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Summary

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

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

Results: We identified 37 rare variants (in 34 genes) shared by the 3 sisters, some not previously descri-
bed. The most striking variant was the p.Asp188Tyr mutation in the enzyme geranylgeranyl pyrophos-
phate synthase (encoded by the GGPS1 gene), from the mevalonate pathway and essential for osteoclast
function. Another noteworthy finding was two mutations (one in the 3 sisters and one in an unrelated
patient) in the CYPIA1 gene, involved in the metabolism of steroids. We identified other variants that
could also be involved in the susceptibility to AFFs or in the underlying osteoporotic phenotype, such as
those present in the SYDE2, NGEF, COG4 and FN1 genes.

Conclusions: Our data are compatible with a model where the accumulation of susceptibility variants
could participate in the genetic basis of AFFs.
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Introduction

Osteoporosis and its associated fractures are the
most common postmenopausal bone problems,
affecting women and men of all ethnic groups.
Nitrogen-containing bisphosphonates (N-BPs),
including alendronate, risendronate, ibandronate
and zolendronate figure as the most widely used
osteoporosis treatments in millions of patients
worldwide. Despite the significant anti-fracture
efficacy of BPs, which has been widely demons-
trated in several clinical trials' and systematic
reviews?, some infrequent adverse effects associa-
ted with prolonged use have been described,
including atypical femur fractures (AFFs)’. These
fractures are non-traumatic and characterized by
their subtrochanteric location or in the diaphysis
of the femur, and are frequently bilateral.

AFFs’ pathogenic mechanisms are not comple-
tely known and much has been speculated about
their causes. An excessive suppression of bone
resorption by N-BPs could trigger an AFF but its
pathophysiology is complex and other important
factors are reportedly involved. Some proposed
risk factors are cortical thickness and pelvic geo-
metry’. In addition, cases of AFF have been descri-
bed in patients affected by other monogenic bone
diseases, such as hypophosphatasia®, osteogenesis
imperfecta’ or the syndrome of osteoporosis pseu-
doglioma?®.

Given the low incidence of AFFs in the general
population (5.9 cases per 100,000 people/year), we
can hypothesize that there are underlying rare gene-
tic causes that may increase susceptibility to AFFs,
and that they might occur spontaneously or be trig-
gered after the interaction with the BPs. Currently,
there are no genetic or biochemical tests to help
identify patients with a high risk of AFF. Identifying
the genetic determinants of AFFs would help to cla-
rify the etiological mechanisms, develop diagnostic
tools and evaluate AFF risk and possible therapeutic
strategies.

Previously, we identified 3 sisters diagnosed
with AFF who were treated with BPs for more than
5 years’. This observation suggested that there might
be a genetic background predisposing to AFFs rela-
ted to prolonged use of BPs. Consequently, we
carried out the sequencing of the complete exome
of the 3 sisters and of 3 other unrelated patients to
identify mutations potentially related to the AFFs in
these patients. We identified 37 rare variants shared
by the 3 sisters, one of which was studied in detail®.
In the present work, we describe the set of variants
found and their possible interaction.

Material and methods

Patients

Six patients with AFFs who had been treated for
more than 5 years with BPs were studied: 3 sisters
visited at the Reina Sofia University Hospital
(Coérdoba, Spain) and 3 unrelated patients visited at
the Hospital del Mar (Barcelona, Spain). As con-
trols, 3 patients treated with BPs for more than 6
years but without AFFs were studied. The characte-
ristics of patients and controls are described in

Table 1. The 3 affected sisters were treated with sta-
tins and received PPIs regularly but had not been
treated with glucocorticoids or any other com-
pound that affects the bone, apart from the BPs. In
the case of unilateral fractures, radiological and MRI
tests were performed that ruled out the contralate-
ral fracture. Written informed consent was obtained
from all patients, in accordance with the regulations
of the Clinical Research Ethics Committee of the
Mar Health Park, which approved the study.

