including 270 

additional bp at each side (eDlx#18ext) and a smaller central fragment (292 bp), 

corresponding to the enhancer marks in some cell types (eDlx#18core). As shown in 

Figure 2A, the eDlx#18 construct showed a decreased luciferase expression compared 

to the empty vector (FC: 0.45, p<0.001). However, the eDlx#18ext construct showed no 

significant differences with the empty vector, while the eDlx#18core construct showed a 

significant increase of luciferase activity (FC: 2.6, p=0.0059), suggesting that the 

eDlx#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 eDlx#18 enhancer was transcribed (as occurs in many active 

enhancers) by performing RT-PCR in cDNA of human primary osteoblasts, Saos-2, 

HeLa and HEK293 cells. We were able to amplify the eDlx#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 FANTOM5 Cap Analysis 

of Gene Expression (CAGE) dataset28 for evidence of eDlx#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 eDlx#18 enhancer 
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Next, we evaluated whether the two SNPs present in the eDlx#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 eDlx#18 enhancer and DLX5 promoter 

We then wanted to analyse the 3D chromatin interactions of eDlx#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 

eDlx#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 Browser36,37) showed a TAD in this 

genomic region spanning from approximately 50 kb upstream of DYNC1I1 TSS to 

approximately 25 kb upstream of ACN9 TSS (Figure 3A). As expected, since eDlx#18 

has been described as a DLX5/6 regulatory element16, 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 

Browser16,35. We also found interaction between eDlx#18 and SLC25A13 and between 

eDlx#18 and SHFM1, although not to the same extent in the different samples. Besides, 

an interaction between eDlx#18 and a regulatory region upstream of the C7ORF76 TSS 

that we described recently26 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.16, and 

in the VISTA Enhancer Browser35, among which eDlx#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 eDlx#18 knockout mutation 

In order to elucidate the biological role of the eDlx#18 enhancer in vivo, we used 

CRISPR-Cas9 to homozygously delete a 12-kb fragment containing eDlx#18 in mouse 

ES cells, and then generated embryos by chimeric tetraploid aggregation. We selected 

the E11.5 embryonic stage to assess Dlx5 expression by whole-mount RNA in situ 

hybridization. The E11.5 KO embryos showed normal morphology. Dlx5 expression in 

WT embryos, was observed in the branchial arches, limb bud, otic vesicle, olfactory 

placode, genital tubercle and forebrain, as previously reported12,16. 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 enhancers5. 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 GWAS16,23–25. The specific function of individual enhancers 

is not well-known. In this line, and since DLX5 plays a central role in 

osteoblastogenesis14,38, we studied the eDlx#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 mouse16,35. 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 eDlx#18 was able to activate gene 

transcription in Saos-2 cells and showed that SNP rs10238953 within eDlx#18 was 

nominally associated with DLX6 gene expression. We observed that in bone lineage 

cells eDlx#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 function10,39–41. They are 

involved in many developmental processes, such as sensory organ morphogenesis11,15, 

neurogenesis and forebrain development42,43, branchial arches11, craniofacial and limb 

development12,44, including chondrocyte differentiation45 and osteoblastogenesis14,38. 

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 organogenesis46. This 

highly regulated gene expression is orchestrated by multiple enhancers that lie in 

regulatory landscapes that can span over hundreds of kilobases47,48. In the 7q21.3 

region, there are 11 tissue-specific enhancers along ~1 Mb that presumably regulate 

DLX5/6 expression, among which eDlx#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 mouse16,35. Indeed, eDlx#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 enhancers49, and RUNX3 

bind to eDlx#18. Interestingly, RUNX3 is involved in chondrocyte maturation as well as 

osteoblast-linage differentiation of MSCs50,51.  
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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 Ihh, demonstrated the importance of analysing the enhancers in their native 

context52. Furthermore, eDlx#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 activity53–56.  

Enhancers need to contact somehow the promoters they regulate. Our 4C-seq 

experiments showed that, in the cells tested in this study, eDlx#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.16 and in the VISTA 

Enhancer Browser35. No other interaction elsewhere in the genome was found. 

Moreover, the DLX5 promoter was found to interact with eDlx#18, further supporting that 

eDlx#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 

tissue57,58. 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 repertoire5,52,59,60. Interestingly, eDlx#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.61 and Gómez-Marín et al62. In 
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addition, Slc25a13, Shfm1, Dlx5 and Dlx6 are similarly expressed in branchial arches, 

limb bud and otic vesicle of E11.5 mouse embryos16. 