Complete exome sequencing

Peripheral blood DNA was extracted from the
patients with the Wizard Genomic DNA
Purification kit (Promega) and used to sequence
the complete exome at the National Center for
Genomic Analysis (CNAG) (Barcelona). Libraries
were generated with the SureSelect XT Human All
Exon exons capture kit; cat: 5190-6208 (Agilent
Technologies), after having fragmented the DNA
and ligated the specific Agilent adapters. Paired-
end sequencing (2x76 bp) was carried out on the
Hlumina HiSeq2000 platform. The images were
processed using the manufacturer's program to
generate FASTQ sequence files.

The bioinformatic analysis was carried out in the
Bioinformatics platform for Rare Diseases (Bier) of
the CIBERER, in Valencia. The FASTQ files were alig-
ned with the free program Burrows-Wheeler Aligner'
(http://bio-bwa.sourceforge.net/) using the referen-
ce human genome assembly GRCh37 (hgl9'.
Single-nucleotide and indel variants were identi-
fied using the GATK program'. Finally, to add to
the variants information on the frequency of the
minority allele (MAF) from dbSNP and the 1000
Genomes project (http://www.1000genomes.org)®,
the annotation tool VARIANT was used'. The data
were converted to the BAM (binary equivalent
SAM) format and visualized using the Integrative
Genomics Viewer (IGV) program (http://www.
Broadinstitute.org/igv).

The genetic variants were filtered according to
the following premises: a) non-synonymous
variant, b) not previously described or with an
MAF <0.005 in dbSNP and in the 1000 Genomes
project, ¢) not present in the NHLBI Go Exome
Sequencing Project (ESP) (http://evs.gs.washing-
ton.eu/EVS/), and d) not present in 8 exomes of
individuals from the general population, obtained
in our laboratory.

Initially, only the mutations shared by the three
sisters were considered, both in a model of domi-
nant and recessive inheritance. Next, mutations in
candidate genes were prioritized in the other three
patients. The SIFT", PolyPhen' and evolutionary
conservation scores obtained from PhastCons”
were used to prioritize the variants.

Validation of genetic variants

The mutations found were validated by PCR and
Sanger sequencing, which was carried out bidirec-
tionally using the BigDyeTM v3.1 Terminator
Cycle Sequencing kit (Applied Biosystems), accor-
ding to the manufacturer's instructions. The pri-



mers used for the validation were designed using
the OligoEvaluator program (Sigma-Aldrich).
Finally, the validated mutations were searched in
the Exome Aggregation Consortium (ExAC) to
obtain their population frequencies, and analyzed
by Sanger sequencing in the 3 control women.

In silico analysis

Mutations were localized in their genetic context
using the UCSC Genome Browser (https://geno-
me.ucsc.edu/) and the Ensembl Genome Browser
(http://www.ensembl.org/) and extracted infor-
mation from GeneCards genes (http://www.gen-
cards.org/) and BioGPS (http://biogps.org/). A
functional enrichment analysis was carried out
using the bioinformatics tool DAVID® (https:
//david. Nciferf.gov/).

In silico functional study of the mutated pro-
teins was carried out using Uniprot (http://uni-
prot.org), RCSB Protein Data Bank (PDB) (http://
www.rcsb.org/pdb) and Pfam (http:// pfam.xtam.org).
The protein alignments were made using the
UCSC Genome Browser and the Clustal Omega
programs (http://www.clustal.org/omega) and
ESPript (http://espript.ibcp.fo).

Construction of the network

The AFF gene interaction network (AFFGeNet)
was constructed according to Boloc et al.” to iden-
tify genes or proteins that interact with the 37 FAF
genes, considered as driver genes (Tables 2a and
2b), taking into account the binary and directional
interactions. The high-throughput interaction data
were obtained from BioGRID (version 3.4.133)*
and STRING [Search Tool for the Retrieval of
Interacting Genes/Proteins] version 10* and the

Table 1. Characteristics of patients and controls
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network was enriched with additional information
from GeneOntology (http://geneontology.org),
GeneCards, OMIM, UniProt, RefSeq, and UCSC.

A Perl script was implemented to capture the
interaction sub-network using the AFF genes to
find all the shortest paths between two genes by
applying the Dijkstra algorithm. The connectivity
in pairs was analyzed using Circos*. The script
produced a skeleton graphic in JSON format in
order to visualize the data in the AFFGeNet web
interface (https://compgen.bio.ub.edu/AFFgenes,
available on demand). The web form contains an
entry that focuses on the selected genes, and the
visualization of the network allows you to add or
remove nodes and display information of the AFF
genes. The border color identifies the nodes as
drivers (lilac), upstream (green) or downstream
(blue) pairs of the selected drivers, and others
(gray). The color of the interior of the nodes
represents the specific gene expression of the
bone, which was obtained from the Gene
Expression Omnibus (GEO)*, specifically from a
study on osteoclast precursor cells treated or not
treated with BPs (alendronate or risendronate)
during their differentiation to mature osteoclast*
(GSE63009). The color scale goes from intense
yellow (underexpressed) to dark blue (overex-
pressed), being the target indicative of no change
of expression.

Results

Variants detected in the sequencing of the
complete exome in the 3 sisters

The three sisters (AFS1, AFS2, AFS3) and the 3
unrelated patients (AFU1, AFU2, AFU3) were
analyzed separately.

Lme ot Fractures
. Fracture Age* | Weight | T-score T-score treatment 8
S atypical (years) | (Kg) spine hi with BPs previous
p 4 p p (years) osteoporotic
Unilateral, §
AFS1 half-diaphyseal® 64 77 -1.1 -0.2 6 Colles
. Unilateral,
AFS2 half-diaphyscal® 73 75 -2.5 -1.4 6 Colles
Bilateral, .
AFS3 half-diaphyseal® 60/61 100 -0.3 Rbpc 6 Any
AFU1 Bilateral; 73/75 | 508 1.9 0.5 6 An
half-diaphyseal : ’ ’ Y
Unilateral,
AFU2 half-diaphyseal 72 90 -2.0 -0.6 7 Any
Unilateral, -

AFU3 subtrochanteric 87 59.8 N/A N/A 10 Any
Control 1 78 66.5 -2.5 -1.9 7 Any
Control 2 70 57.5 -1.2 -2.4 6 Any
Control 3 74 77.1 -1.5 -0.9 8 Any

AFS: sisters with AFF; AFU: patients with unrelated AFF, (*): age at the time of atypical fracture; (°): fractures
located approximately at the same site; (°): bilateral replacement of hip prosthesis.
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The exomes of the 3 sisters intersected and no
variant in common homozygosis was identified.
On the contrary, 74 variants were identified in sha-
red heterozygosis (consistent with a dominant
inheritance model), 37 of which were validated by
Sanger sequencing. In 3 of the genes (FN1, BRAT1
and XAB2), 2 different mutations were found. In
all three cases it was possible to determine that
the variants were in phase, being double-mutant
alleles and non-heterozygous compounds, by
visualizing the reads with the IGV program and
the analysis of intragenic polymorphisms. The 37
variants shared by the 3 sisters, all of them coding,
are shown in table 2a, ordered according to their
conservation score. These are change-of-sense
variants (n=35), a truncating variant and a phase
deletion. The first variant of the list, with the best
conservation score and predicted as deleterious, is
found in the GGPST gene, as described above®.

Analysis of mutated genes in the 3 unrelated
patients

The genes with variants shared by the 3 sisters
(Table 2a) were analyzed in the exomes of the
unrelated patients using the IGV program. None
of the variants of Table 2a was found in unrelated
patients. However, two other variants were found
in the BRATT and CYP1A1 genes, in patients AFU3
and AFU1, respectively (Table 2b).

The variant of CYP1A1 present in the patient
AFU1 (p.Ser216Cys) involves the change of a seri-
ne to a cysteine, in a position close to the site of
binding to the substrate. Predictors of pathogeni-
city suggested that this change is very deleterious
for protein function. Similarly, the variant CYP1A41
present in the three sisters (p.Arg98Trp) involves
the change of a basic amino acid (arginine) to a
hydrophobic aromatic amino acid (tryptophan), in
a protein spin with hydrogen bonds. In contrast,
the three variants found in the BRAT1 gene (two
in the three sisters, in a mutant double allele, and
one in the patient AFU3) do not affect the function
of the protein, according to the predictors.