To analyse the function of eDlx#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 Dlx5-/-, Dlx6-/- and Dlx5/6-/- mice presented perinatal lethality, with a 

variable percentage of exencephaly or anencephaly11,12,39. When we analysed Dlx5 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 eDlx#18 was described as a branchial arch enhancer in E11.5 mice16 and that 

it is included in the SHFM and hearing loss phenotypic subregion, according to 

Rasmussen et al. (Figure 1B)17. 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 Dlx5 in otic vesicles (E9.5 and E10.5), as well as 

severe inner ear dysmorphologies and deafness in adult mice63. However, when they 

deleted the enhancers individually, they did not observe any phenotypic abnormality. The 

reduced Dlx5 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 Dlx5-/-, Dlx6-/- and Dlx5/6+/- mice64. Both Dlx5 and Dlx6 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 jaw65. In addition, a 

haploinsufficiency model has been proposed in which a threshold level of Dlx5/6 activity 

is required for the WT morphology of mandibular arch derivatives39,41. In this sense, the 

disruption of eDlx#18 would decrease Dlx5/6 gene expression to an extent that only 

causes slight defects in dentary morphology. Dlx5-/- mice also showed many craniofacial 

dysmorphic and ossification defects and minor affectations in the ribs11,44. 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 Dlx5-/- mice, consistent with the presence of different enhancers 

that might regulate Dlx5/6 gene expression redundantly. Recently, Osterwalder et al.60, 

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 Dlx5-/- phenotype. It has been suggested that other Dlx 

genes, such as Dlx6 or Dlx2, compensate for the absence of Dlx5, as they are also able 

to stimulate chondrogenesis and osteogenesis, and compound Dlx mutants Dlx2/5-/- and 

Dlx5/6-/- showed severe malformations of the distal limb12,38,66. It is worth noting that the 

Dlx5/6-/- mice recapitulate the SHFM phenotype seen in humans12. 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 Dlx5+/- mice67. 

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 eDlx#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 eDlx#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 eDlx#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 

 

 

Figures 

 

Figure 1. Genomic location of eDlx#18 enhancer. A. The SHFM locus of human chromosome 7. 

Position of the DYNC1I1, SLC25A13, C7ORF76, SHFM1, DLX6-AS1, DLX6 and DLX5 genes are 

shown. In red, previously reported tissue-specific enhancers within the region16. B. Phenotypic 

subregions within the SHFM locus established by Rasmussen et al17. 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. eDlx#18 region in detail. In red, eDlx#18 location and in dark red, 

SNPs present in the enhancer. Transcription factor ChIP-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 eDlx#18 (shown in the box) cloned in 

pGL3-Promoter vector, upstream of a strong promoter (SV40), in Saos-2 cells. Results are 

expressed as mean±SD. **p<0.01; ***p<0.001 B. PCR amplification of eDlx#18 from cDNA of 

different cell types. Expected size: 480 bp. 
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Figure 3. A. 4C-seq using the eDlx#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 Browser35 are shown in green. In red, topologically associated 

domain (TAD) from 3D Genome Browser (http://promoter.bx.psu.edu/hi-c/)37. B. 4C-seq using the 

eDlx#18 or the Dlx5 promoter as viewpoints, respectively, in mouse embryonic day (E)14.5 

developing humeri. CTCF, Pol2, H3K4me1, and H3K27ac ChIP-seq and DNase HS from E14.5 

limbs (ENCODE data), p300 ChIP-seq from E0 embryonic stem cells (ENCODE data), and 

vertebrate conservation are shown. 
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Figure 4. Whole-mount in situ hybridization for Dlx5 in wild-type (left) and homozygous eDlx18 

knock-out (right) E11.5 mouse embryos. WT embryos showed Dlx5 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, Dxl5 expression appeared severely 

reduced in the otic vesicle (red arrow). Bars= 1 mm 

 

 

 

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; ls, 

lambdoid suture; pr, parietal; so, supraoccipital; ss, sagittal suture 
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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 eDlx#18 in pGL3-

Promoter vector 

Construct Primer Fwd Primer Rev 

eDlx#18ext TGCTATGCAGCTCTGAAGGA TCACTGCTCTTAGGTGAGTCAAA 

eDlx#18 TCTCAGATTAAGAAACAACACC CTGGCTTGGTTGACAGACAG 

eDlx#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 

Construct sgRNA 
Genomic 

coordinates 
(mm9) 