Analysis of candidate genes in 3 unrelated
patients

Next, the IGV program was used to analyze, in the
exomes of the three unrelated patients, different
genes involved in bone metabolism, osteoclastic
function and the mevalonate pathway. Variants
were found in the MMP9 (AFU3), MVD (AFU2)
and RUNX2 (AFU3) genes, which were validated
by Sanger sequencing (Table 2b). The mutation in
the MMP9 gene, which encodes type IV collage-
nase, involves the change of a methionine (a
hydrophobic amino acid with a sulfur-containing
group) to a threonine (hydrophilic amino acid) at
position 419, within the catalytic domain. This
variant appears in the ExAC database, with a very
low allelic frequency (8.2e-06), and SIFT and
PolyPhen predicted that it probably impairs its
function. The MVD gene encodes the enzyme
mevalonate 5-diphosphate decarboxylase, from
the mevalonate pathway. The variant found

(p.Arg97Gln; 15376949804 involves the change
from a basic amino acid to a neutral amino acid
and is present in the EXAC database, also with a
very low allelic frequency (3,4e-05). It is a change
not harmful to the function of the protein, accor-
ding to SIFT and PolyPhen. The mutation in
RUNX2 is a substitution of a proline, a cyclic
amino acid, by a leucine, a hydrophobic aliphatic
amino acid, at position 296, within a region rich in
prolines, serines and threonines. This change, des-
cribed in dbSNP (rs20184115), has an MAF=0.0004
and probably affects the function of the protein,
according to the predictors.

Analysis of the variants in control individuals
and in the general population

No variant of tables 2a and 2b was found in 3 con-
trols (patients treated with BPs for a long period
of time but without AFFs). All the variants detec-
ted in patients with AFF were searched in the
ExAC database to determine if they were new or
very rare variants (MAF <0.005). In this sense, ele-
ven mutations were found neither in dbSNP nor in
EXAC (GGPSI: p.DI88Y, COG4: p.G85D,
PGRMC1: p.P177H, TMEMZ25: p.N239del, HEPHLI:
p-W991*, CUL9: p .T423l; IQCFG: p.RO1W; MGA:
p.S571L; SHC4: p.H180N; SMS: p.G14R; BRATTI:
p.E458L). The other variants have frequencies
<1/10000, according to ExAC.

Network of gene/protein interaction and path
enrichment

A network of interactions between genes and/or
proteins was constructed to investigate the func-
tional pathways related to the 37 mutated genes
found in the sequencing of the exomes and detect
other potentially causative genes, as well as mole-
cular mechanisms that may be involved in the
generation of the genes. AFFs. Figure 1 shows the
connectivity between gene pairs. In different cir-
cles, the input and output connections for the 37
genes are shown at distances 1 to 4, respectively.
At distance 1 there are almost no interactions, with
FN1 being the only gene connected to others. At
distance 2 more connectivity is observed. The
majority of the connectivity between pairs of
genes is observed at a distance. The only gene
that does not present 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 L6 (Figure 2a). Another 4 driver
genes (RUNX2, MVD, MMP9 and PGRMCT) are
connected to GGPS1 at distance 2. MMP9 is also
remote 2 of CYPIAI. In addition, FN1 and MMP9
are connected remotely 1. Similarly, the driver
genes SYDE2 and NGEF are interconnected at dis-
tance 2, via RHOB (Figure 2b).

The path enrichment analysis in the 37 muta-
ted genes, carried out with the DAVID tool, resul-
ted in the isoprenoid biosynthesis pathway (GO:
0008299) (p=0.0006), which contains the GGPS1,
MVD and CYP1A1 genes.



Discussion

In this work, we have studied the genetic back-
ground of 3 sisters with AFF and 3 additional
patients, unrelated, through the massive sequen-
cing of the exome to identify possible susceptibi-
lity genes to the pathology. We have identified 37
rare variants (in 34 genes) shared by the 3 sisters,
some of them not previously described and consi-
dered harmful by the predictors. The most striking
variant was the mutation p.Aspl88Tyr in the
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GGPS1 gene, which presented the best conserva-
tion score, and which we have already described
in a previous work’. Another interesting finding
was the two mutations in the CYPIAI gene, one
found in the three sisters and the other in an unre-
lated patient. However, there are other variants
that could also be involved, to varying degrees, in
the susceptibility to AFFs associated with BPs or in
the underlying osteoporotic phenotype, so that
our data would be compatible with a model in

Table 2a. Variants shared by the 3 sisters, found in the sequencing of the exome

Effect on . | Conser- d
Gen Protein Variant* the protein dbSNP? ExAC vationt SIFT¢ |PolyPhen
Geranylgeranyl :
GGPS1 e Sl chrl:g.235505746G>T | p.D188Y 700 0.000 | 1.000
Protein with e < <
IRRCL | | cine rich repears 1 | CHO@537070206>A | pRIIQ 4.946e-05 | 685 | 0.050 | 0746
Tumor suppressor .
TUSC2 candidate 2 chr3:g.50363807T>C p.H83R 8.244e-06 674 0.338 | 0.000
Rho GTPase Frl oo QF
SYDE2 activating protein chrl:g.85634903G>T p.L8931 8.339¢-06 639 0.018 | 0.997
Subunit 4 of the
COG4 conserved oligomeric | chr16:g.70553552C>T p.G85D 627 0.150 | 0.735
Golgi complex
Protein associated - -
EML1 with microtubules chr14:g.100360993G>A p-R211H 6.611e-05 588 0.030 | 0.963
Specific lysine i 15192832191 -
KDM4C demethylase (K) 4C chr9:g.6849579A>G pI170V MAF=0,0004 2.471e-05 584 0.000 [ 0.509
Repair protein by ‘ - y -
ERCCG6L2 DNA cleavage chr9:g.98718284A>T p.1657L 8.278¢-06 573 0.630 | 0.007
Component
PGRMC1 | of membrane 1 of the | chrX:g.118377159C>A p.P177H 573 0.130 | 0.742
progesterone receptor
FN1 * Fibronectin chr2:g.216235149C>T p. V22411 8.245¢-06 551 0.009 | 0.045
CYPIAI Cytochrome P450 1A1 | chr15:g.75015147G>A p.ROSW 0.000108 540 0.000 | 0.998
XAB2 * XPA 2 binding protein chr19:.7688142C>G p.V385L 1.651e-05 535 0.007 0.600
G 20 protein ) 15200892677 -
GPR20 comip el mae o chr8:g.142367729C>T p-DION MAF=0.0004 3.324e-05 515 0.000 | 0.998
Transmembrane chr11:g.118404174_ .
TMEM25 protein 25 118404176del p.V239del 510 N/A N/A
Guanine nucleotide 2
NGEF e e chr2:g.233748153G>A p.S542L 1.279e-05 500 0.350 | 0.910
Activating protein P 15182030723 <
NKAP of NFkB chrX:g.119066123C>T p.S265N MAF=0.0006 6.847e-05 497 0.120 0.184
Nuclear protein ;
NVL containing valosin chrl:g.224491450G>A p.T3121 8.268e-06 474 0.000 | 0.995
FNI * Fibronectin chr2:g216251538G>A | pRridoew | 13078029 | hoions | 466 | 0.005 | 0.998
MAF=0.003
Subunit S1 of vacuolar
ATPGAPI broton ATPase chrX:g.153664043G>A |  p.v407I 4561e-05 | 464 | 0260 | 0.990
Lurapr | Adapter proteinrich | o0 10001700654 | pR2ITH 4948e-05 | 452 | 0270 | 0371
in leucine 1
Protein similar to . =
HEPHL1 hephaestin chrll:g. 93839224G>A p.-W991 451 0.000 N/A
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Table 2a. (cont.)