Genotyping primers 

eDlx#18del 

ACAAATAAACCCTGACATCA 
chr6:6,304,297-

6,304,316 
F: CACTGAAAAAGCCAGAGAAGA 

ATATTCCTACCAACCATGGT 
chr6:6,316,607-

6,316,626 
R: CAGTTAGGCACTGTGGAAGC 
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Supplementary Table 4. Primers used for 4C-seq experiments 

Viewpoint 1st primer  
Genomic 
coordinates 
(GRCh37/mm9) 

2nd primer 
Genomic 
coordinates 
(GRCh37/mm9) 

eDlx#18 
(human) 

GACAGCTTGTCAGGAAATGATC 
chr7:96,124,920-
96,124,941 

GTTTATTCAAGGCCCTCTGG 
chr7:96,124,878-
96,124,897 

DLX5 
promoter 
(human) 

CCCGCAAAGGTGAATGGATC 
chr7:96,655,042-
96,655,061 

ACAGAGCCTTGTGCTGTGG 
chr7:96,654,432-
96,654,452 

eDlx#18 
(mouse) 

TTTCTGGCTGAGAACTGATT 
chr6:6,316,501-
6,316,520 

ATGCAAGGAAGGGATAAACT 
chr6:6,315,255-
6,315,274 

Dlx5 
promoter 
(mouse) 

AAGAACCGCATCCTCTAAAC 
chr6:6,832,546-
6,832,565 

AGTGTGCCTCCAGACCAAA 
chr6:6,833,079-
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, Natàlia Garcia-Giralt, Maite Falcó-

Mascaró, Núria Martínez-Gil, Josep F. Abril, Roser Urreizti, Joaquín Dopazo, José M. 

Quesada-Gómez, Xavier Nogués, Leonardo Mellibovsky, Daniel Prieto-Alhambra, 

James E. Dunford, Muhammad K. Javaid, R. Graham Russell, Daniel Grinberg, Adolfo 

Díez-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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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*, Natàlia Garcia-Giralt, Maite Falcó-Mascaró, Mónica 

Cozar, Josep Francesc Abril, José Manuel Quesada Gómez, Daniel Prieto-Alhambra, 

Xavier Nogués, James E Dunford, R Graham Russell, Roland Baron, Daniel Grinberg, 

Susana Balcells, Adolfo Díez-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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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 

Illumina paired-end sequencing. In brief, 3.0μg 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 II 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 65ºC (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 Illumina. The final library size and concentration was determined on Agilent 2100 Bioanalyzer 

7500 chip and sequenced on an Illumina 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 Illumina 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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Bioinformatics. 2009 Jul 15;25(14):1754-60. 
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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 (ExAC) (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/). 
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Supplemental Table S1: Patient characteristics 

Patient 
Atypical 
fracture 

Age 
(years) 

Weight 
(Kg) 

T-score 
Lumbar spine 

T-score 
total hip 

Time on BP 
treatment (years) 

Previous OP 
fractures 

AFS1 unilateral 64 77 -1.1 -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 77.1 -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 

  



Identification and characterization of genetic susceptibility to N-BP-associated AFF  

125 

 



RESULTS: Chapter 2  

 

126 

  



Identification and characterization of genetic susceptibility to N-BP-associated AFF  

127 

  



RESULTS: Chapter 2  

 

128 

 

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.1 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.2 to identify genes or proteins that interacted with the 37 AFF driver 

genes (Supplemental Table S2 from Roca-Ayats et al.1 and Table 2) considering the 

interactions directional and binary. 

High-throughput interaction data were retrieved from BioGRID (version 3.4.133)3,4 and 

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, version 10)5, 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 Circos6. 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 visualization7. 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 osteoclasts9 (GSE63009). For this 

specific task, a standard protocol based on the Bioconductor10 limma R package was 

run. 

Pathway enrichment analysis 

Functional Enrichment Analysis was assessed using the DAVID bioinformatics tool11 

(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.Arg97Gln, 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 GGPS1 and CYP1A1, two of the 

most relevant driver genes, are connected at distance 3, through INS and IL6 (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 (GO: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 I collagen deposition by osteoblasts, essential for matrix mineralization, and 

fibronectin levels have been shown to be affected by BP treatment12. 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 osteoblasts13. 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 

menarche14, 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 failure15. 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 osteoclasts16 and of the primary cilium in 

osteocytes17, 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 differentiation18, while MMP9, a 

metalloproteinase expressed in osteoclasts, degrades the extracellular matrix of bone19. 