. . Effect on . | Conser-
Gen Protein Variant* the protein dbSNP* ExAC vation SIFT¢ |PolyPhen’
Nucleoside
NTPCR triphosphatase chr1:g.233091444G>A p-R59Q 5.779e-05 439 0.034 0.502
related to cancer
XAB2 * )@Apzrgferi’gmg chr19:g.7688159G>C | p.T379R 1652¢-05 | 420 | 0059 | 0200
Protein of the
endoplasmic o 15202164310
CHERP reticulum of caleium chr19:g.16631044C>T| p.R793H MAF=0.0000 0.0001009| 366 0.120 | 0.716
homeostasis
MEX3D RNA . 1s538022731
MEX3D binding protein chr19:g.1555839G>C [ p.TS60R |\ “'e” 0 0000 366 |0.030 | N/A
ATM activator e 1$143390199 - c
BRATT * associated to BRACAT chr7:g.2594007C>T p-R20K MAF=26-05 1.651e-05 333 0.192 0.010
ATM activator ) 1s368808380 -
BRATI * associated to BRACAL chr7:.2580668G>A p.T447M MAF=0.0002 5.845e-05 333 0.110 | 0.275
CULY9 Culina 9 chr6:2.43154714C>T p.T4231 251 0.000 | 0.993
ALPK1 a-kinase 1 chr4:g.113353195A>C | p.D831A 0.0001255 0 0.060 | 0.243
cD37 CDSZ ;g;‘ggcm chr19:g.49840212C>G | p.I63M 2476e-05 [ 0 | 0.040 [ 0028
F7 protein 3
IQCFS | initg 10 motifs | 3851812782624 | pROIW 0 |o010] NA
Peptide O-fucosyl
LFNG | 3-p-N-acetylglucosaminyl | chr7:2.2566829C>T p.R375C 1.69¢-05 0 0.020 | 0.772
transferase
MGA Protein associated with chr15:0.41988923C>T S571L 0 0.130 N/A
the MAX gene & P- :
Tota DNA = - 15543509008 <
POLI polymerase chr18:¢.51820404T>C p.V597A MAF=0.0002 0.00024 0 0.590 N/A
Protein 4 a
SHC4 transformer SHC ¢chr15:.49254675G>T p-H180N 0 1.000 0.000
SMS Spermine synthase chrX:g.21958982G>C p.G14R 0 0.350 0.002
Polypeptide 4
SNAPC4 of the snRNAs chr9:¢.139272279C>G | p.G1334R 2.675e-05 0 0.160 0.707
activating complex
Table 2b. Other variants found in unrelated patients
q q Effect on . | Conser- Poly | Patient
Gen Protein Variant* the protein dbSNP® ExAC vationt SIFT® Phen' | FAF
BRAT1 | ATMAdaor 7.0 2580636C>T | pE4SSL 3335|0568 0.000 | AFU3
associated to BRACA1 & p- ‘ :
CYPIAI | Cytochrome P450 1A1 | chr15:g.75014793T>A | p.5216C ;Z}fffozgggg 0.0001153| 0 |0.004|0.987| AFUIL
Matrix .
MMPY metallopeptidase 9 chr20:g.44641147T>C | p.M419T 8.242e-06| 496 ]0.000/1.000| AFU3
Mevalonate diphosphate . < 18376949804 -
MVD decarboxylase chr16:¢.88723957C>T | p.RI7Q MAF=3¢-03 3.448e-05 0 0.44810.009 | AFU2
Transcription
RUNX2 factor 2 chr6:g.454800100>T | p.p2oer | ©5201584115 16 4000066| 642 [0.040[0.999| AFU3
related to Runt MAF=0.0004

(®): genomic position of the variant in the human reference genome GRCh37; ("): reference identifier number
of the SNP (rs) and MAF (minority allele frequency) of the variants described; (): allelic frequency of the
variants described in the EXAC database; (9): PhastCons conservation score (0 to 1,000), with 1,000 being the
most conserved locus and 0 a non-conserved locus; (): SIFT: 0-0.05 harmful (in bold); 0.051-1 tolerable; ():
PolyPhen: benign 0-0.4; 0.41-0.89, possibly harmful; 0.9-1 pathogenic (in bold); (*): present in a mutant dou-
ble allele.



which the accumulation of variants of susceptibi-
lity could contribute to the genetic base of the
AFFs.

Epidemiological studies suggest that AFFs are
related to prolonged treatment with BPs. Shane et
al. described treatment periods of a median of 7
years'. The absolute risk of AFF associated with
treatment with BPs is between 2 cases per 100,000
patients/year after 2 years of treatment and 78
cases per 100,000 patients/year after 8 years of tre-
atment®. These data suggest that the duration of
BP therapy would positively influence the risk of
suffering these fractures. In our study, the cases of
6 patients with AFF after a long-term treatment
with BPs are consistent with this association. In
addition, the occurrence of AFFs in the 3 sisters
suggests a genetic predisposition with a determi-
ning role in the pathology. This study has been
the first exome analysis of AFF patients. We have
prioritized rare, non-synonymous mutations, sha-
red by the 3 sisters. No mutation was found in
homozygosis or compound heterozygosis in any
gene. These findings go against a pattern of reces-
sive inheritance for these cases and are consistent
with the fact that AFF is not a severe genetic dise-
ase that occurs during the early stages of life.
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However, in the dominant model, 34 mutated
genes were found, some very important for bone
metabolism. In an earlier work that aimed to dis-
cover the genetic causes of AFFs, an exome chip
with >300,000 known coding variants was used
and 21 overrepresented rare variants were found
in 13 AFF patients®*. However, none of these risk
alleles was found in the patients analyzed in our
study. Specifically, no variants were found in the
PPEF2 gene, the only one with a change signifi-
cantly associated with the phenotype in the study
by Pérez-Nunez et al® This points to a heteroge-
neous genetic base for AFFs. In any case, it is
important to point out that our methodological
approach differs from that of the aforementioned
study in that we analyzed the entire exome
sequence, which allowed us to find variants not
previously described.

In the present study, the only gene with muta-
tions in the 3 sisters and in unrelated patients was
CYPIA1. Recently, Peris et al¥ sequenced this
gene in 17 AFF patients and found another muta-
tion in one of them. The CYPIA1 gene encodes
the cytochrome P450 1A1 enzyme that is involved
in the metabolism of drugs and xenobiotics. It is a
hydroxylase of aryl hydrocarbons and their poten-

Figure 1. Diagram of connectivity between gene pairs at distances 1 to 4. In the circles the symbols of the 37
AFF genes found in this study and their input and output connections are shown
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tial exogenous substrates include polycyclic aro-
matic hydrocarbons, and is involved in the forma-
tion of different human cancers. Its endogenous
substrates include eicosanoids, which can genera-
te biologically active products that act in the vas-
cular system, among others. This gene is also res-
ponsible for the hydroxylation of 17p-estradiol,
estrone and vitamin D in extrahepatic tissues®.
This is consistent with its role in bone biology, an
idea supported by Napoli et al.*’, who demonstra-
ted that the C4887A polymorphism was related to
a significant increase in the catabolism of estrogen
and a low femoral bone mineral density (BMD).
postmenopausal women. Therefore, CYPIA1 is
presented as another potential susceptibility gene
to AFFs, although the exact mechanism of its
action on bone metabolism is still unknown and
more studies are needed to elucidate it.

Among the other genes with variants in the
three sisters, FN1 encodes fibronectin, an extrace-
llular matrix protein necessary for the regulation
of the deposition of type I collagen by osteoblasts,
essential for the mineralization of the extracellular
matrix, and whose levels have been affected by
treatment with BPs*. We found that the three sis-
ters were carriers of a mutant double allele
(p.V22411 and p.R1496W) in FN1, where the two
mutations were considered as harmful by the pre-
dictors of pathogenicity. This altered fibronectin
could affect bone mineralization and/or response
to BPs and be related to the risk of AFF in these
women. We also found mutated 2 regulators of
small GTPases: SYDE2 and NGEF. Their respective
functions (activation of RHO GTPases and exchan-
ge of their guanine nucleotides) are clues about
possible effects on osteoclastic function and res-
ponse to BPs. The RHO GTPases are in the path
of the mevalonate in a position below the site of
action of the BPs, since they have to be prenyla-
ted (farnesylated or geranylgeranylated) for their
correct cellular function. On the other hand, our
gene/protein interaction network shows how
NGEF is closely related to ephrins and ephrin
receptors (Figure 2b), which have a key role in the
mechanism of coupling between osteoclasts and
osteoblasts®. Another group of genes mutated in
the 3 sisters encode nuclear proteins with pleiotro-
pic effects on gene expression and/or DNA repair
(KDMA4C, XAB2, NVI, NKAP, ERCCG6L2). Of these,
we highlight the KDM4C gene, which encodes a
lysine-specific demethylase that contains a JmjC
domain, which has been previously associated
with the age of menarche®, a biomarker for bone
density.