As a consequence, it influences the architecture of trabecular bone and the structure of 

cortical bone20 both of which might be involved in AFF risk. RUNX2 is known to activate 

MMP9 gene expression21 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 

ACP5 CALCR FDPS OPG SP7 
ALPL COL1A1 LRP5 OPN TNFRSF11A 

BGLAP COL1A2 LRP6 OSTM1 TNFSF11 
BSP CTSK MMP9 PTH VDR 

BMPs DMP1 MVD RUNX2 VTN 
CALCA ESR1 MVK SOST WNTs 
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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 

SYDE2 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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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 GWASs 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 (7q21.3) previously found in several GWASs 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 Sofía, 

Córdoba, and Hospital del Mar, Barcelona), fulfilled 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 [OI]). 

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 GWASs 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 loci 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 ChIP-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 7q21.3, 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-Núñez 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. β 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 GWASs 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 (ntotal=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 
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and low frequency variants has been identified so far and, thus, their contribution to 

heritability is expected to increase. 

 

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<5x10-8) 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 loci (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-Gómez 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; Vrtačnik 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 GGPS1 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 

GWASs 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 GWASs, 

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 GGPS1 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-Núñez et al., 2015). Instead, we did identify 

a mutation in CYP1A1 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 CYP1A1 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 (lncRNAs), 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. lncRNAs 

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 C7ORF76 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 GWASs, 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 
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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 GWASs lie in 

the noncoding genome, often close to DNase I hypersensitivity sites, indicative of 

regulatory potential, complicating their functional assessment (Maurano et al., 2012). 

The 7q21.3 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 II 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 I 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 

eDlx#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, eDlx#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 lncRNA 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 II 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 

eDlx#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 Mg2+ salt bridge, predicting a severely impairment of 

enzyme activity. In addition, an α-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 regulatory 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 GTEx. 

Many studies have shown an overlap between regulatory variants and eQTLs and 

others have integrated data from eQTLs and GWASs 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 

C7ORF76 locus associated with BMD and OF, as well as of the variants lying within the 

eDlx#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 

eDlx#18 showed a nominal association with DLX6 gene expression and a trend with 

SHFM1. The other eDlx#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 eDlx#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 eDlx#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 (Lupiáñez 

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 eDlx#18). 

We described that both UPE and eDlx#18 interacted with several sites within the TAD 

they belong to, including a lncRNA (LOC100506136) in the case of UPE and the DLX5/6 

region and promoter in the case of eDlx#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 

eDlx#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, eDlx#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 (Gómez-
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Marín 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 Mg2+ 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, GGPS1 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, GGPS1 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 eDlx#18 by 

CRISPR/Cas9. The deletion in homozygosis caused a reduced survival in mouse 

embryos, as well as decreased expression of Dlx5 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 Dlx5-/-, Dlx6-/- and Dlx5/6+/- mice. 

Considering that many individual enhancer deletions cause subtle phenotypes at the 

organismal level (Osterwalder et al., 2018), the effects of eDlx#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 eDlx#18 in BMD determination and 

bone strength could not be determined. Further work is advisable to better elucidate the 

role of eDlx#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 
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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 CYP1A1 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. 

 
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 β-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.Thr461Asn) 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: 

 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.  

 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. 

 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. 

 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.  

 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 lncRNA (LOC100506136) and 

different tissue-specific enhancers. 

 A 292-bp central part of eDlx#18 harbours regulatory activity in an osteoblastic 

context since it is able to activate luciferase gene expression in Saos-2 cells. 

 eDlx#18 is transcribed in several cell types, including Saos-2 cells. 

 eDlx#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. 

 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 eDlx#18. 

 An SNP within eDlx#18 (rs10238953) is nominally associated with DLX6 gene 

expression in human primary osteoblasts, acting as cis-eQTL.  

 The homozygous deletion of eDlx#18 by CRISPR/Cas9 results in a decreased 

survival in mouse embryos and in a reduced Dlx5 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 

 In the E17.5 mouse embryo skeleton, the homozygous deletion of eDlx#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: 

 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. 

 The BRAT1 and CYP1A1 genes, mutated in the 3 sisters, present another 

mutation in another unrelated AFF patient (AFU3 and AFU1, respectively) 

 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. 

 Pathway enrichment analysis of the mutated genes has shown an enrichment of 

the isoprenoid biosynthetic pathway, including GGPS1, MVD and CYP1A1. 

 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. 

 The depletion of GGPS1 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. 

 The depletion of GGPS1 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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