Other genes found mutated in the sisters were
the PGRMC1 gene that encodes component 1 of
the progesterone membrane receptor, and which
was previously associated with premature ovarian
failure®; the COG4 gene (which codes for subunit
4 of the conserved oligomeric Golgi complex),
which is relevant given the importance of trans-
porting vesicles through the Golgi in osteoclasts*;
and the EML1 gene (which encodes a microtubu-
le-associated protein) that may be important in

relation to the primary cilium in osteocytes®.
Overall, the functions and prior knowledge of 13
of the 34 genes mutated in the 3 sisters are consis-
tent with their possible involvement in the patho-
logy. These mutations were searched in the 3
unrelated AFF patients, with negative results.

However, through an approach of candidate
genes, mutations in these patients were found in
two key proteins for bone remodeling (RUNX2 and
MMP9) and in another enzyme of the mevalonate
pathway (MVD, mevalonate diphosphate carboxy-
lase). RUNX2 is an essential transcription factor for
osteoblastic differentiation®*, whereas MMP9 is a
metalloprotease expressed in osteoclasts that
degrades the extracellular bone matrix¥, affecting
the architecture of trabecular bone and the structu-
re of cortical bone*. For these reasons, both may
be involved in the risk to the AFF. It is known that
RUNX2 activates gene expression of MMP9¥ and
this interaction may have synergistic effects on the
biomechanical properties of bone in patient AFU3,
which has both mutations (Note: this interaction is
not shown in Figure 2a so that other interactions
can be shown clearly). Finally, in the AFU2 patient,
a change mutation was found in the MVD gene,
adding a second mutated protein from the mevalo-
nate pathway. Figure 3 shows, in the context of
bone cells, the proteins encoded by the genes we
have found mutated and whose function in bone
is known or predicted.

Taken together, all these rare variants can be
part of a genetic background associated with
developing 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 AFFs
related to BPs. In addition, each individual patient
could be a carrier of different specific genetic
variants.

The strengths of this study are the possibility of
analyzing 3 sisters with AFF and the sequencing
approach of the complete exome, which lacks a
previous hypothesis. In this sense, we were able
to identify harmful mutations in genes belonging
to the mevalonate pathway, as well as other genes
related to bone metabolism. On the other hand,
the low number of patients and controls studied is
a limitation of the study. Further studies of exome
sequencing of additional AFF patients and of non-
fractured patients with a long-term treatment with
BPs (acting as controls) will be necessary to clarify
the precise role of these genes and mutations.
Despite the biological plausibility of the damaging
effect of the mutations found, the replication of
these findings is needed.

The identification of the genetic background
for atypical fractures of the femur opens the door
to the future development of tools for diagnosis
and prediction of the risk of suffering this type of
fracture to determine the suitability of BP treat-
ment.

Conflict of interests: The authors declare no
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Figure 2. Details of the interaction network between
genes/proteins. The color of the interior of the nodes indica-
tes subexpression (yellow), overexpression (blue) or no
change of expression (white) in osteoclasts treated with alen-
dronate or risendronate (data from Yuen et al., 2014*). The
external color identifies the genes as drivers (mutated in our
patients) in lilac, upstream of the genes mutated in green,
and others in gray. a) Interactions of the GGPS1 and CYP1A1
genes at distance 2 (and some of the MMP9 gene at distance
1). Note: some connections have been omitted for the clarity
of the figure. In particular, nodes RUNX2 and FN1 have not
been expanded to show all their connectors. b) Interactions
of the SYDE2 and NGEF genes at a distance 1
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Figure 3. Proteins encoded by the mutated genes in AFF patients in this study and related to bone function
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